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ABSTRACT

A search for particles carrying an cleciric charge one third that
of the elecironic charge (quarks) has been carried out close to the core
of extensive air showers. The search was conducted at sea-level using
a large volune flash tube chamber. The technique employed utilised the
sendtivity of flash tubes to particle ionisation. Air showers were
selected by requiring the lccal electron density above the detector to

-2 . . . : ) 1
exceed 40 m 7. VWith this trigger the apparatus has been operated for
2570 hours, No definite quark tracks have bLeen observed, the upper
e , . . -11 -2 =1 -1
1imit on the quark flux being set at 8.0 x 10 cm sec st 7.

In the same experiment, the energy spectlra of charged and neutral
nuclear-active particles in extensive air showers of mean shower sizo
2.0 x lO5 has been measured. A method has been developed for estimating
the energies of the marticles from the width of the nuclear-electroma

grevie

cascade resulting from the interactions, as measured in flash %tubes below
the abtsorbers. The reéults have been related to extensive air shower
characteristics, in particular to the nuclear-physical aspects of very
~high energy collisions.

The flash tube chamber has been modified to allow the relation-
ship between the widih of the nuclear-electromagnetic cascade and the
energy of the interacting particle to be established. The experiment,
utilising the flux of wuaccompaniel hadrons in the near-vertical direction,
has "also allowed the energy spectruﬁ of these particles to be determined

up to energies of 1TeV.



PREFACE

This thesis describes the woik performea by the author in the
- Physics Devartment of the University of Durham while he was a Research
Student under the supervision of Dr. F. Ashton.

A large volume flash tube chamber has been used to study particles
close to the core of extensive air showers. In particular, a
search for quarks has been carried out and a siudy of hadrons has been
performed.

The author has shared with his colleagues the colleétion of data,
and for some parts of the work the data reducticn and analysis, and
has heen responsible for the calculations and data interpretation
described in the thesis.

The quark search has been reported by Ashton et.al. (1973a). Other
aspects of the work have alsc been reported:- Ashtoﬁ zt.al. (1973 b,c,

d,e,f,g, and h).




CHAPTER 1

INTRODUCTION

1,1 Historical background

The beginning of the twentieth century saw many advances in the
field of physics. Thomson had discov;red the electron in 1897 and the
glpha—particle scattering experiments of Geiger and Marsden had led
Rutherford to postulate the nuclear model of the atom in 1911, A coherent
picture of atomic structure was emerging (althoﬁgh there were still
many problems fo be solved). The photoelectric effect had provided
evidence for the quantisation of energy, which led to great advances in
theoretical physics.

One instrument which had played an important part in experimenial
work-of the period was the electrometer, a charge-sensitive device capable
of detecting ionising radiation. It had been noticed by several workers
that a charged electrometer would discharge slowly, in the absence of -

any of the radiocactive sources used in experimenis and without irradiation

by ultra-violet light. Indeed, the discharge occurred even if the electrc-

meter was sealed in a light-tight lead-lined contzinexr., It was shown

by Hess in 1912 that the ionising radiation responsible“for this effect
was not due totally to natural radioactivity in the earth, by flying

a balloon containing electrometers ito a height of several kilometers.
The ionisatiion was seen to decrease initially as the effect of the
earth's radioactivity decreased, but then increased signifiéantly at
greater heights. It was argued, however, that this could be due not to
external radiation, but to radicactive gases high in the atmosphere or
the effects of thunderstorms, It was lillikan, who-in a series of
experiments from 1923 to 1926, proved beycnd dcutt that the radiation
really was exterral to the earth. By studying the amount of ioniscation

as a function of depth below-water in lakes at different altitudes he

12 OCT 1974
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2.

was able to show that the decrease in the radiation with increasing
depth could only be explained in terms of a downward flux of ionising
radiation which he called "cosmic rays".

Since the only types of radiation known at that time werea,f ,
and ¥ radiation, the cosmic rays were assumed initially to be high energy
photons, since @ and 8 rays WOl.l].d be unable to traverse the whole
atmosphere. Geomagnetic effects showed that this was not the case. A
world-wide survey organised by Compton, at sea-level and at mountain
.altitudes, showed that the intensity decreased as the equator was approached,
consistent with the radiation being composed of charged "corpuscles"
rather than photons. it had been predicted, from calculatiéns by
Stormer on the trajectories of charged particles in magnetic fields,
that if tﬁe primary particles were of predominantly one charge then
there should be an asymnetry in the flux of particles in the east-west
directicn, 1In 1933, several ekperiments found evidence for this effect,
there heing an excess {rom the west. This implied that the primaries were
mainly positive particles, presumably protons.

An effect first noticed by Rossi in 1932 (Ressi, 1932, 19%%a and
1933b) was the high coincidence rate which occurred when twe or nore
Geiger-Muller (GM) tubes were placed side by side below an absorber of
‘ say, lead. Important results found by Rossi were that the rate of
coincidences was greater below lead than below the same amount of
absorber (in g.cm.~2) of iron or aluminium. The ratio's found for these
rates were, for lead: iron: aluminium, 4:2:1 respectively. 1In addition,
as thg thickness of absorber was increased the rate of coincidences
first iﬁcreased r#pidly until a maximum was reached, after which there
was a slow decrease as more absorter was added. This was the first
observation of the electronJPhoton cascade.

The understanding of this cascade process relied upon another
discovery in cosmic rays, by Anderson., This was the vosiifon, Dirac's

postulated "positive electron' -~ the antiparticle of the electron.
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Dirac's theory predicted that positrons and electrons should be produced
in pairs, as had been observed in cloud chambers when photons of high
energy passed through dense absorbers. Oﬁpenheimer studied the prccess
and concluded that this "pair production" by photons took place in the
field of a nucleus, and Bethe and'Heitier wvere able to produce a full
_theory of the process. With the understanding of this effect and also
that of the radiative loss of electrons (bremstrahlung) which Bethe and
Heitler also produced a theory to explain, the cascade process could to
a large extent be understood., If a photon, say, is incident on a dense
absorber, it will after some distance produce an’electron-positron pair.
The positron will either annihilate (at low energiesz or; like the
electron, yill radiate photons. These photons in turn will produce more
electron-positron pairs, and this process will continve until a cascade
of particles and photons builds up. The cascade dies out when the
electrons and positrons have insufficient enexrgy tc produce photons
efficiently and their energy is dissipated in excitation of the atomic
electrons. Tne Compton effect was alse known at this time, and could be
included in the cascade theory, but as a low energy effect,was realised
not to be of primery importance. This cascade theory was first developed
by Bhabha and Heitler. The process has assumed considerable importance
in high energy particle physics since its discovery, as a method of
detecting particles and estimating their energy,

Thus the cascades could he understood, but ii was not until the
discovery of muons by Neddermeyer and Anderson in 1937 that the uncexrtainty
regarding the origin of the cascades was removed. The muons were measﬁred
to have a mass of approximately 200 electron masses, and on the average
were found to occur in almost equal numbers as positive and negative
particles. This charge ratio implied that the muﬁns were secondary
particles (confirmed when their short lifetime was discovered), and thais
implied that the primary positive particles were interacting in the

atmosphere io produce tnese secondaries. It was rpalised that large
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nunbers of particles might be produced in these interactions, and that

the cascade processes observed in dense materials could also occur in

air. Now it had been noticed that coincidences occurred sometimes between
detectors placed large distances apart, and led Auger (1938) to under-
take an examination of this effect. This led to the discovery of
extensive air showers (EAS). Auger found that the showers consisted
mainly of elecirons, up to 106 particles being present in a single shower,
spread over distances of hundreds of metres. In addition, he found that
fhe showers contained a core of very high energy particles which were
capable of producing large cascades below layers of lead.

We now know that EAS consist of three main coumponents: électrons, meons,
which constitute about 1% of the total number of particles and extend to
even greatér distances than the electrons, and a core of strongly inter-
acting particles such as pions, protons (and antiprotons), neutrons
(and antineutrons) and kaons.,

Using cosmic rays much was learned about nuclear physics. The
discovery of the neutron by Chadwick in 1932 in a series of 1aboratory
experiments with radioactive materials had already produced a deeper
understanding of atomic structure. In the cosmic radiation the
phenomenon of associated production and the existence of "strange" particles
‘was discovered in experiments conducted 5y Rochesier and Butler (1947).
The pi-meson was discovered by Lattes, Occhialini and Powell in 1947 when
this group exposed nuclear emulsion plates to cosmic rays at mountain
altitudes and observed the decay of pions into muons (the dominant
process for the produétion of the muons seen at sea-level). Thes pion
was later asscciated with the Yukawa particle, the -theoretical particle
predicted to explain the binding force between nucleons. Nuclear inter-
actions were seen in nuclear emulsions, the study of these yielding
a great deal of informaticn., TUp te the present day, cosmic rays have
played an impcriant part in the study of high energy physics. Recently

accelerators have extended the energy region over which they can study
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interactions to energies of the ordexr of 1012 eV (ISR), and in this
region they are capable o superior measuremenis owing to the high fluxes
available. Thus it has become necessary for cosmic ray physicists wishing
to investigate nuclear physics to concentrate on very high energy inter-
actions,

Cosmic rays have been useful in providing information of astrophysical
significance. By flying balloons with nuclear emulsion payloads to great
heights, and more recently using satellites, it has been possible to
study the primary cosmic radiation directly up to energies of 1012 -

1013 eV/nucleon. The primary particles are found to be mainly protons,

but with small numbers of heavier nuclei extending up to uranium and
perhaps bgyond (Fowler et al. 1973). In addition, weak fluxes of

Y-rays and elecirons have been found to exist., The mass composition

has yielded imporiant informatvion on the history of the cosmic radiation,
its 6rigin and subsequent passage thrcugh space. The amount cf frag-
mentation which occurs can be related to the age of the cosmic rays.

and provide information not only on the source of cosmicrays but alsc

on the magnetic fields through which they have travelled. However, wnile
much has been learned by studying the primary particles; their origin

is not yet established. Information at higher energies than those
accessible to balloon or satellite measurements is needed. The limitations .
on detector size do not allow primaries of energy much greater than 1012eV
10 be studied. This is because of the steeply falling energy spectrum

(the intensity decreases as E"?'6

from 1012 eV to 3.1015 eV and E—j'2
above 3.1015 eV). Thus ahove this energy indirect measuremenis have
been used. These include estimation of the spectrum from sea-level

14 eV) and the study of

. - . 12
fluxes of mucns at intermediate energies (10 ~10
extensive air showers at higher energies. These indirect methods rely
on a inovledge of the interaction processes occurring in the atmosvhere.

Questions that remain to be answered include : What is the primary

‘ . composition in this wvery high energy region, and dces the energy specliun

o
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cut-off at about 1020 eV., due to interactions with the 2.7°K background
radiation?

Very large EAS arrays have veen built. to record the highest energy
showers,; and at the present time the highest energies reached correspond
to about 1020 eV, with no indication of a cut-off, although techniques
are being developed which could improve the situation; in particular
.the observation of atmospheric Cerenkov and scintillation light, produced
as the air showers propagaie through the atmosphere.

However, -the energies available in smaller air showers are still
far in excess of those at accellerators, and ihese showers, while not
being frequent, are much more so than the larger showers. Thus these
smallexr showers are suiiable for'studying very high energy nuclear-physical
procesées.. In addition, the mass composition of the primary particles
at these energies is still unknown, and information would be very valuable

in helping to answer some of the questions posed by astrophysice,

1.2 The Quark Search

Science attempts to expilain the physical world by unifying facts
deduced from observations. t attempts, in other words, to reduce the
number of independent variables in a system to a few,.more fundamental
.ones, Thus if an underlying law or symmeiry can be found to combine a
set of variables, the system can be more accurately described, and hence
the scientist's understanding of the system has increased. In just this
way, the discovery that matter is composed of molecules, that molecules
are made up of numbers of atoms, and that atoms cénsist of a few "elementary"
particles, have all been advances in knowledge.

Now while the discovery of the constituents of atoms haa greatly
clarified the physicist's picture of the world, over the past 30 years
the nunber cf these elementary prticles known has increased rapidly.
Phus it is natural to ask :~ Is there an underlying symmetry from which

all of these particles can be construcied? One atiempt io explain the
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structure of elementiary particles along these lines is the Quark theory,
discussed in Chapter 3 of this thesis, which postulates three fundamzntzl
particles, quarks, to be the basic building blocks of matter. Recause
of the obvious importance of determining whether these quarks really
exist, an experiment, described in Chapter 4, has been carried out to

search for these particles in the secondary cesmic radiation. For reasons

discussed in Chapter 3, the search was carried out close to the core

of EAS, assuming the quarks, if they exist, to be produced in the very
high energy interactions of the primary cosmic rays with the atmosphere.
Chapter 2 describes the experimental arrangement of the flash tube chamber

used in the search,

1.3 Nuclear-active Particles in LAS

As was mentioned carlier, al the very highest energies the flux
of cosmic rzy particles is too low for direct observation of their nucleax
interactions. They can be detecfed, however, by the extensive air showers
which result, and a study of the secondary hadrons at sea-level can
yield iﬁformation about the interaction characteristica. The encrgy
spectra and relative numbers of the different components of ihe hadron
flux are related to their production mechanisms. In addition, it might
be expected that a study of thesec pargmeters might yield-infarmation
on the primary mass composition.

Therefore, the flash tube chamber has been used to study these
particles in extensive air showers, using the method of measuring the
cascades produced when the hadrons interact in lead and iron absorbers.

A technique has been dévelcped for estimating the energy of the inter-
acting particle which involves measuring the width of the cascade below
the absorber. In Chapter 5 the theory of these cascades is developed,
enabling the number of cascade particles produced below the absorber

to be related io the energy of the inieracting particle. Chapter &

describes the experimental determination of the relationship bétween the

number of cascade prticles present and the width of the cascade., Tor




this determination, the flux of unaccompanied hadrons at sea-level,
in the near-vertical direction, .was utilised.

Chapter 7 describes the results obitained in the EAS experiment
and also the analysis and subsequent intérpretation of those resultis

in terms of the shower properties mentioned,




CHAPTER 2

THE FLASH TUBE CHAMBER AND EXTENSIVE

AIR SHOWER EXPERIMENT

2.1 Introduction

The flash tube chamber described below is primarily a visual
detector of cosmic ray particles at sea-level. It enables the tracks
of individual particles to be observed, and records the interactions
which these particles undergo in the chamber - much as a cloud chamber
does, but.without the-limitatiens on the sensitive volume usvally
imposed on cloud chambers.

The flash tube chamber selection mechanisms allow sihglg penetrating
particles to be observed, or alternatively Extensive Air Showers
(E.A.S.) in which the local electron density.abova the chamber exceeds

a pfeselected value.

2.2 The Flash Tube Chamber

2.2.] BExperimental Arrangement

In Figure 2.1 can be seen a scale diagram of the flash tube
éhamber. A total of 10;/48 flash tubes have been incorpgrated.;
These are cylindrica% sods glass envelopes fi}leg gith Neontgas (98%)
and Helium-gas (2%) to a pressure of 60 cms. ﬂg; ﬁach tube is 2
metrés in length, of .mean internal diameter 1.58 cmé. and mean external
Giameter 1,78 cms. Alternate la;érs contain 84 an@ 85 tubes, the
tube vositions being staggered w;th respect to the ajoining layers.
Ebery tube is covered with polythene sleeving to-inhibit light
transfer to neighbouring tubes. )

Above every second layer of tubes are aluminium electrodes,
0.122 cms. in thickness, 3.3 cms apart. In the section ¥2 and F3
(Figure 2.1) the area of the electrodes ié 2:94 m2, while in Fla,

Flb, F4a and F4b the electrodes are shorter in depth by 30 cme, and

~
cover an area of 2.48 m<.
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The 15 cms. of steel situated between Fla and Fib allews electromagneiic
bursts to be studied in the chamber, identifiéation of the parent partille
being possible in Fla. It also helps in the identification of penetrating
particles.

Directly below the iron, and also below F4a, are the plastic
scintillators A and B, of ;rea 1.05m2 and thickness 5 cms., each viewed by
five 53AVP ﬁhotomultiplier tubés and one 56AVP tube KFigure 2.2). These
two scintillater;, in coincidence, were used to select single pesetrating
particles (muons).

The steel.plates, flash tubes and plastic scinﬁilla%ors are contained
in an inner framework of steel girders, while around the chamber itaelf
is a larger enclosure consisting of 30'cﬁ, thick walls of barytes
concrete and a roof of 15 cm. of lead supported by steel plates of thickness
1.3 cms. This absorber is designed to cut out the esofi component (elecirons)
in extensive air showers while allowing peneirating particles to pass
throuéh the chamber.,

Aboye the lead are threellarge liquid scintillators which form the
air shower selection system. These scintillators (Figure 2.3) are each
of area 1.24 m2, depthll5 cms. and are each viewed by iwo EMI 9583B
photomultiplier tubes.

The whole chamber is light-tight, allowing the use of a camera
without a shutter. This means that the camera is continuously sensitive,

the film being wound on by one frame after each event,

2.2.2 The High Voltage Pulsing System

When a trigger occurs a high voltage pulse must be applied to the
electrodes, creating the necessary electric field across thé necn flash
.tubes such that in tubes containing ionisation dus to the recent passage
of a charged particle, the neon gzs will break down and a visible
dischzrge will occur in the tube.

This high voltage pulse is produced by the circuitry shown in
Figure 2.4. The 5 volt trigger pulse is used to irigger a thyristorx,

- procducing an output of 4300 volis., This pulse is fed into a high

voltage pulse transformer, the cutyut of which produces the trigger
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Figure 2.3. A liquid scintillation counter
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Figure 2.4. H.T, Pulsing Unit
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pﬁlse for the "Trigatron" spark gap. 1.,

A voltage of 16 kV. is gpplied across the main spark gap, tﬁe
‘trigger spark causing the gap to break down largely by the production
of photoelectrons. (Sletten and Lewis, 1956). .

The pulse applied to the electrodes is approximately rectangular,
of heigbt 8 kV, and length 10 HS. * It -is procduced by
the circuit shown in Fipgure 2.5. When the.main gap of
the Trigatron breaks down, the lumped circuit transmission line
discharges through its characteristic impedence, producing a rectangular
pulse for a time 2n V£E (for n. identical L, C stages (Elmore and
Sands, 1949)). The transmission line employed has four elements,
eacﬁ of capacitance C = 0.1 pF and of inductance L = 22 pH. The
capacity of the flash tube chamber which this unit supplies is

0.087 1L F.

2.2,3 Properties of ¥lash Tubes

" An ionising particle passing through a flash itube produces along
its track positive ions, electrons and excited gas atoms. Lloyd (1960),
has discussed the problem and concludes that only the electrons which
are produced initially can cause the discharge. He concludes that
positive gas ions and metastable neon atoms do not contribute io the
probability of a discharge occurring, and similarly the resonance
and non-resonance photons produced can have little or no effect.

Lloyd sets up diffusion equations for the electrons produced,

and solves them for the probability of a discharge occurring if a
high voltage pulse is applied to the tube a time TD after traversal
by the ionising particle. He expresses the probability of a discharge
occurring (the internal efficiency) as a function of D.TD/a2 (where
D is the diffusion coefficient of thermal electrcons and a the internal
radits of the iube) with a Fl Qﬁ as a parameter, Fl being the
probability that a single clectron produces an avalanche (indevendent

of position) and Ql the probability per unit track length cf the
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primary particle producing a free electron. The term Ql ig thus the
only parameter dependent on the charge of the particle, and is related
to the ionisation loss of the particle in the gas, a function of the
square of the electric charge. This forms the basis of the uze

of the flash tube chamber in the search for quarks, since the term

a FlQl is 1/9th. (for a gquark of charge e/3) of that for a charge

e particle.

Hence the internal efficiency variation has been calculated

(for the flash tubes uséd in the chamber) as a function of time
“delay, and is shown in Figure é.6. In oxder to determine the best
value of the parémeter alel, single muons were selected by the plastic
scintillators A and B in coincidence (Figure 2c7), and the tracks

were photographed in the flésh tubes for different time delays.

2.2.4 Determination of the Effidiency—Time Delay Function

In oxder to determine the internal efficiency of a flash tube
for a particle of charge e, single muons were allowed to traverse
the sensitive volume of the chamber, defined as the 96 layers of
flash tubes comprising F2 + F3. As mentioned awove, the muons were
selected by the coincidence arrangement shown in Figure 2.7.

When a trigger occufs and s high voltagz pulse is applied across
the flash tubes, a cypling system is set into operation which triggexrs
microswitqhes controlling fiducial liguts on the chamber, illuminaticn
for the clock, and also the windiﬁg on of the camera film. This
operation lasts for approximately T seconds, which is also long
enough to allow the high voltage pulsing unit to recover. 1t was
found convenient to impose a dead time of 30 seconds after each
event, this dezd-time being applied by means of an RC - controlled
decay circuit which switched a relay, earthing the signal line.

The time delay TD was varied; and a series of events were photo-

graphed at each TD
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The films obtained were projected onto a scanning table, which
allowed the muon tracks photographed to be analysed in detail.

The method used was to count the number of flashes along a track in
the sensitive volume F2 + F3. This number, divided by the number of
layers (96), is the layer efficiency (nL). To convert this to an
internal efficiency (nI) the layer efficiency is multiplied by the
ratio of the total area covered by the flash tubes to the sensitive
area. |

Thus 1, = (1.81/1.58). My, = 1.145 My

The criterion adopted for an acceptable track was that it must
traverse not only the whole of F2 + ¥3, but must also appear in Fl
and F4. This latter requirement ensures that muons do not traverse
the front or rear edges of the chamber, since it has been shown by
Ashton et. al. (1971) that a iube may flash with a reduced efficiency
if fhe ionising particle passes through the tube a small éistance
beyond the electrode edge.

Figure 2.8 shows the distribution of the number of flashed
tubes (Nf) for different time delays. Now the variation of layer
efficiency would 5e expected to be a binomial distribution for an
array of randomly positioned tubes. Since in the present experiment
the layers aré not independent of each other, a deviation from a
pure binomial distribution would be expected.

For randomly positioned tubes the standard deviation o, should

be of the form
x
Op = [np(l-P)] “

where n is the number of layers and p is the probability of a tube

in any layer flashing. Now p is just the layer efficiency ﬂI, hence
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we can write :-~

o = [nn-n)] *

This function is plotted in Figure 2.9. The experimental points
refer to the distributions shown in Figure 2.8.

It can be seen thaé the agreement obtained is reasonable. This
is an important result as regards the quark experiment, since large
non-random fluctuations in “L could result in a track produced by
a charge e particle simulating a quark track.

In'Figure 2.10 the resulis are exprezsed as the interrnal efficiency
(nI) as a.function of time delay (Tﬁ). Also shown is the best fit

to the experimental points of Lloyd's parameter aF The value

19 -

« This leads to a value of aF

. 3
&

obtained was aqul : 9+ G, = 1.0+0,1

17

for quarks of charge e/}, asguming that they have the same Loreniz
facfor. (It is a reasonable assumption that the theory is applicable
to quark t;acks, since Ql is the only variable invclved, fl being
independent of the number of electrons in the tube).

The results obhtained substantiate the theory and lend confidence

to the technique employed in the quark experiment,

2.3 The Local Electron Density Trigger

2.3.1 Characteristics of the Trigger : f

In order to investizate the froperties of a local density
trigger, calculations were performed to determine the mean shower
size and mean core distance of showers selected by the detecior.

These were also investigated as a function of the number of muons

passing through the chamber,

These calculations permit resulis obtained with the flash tube
chamber to be applied to the general properties of extensive air
showers, once the selection bias has been unfolded,

The calculations were carried out numerically. A sca-level
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number spectrum of the form

-1.815 + 0.60 loghe -2 -1 .1

F(;Ne) = 0.6 N,
was- assumed (Cocconi (1961)).

The lateral distribution functions for electrons and muons at
sea-level that were used were those of Greisen (1960). Namely, for
electrons:--

0.4 7 fr 0.75 r, . 5425 T s
f(N y )= 5 (—) ( ) 1+ ———) - m
N ry T T+ry 1}.4 r)

where rl is the cascade length in air (=79 metres), and for muonsi-
0.75 _ }
s(Nx) =18 01,/10°) " #7OTP (1oan/320)705 w72

Ne is the electron shower size and r is the radial distance
from the core in metres,
The rate of triggers where the local electiron density exceceds

Ae, and the muon density at the detector exceeds AU, is given by:-

1.33
R(>r y >le,>Ap) = f2n:r I( fA(el) (—%H-l—)) )dr'
r g T

Ae | Ap 1.33 :
and R(>ﬂ yShe,>Al) = [2nr'I ( A s > (—— ) )dr'
g f” re)’ \a(r!)

m in

Ae

wvhere N = ——-— , f(r!) is the lateral structure function for

£f(r)
electrons snd g(rJ) is the lateral structure function for muons.

He is related to the muon density by the formula:

A \1.33
N = [—=—_
g(r)

. . , -2 .
This function was evaluated for Ae = 40m. ~, the result being




Ri>Ne) (sec! st)
Th

166_-
167l Lo A T T |
104 105 106 107 108 108

SHOWER SIZE (Ne)

Figure 2.11. The predicted rate of triggers produced at a

detector by showers of size (ENe) in which the local

electron density at the detector exceeds 40 m"2, and

-
the muon density exceeds Aum °,




103 .

| .

10% _—

.i’; -~

Y 107 _
[1y]

A _
(04

108 _

167
i 10 100 1000

Figure 2.12.

CORE DISTANCE r{metres)

The predicted rate of iriggers predquced

at 2 detector by ahowers at a distance (brr)
from the detector in which the 1lé6cal electron
density at the detector exceeds 40m™“, and the

N
. - Ll
wuon density exceeds Apm .



l 1 | I 1 i | [) 1 j } 1
163}
1610'_
e
2 s
h
m -
%109
[74]
o
=
O .
2 0
n: .
16M__
10151—
1616 i _— rd YU N NI S N T 1
10% 10° 106 107 108 108

SHOWER SIZE .(Ne)

Figure 2.13%, The rate of triggers produced at z detector by showers

of size Ne in which the lccal electron density at the

detector exceeda 40 m_2'




10%

107

1 K - 100 1000
Core Distance r{im)

Figure 2.1L. The rate of triggers produced at a detector by
showers at a distance r metres from the detector,
-in which the local electren density at the detector

exceeds 4O m2,




16,

shovn in Figures 2.11 and 2.12. The curves labelled ApNZ 0 correspond
to no muon density requirement being imposed. Figures 2.13 and 2.14
show the differential forms of these curves, from which it can be
seen that the mean shower size selected by the requirement

Ae ;40m.-2 is 2.0.105, and the mean core distance 4.6 metres.

2.3,2 Setting up the Trigger

The three liquid scintillators used for the selection system
were described in section 2.2.1. Figuge 2.15 shows the logic for tihs
E.A.S. trigeger. After determining the single particle pulse height
distributions for relativistic charge e pgrticles_(Figure 2.16)
using a geiger telescope to select near-vertical particles, the
discriminator threshold was set to correspond to 50 particles through

each scintillator (i.e. 50 times the single particle mean), a density

-2

per scintillator of approximately 40 m

2.4 Produciion of Electron-Photon Cascades in the Chamber

When high energy particles pass through matier, photons and electrons
of high energy can be produced by the interacfions of these paxticles
with the medium,

_In the case of hadrons, inelastic collisions with target nuclei
create new particles, mainly charged (m¥) and uncharged (m°) pions.
whe n°'s decay very rapidly into two photons, These can genérate
electrons and vpositrons which in turn genérate more photons. In
this way a cascade of electrons, positrons and phoions is builf up.
In addition, the charged pions created in the initial interaction
can go on to interaét themselves, adding to the céscade.

Similarly, high energy muons can transfer a fraction of their
énergy to either electrons or photons, again producing a cascade if
the energy input is sufficient. A more detailed discussion of the
physical processes occurring in the cascades is given in Chaptex 4.

These cascades provide a means cof detecting high energy particles,
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Furthermore, if tye cascade process is understood, it is possible
to estimate the energy of the interacting particle. An atteqppt
hag been made to relate parameters of the cascades which can be measured
in the flash tubg.éhamber to the energy of the interacting particle,
This technique_has been used to siudy properties of hadrons

in E.A.S. For these measurements the lead roof and the iron layer

between Fla and Flb acted as energy converters in which the cascades

could develop.

. 2,5 The Extensive Air Shower Experiment

2.5.1 Calibration for the-Quark Search

For the e/3:quark search, the £ime delay TD was chosen to be
20uS8, this beiﬁg the optimum, allowing the resolution of charge e/3
particles from charge e paf£icles ﬁhilst avoiding background problems
due to the flashing of spurious tubes in the chamber,

Detailed knowledge of the shape of the muon efficiency distribution
was necessary, especially of the low efficiency tail (if any). Hence
uging the trigger of Figure 2.7, with;'l’:D = EOFS, single mvons were -
selected and their tracks photographed. A total of 1,046 evenis were .

obtained, and these were analysed as described in 2.2.4. The distribution.

of the number of flashes along the track'(N ) is shown in Figure 2.17.

" The shape was - qulte satisfactory, since although quarks of charge 2e/3

could not be resolved from the muon peak, the expecied position of
charge e/3 particles qhould be well separated from it,

2 .2 Details of the Experiment

It was decided that the optimum electron density on which to
trigger was =40 m-2 s from considerétions of a preliminary
experiment (Ashton et al., 1971) and from the calculations described
in 2.3.1. In 2.3.2 the experimental arrangement was described.

The chamber was operated in this mode from October 1972 to June

1973 for a total running time of 2,570 hours. During this time
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12,057 triggers occurred, and were recorded on the series of films

El to E69.




CHAPTER 3

DEVELOPMENT OF THE QUARX THEORY

AND PREVIOQUS EXPERIMENTS

2.1 Origin of the Quark Theory

3,1.1 The Fermi-Yang Model

By 1949 the number of "elementary" particles which had been
observed experimentally had grown rapidly. No longer could matter
be consi@ered to be built up only of electrons, protons and neutrons.
This simple picture had been replaced by one in which there was a
bewildering number of new particles, which could be classified as
followss-

Baryons:-- strongly interacting ; relatively heavy particles
such as nucleons, having half integral spin angular momentum {fermions)
and baryon number B = +1 for particles, B = -1 for antiparticles.

Mesong:— intermediate mass particles including pions and ltaons,
having integral spin momentum (bosons) and B = 0, Mesons also inter-
act strongiy.

Leptons:~ these are light‘fermions such as electrons and neutrines
. which do not interact-strongiy.

Photon:~ the qu#ntum of the electromagneticnfield, the photon
is a massless boson,

Certain conservation laws had been observed experimentally,
laws which determine what intefactions may occur. Hence, energy and
momentum were observed to be conserved absolute1y iﬁ all interactions.
Similarly, charge was again found to be absolutely conserved, and the
conservation of parity, baryoh number and isospin in strong interactions

were other important rules which had been discovered.

Fermi and Yang (1949) considerad that as more new particles

were found to exist, the probability that they were all truly elementary
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particles decreased. From consideration of the sbove conservation
laws, they postulated that all of the strongly interacting particles
(hadrons) could in fact be built up from four basic particles - the
proton and neutron, and their antiparticles. Bosons with B = 0,
integral spin and integral isospin could be built up, and baryons
with B = 1, half-integral.spin and half-integral isospin could like-
wise be constructed.

This theory was inadequate, however, to eiplain the stirange
particles, |

3.1.2 Strangeness and the Gell-Mann-Nishijima Relation

Rochester and Butler (1947) observed a new class of particles
in a cloud chamber exposed to the cosmic radiation. Ii appeared
that these particles were only produced in pairs in strong inter-
actions, tut then decayed via the weak interaction. Gell-Mann (1953)
and Nakato and Nishijima (1953) postuluted the idea of associated
production, and this led to the qoncegi of strangeness in sirong
interactions. Thus hadrons were given a new guantum nunber (S),
where S is_related 1o Q the charge of the particle, T, the third

3

component of isospin, and B the baryon numker by the equatlion

Q="T, + Y/2 where Y = B +S is the hypercharge.

3
This is the Gell-Mann -~ Nishijima relatiion.
Since S for the proton and neutren is zero, it immediately
became necessary to posiulate a strange particle of S = +1 as a

third building block.

2,1,%3 The Sakata Model and SU(3)

Goldhaber (1956) suggested that the three slementary paiticles
should be n p K, put this theory was not successful. Szkata (1956)
suggested the n p A triplet, and this model was developed by several
other workers (for example ITkeda; Ogawa and Qhnuki, 1359). The

model. was successful vhen applied to bosecus, bui had some difficuliies
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in explaining the observed baryon states, predicting the wrong mass
multiplet structure,

Predictions of the mass multiplet stiructure were based upon grouvp
theoretical arguments., Using group theory, invarianis of symmetry
operations can be evaluated, invariants of & particular transfcrmation
forming multiplets and hence allowing conservation laws to be postulated,
minor symmetry - breaking producing structure within a multiplet.

The, symmetry group which includes isospin and strangeness is SU(3).
Invariants are found by evaluating the irreducible representations
formed by taking thg direc? product of tensors of which the components
are identified with the triplet n p A and their antiparticles. 1In

the Sakataﬂmodel bosons.are forméd by particle - antiparticle pairs,

hence evaluating the direct product gives:-

3@ 3 =68 @ 1
(where a bar indicates an antiparticle, ® means direct{ product and
@ means direct sum) i.e. singlet and octet states are formed, as
had been found experimentally. However; when the theory was applied
to baryons the wrong multiplet structure was predicted, since in ihe
Sakata model a baryon should be constructed from two particles and

an antiparticle to conserve baryon number. Hences-
3303 = 1506@3053
However the multiplets 15,6}3, and 3 are not observed experimentzlly.
It was Gell-Mann (1962) and Ne'eman (1961) who realised that although

the Sakats model predicted the wrong baryon mass multiplets, the

-alternative reduction
]

333 = 108D
gave experimentally observed symmetries.
| This led them to postulate the "Rightfold Way", so called since
it involved eight conserved quantities. However, this symmetry

reguired the exisience of a fundamental triplet. No existing particies
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could be members of this triplet.

3.1.4 The Eight{old Way and the Quark Model’

It was Goldberg and Ne'eman (1963) who realised that the model
proposed by Gell-Mann and Ne‘eman was consistent with a model in
vhich the basic triplet each had baryon number B = 4. From the
Gel}-Mann - Nishijima relation this implies fractional hypercharge
and charge.

Not until 1964 did Gell-Mann (1964) and Zweig (1965) independently
seriously propose this as a realiétic model., Gell-Mann gave the
triplet particles the name "Quarks". 'Tﬁe basic properties of quarks
are as shown in Table 3.1. The.quoied lifetimes are estimated from
observations of the decays of particles such as neutrons (gn depay)
and the Ao, although the decay of quarks in the bound state is not
necessarily the same as that of free quarks, so the lifetimes quoted
must be regarded as tentative only.

Figure 3.1 shows how mesons can be built up from the quark triplet,
" called by analégy with the Sakata model, n p A quark§, and in Figure,3.2.
the'construction ol the low=-lying baryon octet and decuplet states
can be seen,

3.2 Predictions of the Quark Model

3.2.1 Mass Splitting within a Multiplet

The fact that partiéles belonging to a particular multiplet
do not all have degenerate mass values implies a breaking:of su(3)
symmetry, in the same way that non-conservation of isospin in"electro-
magnetic interactions causes splitting of isospin muliipliets such
as the proton-neutron doublet., The mass differences as the hxpgr-
charge Y is varied are much greaier (~146 MeV) than those observed
as the electric charge (Q) is varied (for example T*-T°= 1 Mev. ).
This iﬁplies that invariance under subgroup 5U(2) (isospin) rotations
is much less badly broken than under the complete SU(3) symmetry

(Squires, 1970).
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The mass splitting between different isospin nultiplets (Q =
constant) follows naturally from the quark model if the A quark is
assumed to be heavier by 146 MeV.than the n and p quarks. Frcm Figures
‘3.1 and 3.2 it can be seen that increasing S by one corresponds to
the replacement of an n or p quark by 2 A quark. This enabled the
accurate prediction of the mass of the N7 particle to be made (Zel'dovitch
1965).

- Higher mass multiplets can be accounted for by taking into consider-
ation the spin orientation of the duarks. Allowing the spin vectors to
bé parallel or antiparallel‘producés the.higher mass states. The group
represénting this enlarged set of quantum numbers is SU(6).

The "supermultiplets" predicted by SU(6) are, for mesons and barycns

respeétively (Kokkedee, 1969) :-

6®E=3501=(1,0)0,1)® (5,0 & (81)

and 6@6®6=TO@T0® 5 @ 20
= (1,1/2) @ (8,1/2) ® (8,3/2) @ (10,1/2)
@ (1,1/2) ® (8,1/2) &(8,3/2) @ (10,1/2)
@ (8;1/2) @ (10,3/2)
@ (1,3/2) ® (8,1/2)

(where the first number in the brackets indicates the number of independent
states in a multiplet and the second figure the angular momentum of the
multiplet states),

3.2.2 Allowed values of Isospin and Charge

The questicn arises as to why the maximum value of isospin should
be 3/2 and maximum strangeness be (-3). This again follows naturally
from the quark model, since quarks consist of a non-strange isospin

-1) with I = O.

doublet with I = 1/2 and a strange singlet (S

3.2.3 Collision -Processes and the Quark Model
Experimentally it is found that the pion-proton total scattering

cross-section (~22mb) is approximaiely two-thirds of the proion- proton
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total cross-section (~33 mh). This has a very straightforward explane
ation in the quark model, if quarks are considered to interact as
though free particles and the total scattering amplitude is just
the sum of independent, single quark-quark scattering amplitudes.
At low energies the relation breaké downi, presumable due to the
fact that quark-antiquark scattering is stronger than quark-quark
scattering.' Taking account of this prodqces reasonable agreement
with experiment. |

In inelastic scattering processes it can be considered that
only one quark in each hadron is "active", the others being spectators
and unable to exchange eleciric charge-or strangeness. This forbids

reactions such as

T p —> ¢'B ( where B is any baryon)

since the ¢°is composed in the quark model of KA, hence both the
mesbns guark and antiquark (Sh) would have to simulianeously change
states, violating the scattering rule above., The reaction is in fact
net seen to occur.

| The quark model has also been successfully applied to other
scattering processes (Lipkin, 1968).

“ It shoﬁld be noted that a free quark - proton total scatiering
cross~section might, from these argumenis, be expected to be one-third
of the proton-proton Erosssection. This is of importaﬁce when consider-

. ing the propagation of quarké in matter, with refexence to the detection
of free quarks.

3.2.4 The Proton-Neutron Magnetic Moment Ratio

Assﬁming the magnetic moments of quarks to be proporiicnal to

their charge such that p = 2/3 Wys B, = -1/3 |, and By\= ~1/3 1y

(where . is unknown), and calculating the probabilities of the proton

1
and neutron being in 2llowzd spin states, the ratio of the average

magnetic moment of the neutron (pnn) to the average magnetic moment

of the. proton (ppn) is given by




gy =2/3 '
_N = ..____E.l. I 0.667
up ul

Experimentally the ratio is found to be

HN
Hp

= - 0.685

which is in reasonable agreement.

The theory does not predict the absolute values of the magnetic

moments.

3¢3 Predicted Properties of Quarks

3+3.,1 Free Quark Production Mechanisms

Altﬁough several of the predictions of the quark model have been
successful, it is still not clear whether quarks have physical existence
or are purely mathematical abstracﬁions.

'From consideration of the binding energies between quarks it
seems that quarks must have masses of several GeV/c2 (see for example
VWazed, 1965). Hence if quarks do exist as free particles they can |
'prébably only be produced in this state in high energy nucleon-nucleon

interactions. Possible production mechanisms are

N+N —3q+34qg
N+¥N —N+ 3q
N-+ N ——=—N+N+q_+'cI
M+ T —>q + E +q + E
T+M —>T+q+q
The first three types of interaction are central collisions in
which the total centre of mass energy can go into quark production.
The last two types represent peripherzl interactions between virtual
pions from the "clouds" surrounding the interacting nucleons. In these
peripheral interactions only a fraction mn/MN (=0.15) is available

for quark production. 1In PFisure 3.3 can be seen the threshold kinetic
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Figure 3.3, Threshold kinetic energy for quark production .
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energy for quark production by these five mechanisms as a function
of the quark mass (Ashton, 1973).

The quark-antiquark pair production process likely to dominate
is shown in Figure 3%.4., This process can Be-treated using a thermo-
dynamic model (Maksimenko et. al.,1966 and Hagedorn et al., 1968),
and when applied to baryon-antibaryon pair production ghows good agree~
ment with experiment up to 30. GeV.

_'Assuming that the quark-antiquark pair have sufficient energy
at production to separate before ahnihilation we can predict the
threshold energy of the process. From Figure 343, s}nce the quark-
antiquark pair are produced in a virtual m~T collision, the threshold
energy of the incident nucleon in the laboratory system for the pair

' to be produced, is (Ashton, 1973)

. \2

M YV
2[( g) “1]6-\.

My

Hence we require an estimate of the free quark mass in order to
obtain the threshold energy for quark production via this mechaniszm,
This of course is of relevance to the design of experiments to search

for quarks, especially searches carried out ai accelerators.

3.3;2 Quark Mass Istimate

In order to obtain a rough estin%te of the gquark mass, Morpurgo
(1?67) has céﬁsidered the quark-antiquark bound state in the form of
mesons. He considers the quarkfantiqua?k pair to be bound in a cylindrically
symmetric potential well of radius r. Veclor meson exchange provides
the binding between the pair, and the range of the binding force to
be, say (Mp)_1z (Smn)_1. The lowest bound state will have the mass
of_the pion.i Calculating the' minimum de Broglie wavelepg?hs which can
'resgna@e in this potential Qell, Morpurge predicis the s, p, q energy
levels of the system to be 25 mnza/raq, with a=(3.].4)2,(4.5)2and (5.76)2
for the three states respectively. TFrom experiment it ;s kpowg that

the mass difference of even and odd angulay momentum multiplets iz




Figure 3.4, Quark-antiquark pair production in

a high energy proton-proton collision.
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approximately 500 MeV/c2. Hepcq comparing this with Morpurgo's result
giygs M% ] IQ GeV/cQ. It must be noted, however, that as the range
of the binding force is altered, Mg Yaries. Since this range ié not
known, all that can be said is that the likely mass range is of the
order of several GeV/c2 to several tens of GeV/cz. |

Lipkin (1973), however, suggests that both vector and scalar
potentiéls should be present in quark dynamics. The Qector_potential
provides an attractive force between quark-antiquark pairs, but a
repulsive force for quark-quark interactions. Hence a scalar potential
(weaker than the vector potenfial) proviéing an attractive force between
both quark-quarlk and quark-antiquark pairs is necessary to explain
the baryon and meson states.

Thus, in the bound state quarks are characterised by an effective

mass m where
eff?

0
Mg =M= So/c .

S is'the value of the scalar potential at the bottom of the potential
well, He_ﬁherefore suggests that if experiments are_perfcrmed on
bound quarks, the mass of the f;eé'quark cannot. be determined since

S 1is an unknown parameter.

Applying this argument to Morpurgo's treatment, M )? thus

a(eff

allowing nothing to be said about ﬁhe free quark mass. It should

aléo be noted that Morpurgo's calculation is non-relativistic.

3¢3%3.3 Predicted Properties of Free:Quarks
If quarks do exist as free particles, whét properties do they
exhibit, and in particular, what propérties are the most accessibie
to experiment ?
Perhaps ithe mosi obvioﬁs property on which to base an experimental
search is the charge of the gquarks. The identification of .particles

with fractional charge would be taken as very strong evidence for the
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existence of quarks. From section 3.1 it is to be expected that at
least one quark (the p quark) should be stable, and the n quark probably
would have a relatively long lifetime, sc if they are produced in high
energy nucleon-nucleon collisions ihey should travel sufficiently far
from their point of origin to allow detection. The stability of the
p quark also suggesis that it may be found in matter, and could there-
fore be detected by searches aimed in this direction.

If quarks exist as free particles they are almost certainly heavy
(at least severél times the protoﬁ rest mass), otherwise they would
be more abundant. This propérty, along'with that of fr;ctional éharge,
is perhaps the one most accessible to invesiigation by experiment.

From section 3.2.3, quarks probably have an interaction length
for strong ipteractions of about three times tﬁe protpn. This,
combined with the fact that the ionization loss is less than that
of a charge e particle and for a given energy it's xange is greater
because of it's mass, suggeststhatvquarks should propagate further
through matter than other particles. This suggests thaty say in a
8earch in Extensive Air Showers, it should be possible to absorb mosi of
ﬁ? accompaniment without attenuating the quark flux too greatly. Hence
unéerground efperiments or experiments with absorber covering ihe
‘apparatus suggest themselves. An alternative would be to observe
.large angle showers, where the increased amount of atmosphere actis
as an additional absorber. '

3.%3.4 Difficulties of the Quark NModel

Several questions concerning the quark model remain to be answered.

Vhy s it that, while quarks individually have non-integer charge in
terms of thehelgctronic charge, all observed particles have integerxr
charge? Also, if the basic unii of charge is e/3 then it is difficﬁlt
io explain how the electiron has unit charge, since experimentally it
is found that the magnetic moment of the eleciron agrees very precisely

with that predicted by guantum electrodynamics under the assumption
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that the électron is a point particle., To give the electron siructiure
by assuming it to be composed of leptonic quarks of fractional charge
would invalidate the theoretical treatment, and the agreement would

be lost.

Most observed hadrons fit very well into the scheme predicted by
‘the-simple quark model, but there have beea suggestions of Yiolations,
although the existence of ncne of these resonances has bzen proved’
definitely.

It is difficult also, to see why qua;ks and antiquarks do not
combine to form exotic states such as.qQQEQ baryons or qdaa mesons,
Exotic states are those which are apparently forbidden in nature, but
while the quark model provides a convenient description of them, as
above, it does not explain their non-existence. Simiiarly, there is
nothirg in the qu;rk model to stop an antiquark combining with three
quarké, yet this state is not observed. A possible solution to these
questions is that quark binding forces saturate.

Another protlem arises when one considers the consequences of the -
quarks being fermions., Consider the AT* s which consists of three
P quarks in the same state. The Pauli Exclusion'Principle states that
- the éotal wavefunction for the system must be antisymmetric for a
'system of fermions. Now since the spin and isospin wavefunctions are
symmetric for the Af+, the spatial wavefunction must be totally anti-
symmetric. This is difficult to achieve for the ground state sﬁch as
‘the A++, where no orbital spin contribution arises.

This form of argument has led to the postulation of a modified
quérk model in which there are @hree types of each quark, forming a

combination of nine fundamental particles.

3.4 Coloured Quarks and other Models
Giving quarks colour removes the difficulties imposed by the

-‘ - - "
exclusion principle, if the principle is generalised to include coiour.
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The baryon state can then be defined as totally antisymmetric in it's
colour wavefunction. Unlfortunately, while no other baryon states
are produced in this way, the multiplicity of meson states increases
from ¢ in the ground state io 81, since each quark and antiquark in the
meson can have any colour without violating the exclusion principle.
To overcome this it is then necessary to assume that for meson states
the colour wavefunction is totally éymmetfic.

Since the symmetry group has now been enlarged beyond the
basic 5U(3) or SU(6) symmetry, there is more freedom allowed in choosing
the charges of the quarks. The Han-Nambu model (1965) copsists of

quarks all of vwhich have integral charge :-

p p
G =G =+

n — A - e )\ - P - |
Ql - Ql - Qoz - Q2 - Q3 - 0
n - k - - |

Q5 = Q3 = =1

The concept of integral quark charge follows more naturally.from
this model than in an earlier model proposed by Bacry et al., (1964),-
which required that the Gell~Mann- Nishijima relation be modified to

Q="T, + Y/2 + D/3

3

where D was a new additive quantum number.

Similarly, the theory of Bjorken and Glashow (1964) requires
a modification of the Gell-Mann - Nishijima relation. 1In this theory
"charmed" quarks, different from the basic quark triplet, are addgd
to the triplet to define a new conserved guantity, "charm". Charmed
guarks are assumed¢ to have a much higher mass thau the three basic
guarks, expiaining why bound states of charmed qusrks have so far not
been ueen,

Other "fundamental particle® iheoriesz have been proposed. Two

i

are quite similar. One, due to Schwinger (1968), suggesis the existencs
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of magnetic monopoles, which leads naturally to an explanation of why
electric charge is quentizad. An altermative theory due to Yock (1973),
proposes that the fundamental particles carry'high electric charge
as opposed to Schwinger's model in which the particles have high magnetic
charge. Both theories require six sub-nuclear particles. They will

be discussed in a little more detail in séction 3.,6.6.

3.5 The Parton Model

A more general approach to the problem of sub-nuclear structure
has been proposed by Feynman (1969), in which nucleons and other hadrons
are composed of partons. This theory envisages the hadron to consist
of allarge number of point-like constituents. This approach.is useful
in the application of current algebra to particle-particle interactions.
It is assumed that the internal MOtions of partons are on a timé—
scale comparable with the transit time of light, thus allowing little
or ﬁothing to be said about the instantaneous state of the hadron's
constituents. The parton picture can however be applied usefully if
the hadron is considered to be moving with almost the speed of light
relative to some frame of reference, Time dilation then allows the
parion motions to be slowed to any extent, hence allowing them to be
. "seen" as point particles. This model has been used extensively to
account for the resultis of lepton-hadron deep inélastic scattiering
(section 3.6.5).

Now the parton model is a general model which can be applied to
different specific tjypes of sub-nuclear particles. Hence it is. possible
io construct a quark-parton model (for example Bjdrken,'1973)'in which
in addition to the tripiet of quarks of the Gell-Mann - Zw'eig (clz)
model there is also an undefined number of quark-antiquark pairs forming
a core, These "current" éuarks are thersfore totally different from
the "constituent" qu;rks of the GMZ model, since in the censtitusni

quark model there can only be three particles composing a baryoliy Say.




In addition, as has been mentioned, in the coastituent quark model used
for hadron spectroscopy the non-relativistic approximation is made,
while the current quark model considers an ultra-relativistic infinite
momentum frame., A furither difficulty in reconciling the two types

of quark model is that current quarks are predicted to have low mass
(~300 MeV - see Bussian, 1974), while the hadron spectrum has been
built up from heavy constituent quarks. Experimental searches have

been undertaken at accelerators and in cosmic rays in order to atiempt

to provide definite answers aboul sub-nuclear siructure.

3.6 Previous Searches for Quarks

3,6,1 Introduction

Since the advent of the quark theory in 1964, numerous searches
have been carried out to search for these particles, These searches

can be subdivided as follows.

1. Searches in Stable Matter
2. Spectroscopic Searches

3. . Searches at Accelerators
(g) Proto; - tagget nucleon intexractions
- (b) Proton - proton colliding beams
(c) Lepton ~ hadron deep inela%tic scattering

(d) Electron - positron annihilation exﬁeriments

4. Seaxrches in Cosmic Rays

(a) Sub-relativistic massive particles
(b) Delayed particles in Extensive Air Showers

(c) Fractionally charged particles

(i) Unaccompanied
(ii) Accompanied, selected by E.,A.S. trigger
These-various searches will be briefly swmmarised.

%2.6.2 Searches for Quarks in Stable iaiter

Geophysical searches have been motivaied by the possibility that
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if a constant flux of quarks (produced in primary cosmic rﬁy proton
interactions with the atmosphere) has been incideﬁt on the surface of
the earth throughout the earth's history, then a detectable concentration
of quarks should have built up in various surface'materials, asswning
that at least one quark is stable. Adopting a model for the preduction
and propagation of quarks in the atmosphere (for example Adair and
Price, 1966), quark concgntratiqns in different materials have been
calculated (Cooke et al., 1969, Nir, 1967). Under varying assumptions,
experimenters haﬁe adopted differeht Saﬁples, ranging from sea-water
(Chukpa et al. 1966, Rank 1968, and Cook et. al. 1969), meteorites
(Chukpa et al., 1966) and rock (Cook et al., 1969), fo pellets of
niobium (Johnson 1969, and Hebard and Fairbank 1970).

The resuifs of terrestrial searches, ﬂith concentraticn limits
reached, are shown in Table 3.2. Only cne group (Hebard and.Fairhank,
1970) have reported positive results, in an experiment ewmploying a
magnetic levitation method to determine the charge on a niobium pellet.
The expériment is, however, to be repeated with stricter control of ihe
experimental conditions. According to Cook et. al (19%9), a quark |

concentration of the order of 10"20

~28

- 10723 quarks/nucleon in surface
" rock, or 10727 _ 10 quarks/nucleon in sea-water corresponds to an
unchanging sea-level intensity over the last 5.109 years of about

10 %cm 2sec st™l. This assumes a quark mass of ttie order of

5 GeV/cz. | ‘

3,6.% Spectroscopic search for Quarks in the Solar Chromosphere

Examinations of the emission line spectrum of the solar atmosphgre
have been conducted in an atteirpt to observe traﬁsitions due to quarked
atoms, that is, nuclei with a -e/3 quark attached. Sinanoglu et.al.(1966)
have studied the far uliraviolet end of the spectrum and identified
‘three predicted lines of quarked carben and nitrogen atoms, Similarly
Vainshtein et.al. (1.966) looked for and identified lines predicted for

guarked calcium and magnesium atoms. It has been shcwn, however,
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FMethod

Surface

evaporation

Magnetic

levitation
0il drop

Ultraviolet

spectroscopy

Magnétic

levitation

Surface
evaporation
mass

spectrometer

Magnetic

levitation

Magnetic

levitation

Magnetic

levitation

Summary of geophysical searches for quarks,

based on a review by Cook et.al.(1969).

Sample

Air
Seawater

Meteorite

Iron

0il

Seawater

Seawged,oysters <

and plankton

Concentration limit

<

Graphite <
Air <
Rock <
Niobiwm <

. Graphite <
Niobium <
Table 3.2.

1.
1.

2.

-18

10
1077

10‘17

-24

10723

i |
107+

Reference

Chukpa.
et.al
(1966)

Stover et.zl.

(1966)

Rank

(1968)

Braginskii et.al.

(1968)
Cook et.al.

(1969)

Johnson

. (1969)

Morpurgo et.al.

(1970)

Hebard et.al.
(1970)

concentration limits quoied are in terms of thsg

nunmber of quarks/nucleon,
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by Bennett (1966) that the lines are more likely to be weak dipole
transitions of normal, "angquarked" atoms,

'Postulatng the exisience of quark atoms in which a +2e/3 quark
aquires an orbital electron, Leacock et.al.(1968) have seardhea for
the characteristic emission lines of such an atom in the solar photo-
sphere, but obtained only an uppér limit of<:10-9 for.the photospheric
abundance relative to hydrogen of the quark atom.

'3,6.4 Searches at Proton Accelerators

A large number of quark searches have been carried out at accelerators
since 1964. The experiments employing éroton beams have been of two
main types:- protons incident on a target at resti in the laboratory
system (targets of various metals have been used; see Table 3.3), and
proton-proton celliding beams. The detectors usad have been principally
bubble chambers and plastic scintillation ccounters. Where bubble
chambers were used, bubble densities were counted to yield the ionisatioun
of the particle, and in scintillation counter experimenis the particles
were required to traverse several counters in which dE/dx measurements
were made. A large number of counters sre needed (®6) in order to
minimise fluctuation effects thch could make a charge.e particle
appéar to be fractionally charged.

The cross-section upper limits obtained from these experiments
are displayed in Figure 3.5. See Table 3.3 for a key to the experiments,
and for references describing the experiments.

In all cases the limits refer to the reactions

N+N—>R.+N+q+ E

N + N—>N + q(+2/3) + a(+2/3) + q(-1/3)

For the pair production process the cross-section limit has been
calculated assuming an isotropic centre of mass angular distribution
and four-body phase space.

The thermodynamic medel prediction is that mentioned in section
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Label Experiment Primary

used in beam energy
Fig.3.6. (GeYV).
B Blum et,al 27.5
(1964)
_C Bingham et.al 21.0
(1964)
D Dorfan et.al. 30,0
(1965) :
E Leipuner et.al. 28.0
(1964)
F Franzini et.al. 30.0
(1965)
G Antipov et.al. 70,0
(1969)
H Allaby etl.al, 27.0
' (1969)
I Nash et.al. 200,300
(1974)
J  Bott-Rodenhausen ISR*
et.al.(1972) 52GeV in
] CMS

Table 3.3,

Target

Cu
Cu

Be,Fe

W
Al
Be

Be

Mean of

detection

Bubblé chamber
(1,)

Bubble chamber
(02F501)

Time of flight
dE/dax
(scintillator)

Electrostiatic separaior
and time of flight

dE/dx(scintillator)
and time of flight

dE/dx{scintillator
and spark chamber)

dE/dx (scintillator)

dg/dx (sc¢intillator)

Quarks searches at proton acceierators. A key to Figure 3.6. The

curves labelled (1) and (2) in Figure 3.6. are the prediciions of

the thermodynamic model of Hagedorn (1968). Curve (1) is for

particles which are ground states of a series of resonances,

curve (2) for particles not having this property.

*The CERN proton-proton- intersecting siorage rings.
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%3.6.5. Lepton - Hadron Deep Inelastic Scattering

Interest has, relatively recently, been directed towards
experiments which are able to directly probe the structure of nucleons.
This is achieved by studying the scattering of high'energy point
particles (1eptons) on protons, neutrons and deutgrons. At sufficiently
high energies the'scattering is deep inelastic and can probe down to
distances of the order of 10 “Zcm. The process is represented by the
&iagrams of Figure 3.6,

As mentioned in section 3.5, iﬂ the_infinite momentum limit
SCaftering should occur from singie partons as if they are point
varticles. In electron-proton scattering experiments the electron
energy loss (v ) in it's collision with the proton is measured. If
the proion has no substructure, the energy loss distribution of the
electron should reflect this, providing merely a measurement oi the
protén momentum. However, if the proton is composed of partons, the
scatte:ing distribution of the electrons should reflect the momentum
distribution of the individual partons. It has been shown by Bjorken .
(1969) that for a poini-like parton structure, the structure functionus
describing deep inelastic scatiering should be a function only of the
ratio V/qz, where the square of the four-momentwn transfer q2=EE'sin2(%/2)
and E is the incident electron energy, E the scattered electron energy.
As a result the inelastic cross-sectiion decreases smoothly with_qz.

The same ;esult applies to neutrio (antineutrino - nucleon scattering
and is known as Bjorken scaling.

Several experimenis have beén performed using electron and neutrine

beams of sufficiently high energies to approach the Bjorken limit,

and these have indeed found scaling to apply. For details of the

eN experiments, see for example Bloom et.al.(1969), Miller et.al.(1972),
Dakin e+.21.(1973), and for the results from VN, UN experiments, see

[ Sl B

Eichten et.al.(1973), Benvenuti et.al.(1973) and Barish et.al. (1973).
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(b)

Figure 3.6, Leptron-hadron deep inelastic scattering. (a) represents
electiron scattering and is an eleciromagnetic interaction;
(b) represents neutrino scaitering and occurs via the

Ferai(weak) interaction,



These results have been explained by several authors in tgrms
of a qﬁark parton model (QPM). In the experiment of Dakin et.al.
(1973), a large excess of positive hadrons over negative hadrons, all
predorinantly pions, was observed to be produced. Dakin et.al. interpret
this in terms of the QPM by assuming that the virtual photon preferentially -
inieracts with a p quark (the cross-section is predicted to be propor-
tional to the square of the quark charge), which then fragments producing
an excess of positive pions.

Kurti et.,al.(1971) use a QPM té compare with the MIT - SLAC results,
in which the three Gell-Mann - Zwaig quarks form valence quérks
carrying the total quantum numbers of  the nucleon, and an indefinite
number of quark-antiquark pairs form a core bouﬁd by gluons. Inter-
actions should occur witﬁ the valepce quarke only. A similar QPM is
suggested by Gronau et.aln(1973). Bo%h theories agree approximately
with the results of lepton-hadron deep inelastic scattering. That is,
they predict point-like sub-nuclear particles within the nucleéns with
spin 1/2, and predict appréximately the correct form for the deep
inelastic scattering electromagnetic siructure functions for the proton
and neutron.

Recently, however, it has been suggested that scaling should break
dowvm fof large q2 as the experiments probe deeper into the Qtructure
of the nucleon. _Chénowitz and Drell (1973) speculate that the binding
force between partons is supplied by the exchange of massive gluons,
and'that the partons are surrocunded by gluon clouds, hence having
structure. The dimensions of this field provide an estimate of the

gluon mass. The parton structure G(q2) can be represented by




W, —5—> F(-a°/1v). G(a%)

q —>o°
where.w2 is one of the electromagnetic structure functions describing
deep inelastic scattering discussed earlier, and the terms v, q2
have the same notation as defined above. The cther siructure

function, W

1’ is similarly modified.

This behaviour is not apparent from reéults on electron-nucleon
.scattering since the values of q2 reached extend only to 10 Gev2,'but
the results of VN and VN experiments (Benvenuti et.al.1973 and Barish
et.al., 1973) could indicate a breakdown of scaling at distances
524.10“150ms. Barger (1974) interprets tﬁe WAL data of Barish et.al.
in terms ‘of a gluon mass MG ~10 GeV, buﬁ this must be very tentative.
More data is required at high four-momentum transfers.

Experiments on lepton-hadron deep inelastic scattiering, then,
seem to confirm that there exist within nucleons fundamental particles,
partons, which are consistent with quarks in that they have spin 1/2
(i.e. fermions). Clear results concerning measurements of the parton
charge have yet to be obtained,

3.,6.6 Eléctron—Positron Annihilation Experimentis

The above results, then, seem to support some form of quark theory,
and it seemed that a reasonably consistent picture of nucleon structure
was emerging. Receht results from experiments an e+e— annihilaticn
~ with multi-hadron production have cast doubt on the correctness of
two c¢f the models, the naiive guark model and the coloured quark model.

Assuming the validity of a .quark parton model, the production
of hadren final states would golvia the channel shown in Figure 3.7,
to be compared with the channel for muon pair production. The diagram
drawn: for hadron p;oduction is the one-photon exchange process, in

whicl: a quark-antiquark pair are produced as an intermediate stage.



(b)

Figure 3.7. FEleciron-positron annihilation diagrams in which
() quark-antiquark are produced which then fragment

to produce hadrons, and (b) a muon pair is produced,
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Now a quantity R can be defined,; where

R= 04

(ete™ —> hadrons) ly

Utot(e+e- > LL+ p'-)

To obtain this ratio from the quark mcdel, the cross-sections

- for q E and Lf}f production are assumed (in the asymptatic region)
to be proportional to the square of the particle charge summed over
all possible channels, Thus R is obtained, for the naiive quark model,

as

R=(2/3)% + (1/3)% + (1/3)% =2/3

(1)?

The coloured quark model of Han-Nambu {1965), with three times
as many of each type of quark, yields the value H = 2.

More generally, censidering gpin &=

R = 2 qi2 + 1/4 Z qi2

spin % spin 0

partons 'partons

(Bjorken, 1973) where 9y is the parton chgrge for pzrtons of spin
1/2 and spin 0. Since the process ete"—spF " is well understood
theoretically (from quantum electrodynamics), the ratio R is accessible
to experiment. Several experiments have recently been carried out
to measure this quantity. See Litke et.al.(1973) for a complication
of data and references. Figure 3.8 is taken f;om the paper of
Litké et.al. and shows the experimental points. Also shown are the
constant lines representing the asymptotic value of R predicted by the
two quark thecries mentioned above., Even if the asymptotic region
has not yet been reached, it is difficult to see how agreement between

‘either of these theories and experiment can be found. Presumably
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quark parton models could produce a higher asymptotic value of.R.

For a comprehensive review of theories related to this field, see
Bjorken (1973).

In section 3.4 the models of Yock and Schwingerlwere mentioned,

in which the fundamental particles are, respectively, highly electrically
charged and highly magnetically charged. Yock (1974) suggests that
these iwo models predict behaviour for R which is éonsistept with the
experimental results obtained so far., In addition, Yock's model quite
naturally produéés a form factor for parton structure since his partons
are in fact the original Yukawa particles, which themselves are composed
of quarks (high 2),

-Obviously these two fields of research, lepton-nadron deep in-
elastic scattering and electron~positron annihilatisn are now producing
important resultis as regards the structure of hadrons; and it is necessary
for further experiments to be performed in these [ields,; extending the
measurements to higher energies. These experiments are at present in
progress,

3.6.7 Searches in Cosmic Rays

‘While accelerator searches have been able to put very low limits
on tﬁe cross-section for the production of {ree quarks of mass less
" than a few GeV, energy limitations have made it impossible so far 1o
extend the search to high quark masses (several tens of GeV). This
has been the motivation for the large number of searches carried out
since 1964 in cosmic rays, where energies several orders of magnitude
above those at aécelerators are available.

The quark searches in cosmic rays have been of the foliowing typesi~
(a) searches for sub-relativistic massive particles
(b) delayed particles in Extensive Air Showers (E.A.S.)
(c) searches for unaccompanied fractionally-charged particles

(d) searches for fractionally-char;ed particles close to E.A.S. cores.
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(a) Searches for sub-relativistic heavy-mass particles.
These searches have relied on time of flight and range measurementis,
Franzipi et.ala(1968).operated this type of detector at large zenith

angles. OQObtaining no signal, they quoted an upper limit of 2.2.10-8

cm—2secmlst_l. -Another experiment looking at large zenith angles
(Kasha et.al., 1968), and including a magnet for determination of the
particle momentum, again found a negative result and quoted an upper
limit of 2.4.10_80m-2sec"1st-1. The lowest limit obtained by the
velocity/range technique is that of Ashton et.al.(1969), who quoted

2 1st™1, tore recently, Galper et.al.

an upper limit of 4.9.ld—locm_ sec
(1970), operating under 80 cms. concrete, obtained an upper limit of
3.4;10-80m_2sec_lst7}. A positive result has, however, been réported
by Yock (1973), Using a similar telescope to that used by Ashton et.al.
but under 600 g.,cm_2 concrete (see Alcock ct.al., 1974), two strange
events (identified as due to massive particles) have been observed
in a preliminary experiment, corresponding to a flux of approximately
2,10 "cm sectat "L,
(b) Delayed particles in EAS

The basis of this method is that if gquarks are produced in high
energy interactiions of a primary proton with air nuclei they should
be present in EAS (assuming sufficient energy goes into the nuclear-
electromagnetic cascade to produce-an air shower that survives to sea-
level). Kow if quarks are wassive they will lag behind the showér
front, which can be considered to form a spherical shell of thickness
-3 metres. Typically, the fime delay ( At) between the arrival of the
shower front and the arrival of any quarks produced at a height H
(the yoint of first interaction) is

At = B H L.
c ¢ * 2Yq?
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- light (c).

The delays should range from zero up to ~100ns, depending on
the model adopted for the production of the quarks and hence the energy
of the quark.

Sejeral experiments have been performed in an attempt to detect
delayed massive particles. Discrimination against low energy shower
particles which could also exhibit large iime delays is necessary, this

‘ usuaily being achieved by either measuring directly the energy of the
delayed particle or operating underground and hence imposing a threshcld
energy requirementi on the particles.

Kelly (1969) has made an exhaus{ﬂe survey of experiments up to
1969, and later searches have been reviewed by Jones (1971). Kost
experimenis proouced negative or ﬁnclear resulis. Only the Turin group
(Dardo et.al., 1968, 1972) and the Tata Institute group (Tonwar et.al.,
1971; 1973) have reported positive resulis, other groups producing
upper limits on the flux éf delayed particles'of about 10_10cm-25ec-1st"1.
The Tufin'group obtained a signal at a leve; of a few times
lo"scm-zsec_lstnl, two orders of magnitude above the upper limits set
by the other groups. However having no visual deiector it is possible

_ that the delayed events were due to sh&wers produced locally by muons
in the rock. More recently, Clark et.al.(1973) have produced a new
estimate of the flux of 241 . 10-9cm-zsec—¥st_l. Tonwar et.al. do not
give any flux figures in their latest paper (Tonwar et.al., 1973),
but they observed two events with energies of 36 and 26 GeY and delayeg
by 41ns and 25ns respectively. For energy determination of the delayed
particles the Tata group employ a multiplate cloudlchamber, scintillators
being used to measure the time delay.
(¢) H3eerches for unaccompanied,fractionally-charged particles.

This area has produced the ﬁost numerous experiments of any in

searches for gquarka in cosmic rays. All have employed energy loss
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techniques, relying on the assunption that the energy loss of a charged
particle by icnisation is proportional to the square of the charge.

In general several leyers of detectors were employed to minimise the
.effects of fluctuations,.ihe detectors consisting of scintillation
counters, proportional counters and chambers, or spark chambers. All
experiments have yielded negative_results. For reviews of these
experiments see Kelly (1969}, Sitte (1970) and Jones(197_o, 1971). The

‘lowest intensity limits imposed so far are:-

Charge Flux limit(cmuzsec-lst-l) Experiment
e/ < 0.57.1078 - Chin et.,al. (1971)
2e/3 < 0.8 .1078 Ashton et.al, (1968)

It should be noted that since these exprrimentis reject all events
in which there is accompaniment, the energy of the proton (say) causing
the-initial interaction is limited to about 5.10126V, this figure
being derived from consideration of ihe lateral distribution of
electrons in air showers (Ashton, 1973b). Ashiton concludes that this
would correspond to an upper limit for the quark mass of 7.5 CeV/c2.
(a) searches for fractionélly—charged particles in EAS.

In order to attempt to detect quarks if their mass is greater
than 7.5 GeV/cz, it is necessary to look close to the core of air
showers of relatively high primary energy (=< 1014 - lOlSeV). This.
requires the use of visual detectors, enabling individual particle
tracks to be observed and the ionisation estimated. Counters cannoi
be used since the accompaniment would cause events to be rejected.

The Sydney group were the first to perform an experiment in
which they looked close to air shower cores using cloud chambers
trigeered by a local electron density detector system. They reported

-10 -2 -1
cm o sec

5, Tl
£5.430 m st™ for charge

positive xesultis ai 2 flux level o

- - e T Al PR - ac
2e/3 varticles (Calrns et.al., 1969 and lcCusker and Tairns, 1969).
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This result was criticised by several authors (Adair and Kasha 1969,
Rahm and Louttit 1970, Fraunfelder et.al. 1970, Xiraly and Wolfendale
1970), bﬁt vas suffiéient.to stimulate interest in the technigue, several
groups initiating similar searches. |

Most g;oups adopted cloud chambers similar to McCusker's for
their detectors, and also used a local density trigger . No definite
quarks have so far been observed by any other group. Indeed, FcCusker
observed no more candidates in another two years after having made
improvementis to his detector.

Table 3.4 shows the situation as it was in 1972-as regards the
quark search close to the cores of EAS.

However, the fundamental importance of quarks if any exist was
felt to be sufficient to justify a further search in air showers; since
this seemed to be the most fruitful area to investiigate. Hence in
1970 the flash tube éhamber described in Chaptier 2 was bﬁilt by Ashteon
and King. An exploratory experiment was reported by Ashion et.al.
(1971). Chapter 4 degcribes a detailed experiment performed at

Durham to search specifically for e/3 charge particles.
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CHAPTER 4

THE QUARK EXPERIMENT

4.1 Introduction

It was shown in Chapter 2 that the flash tube chamber is sensitive
to particles of charge e/3 but not to charge 2e/3 particles, since these
cannot be resolved from the distrihution of charge e particles. Hence
the search Qas directed towards the detection of e/3 quarks, and since
it appears that the mosti fruitful area for & search of this kind is
close to the core of extensive air showers (see Chapter 3% for discussion),
the trigger for the present experiment was designed fgr this purpose.

Ne;r the core of EAS the density of particles is high, so while
the soft component (electrons and photons) can be abtsorbed above the
detector by the lead shield, good spatial resolution is necessary to
enable the tracks of individual particles to be studied in the presence
of other particles. The flash tube chamber has a resolution in the
projected plane of approximately 2 cms. (the diameter of a flash tube)-
for each track, hence satisfying this criterion. The aim of the present
experiment was to look for particles which produced tracks in the

.chamber having a low number of flashes along the track, corresponding
to the particles having produced less ionisation.in the flash tubes

on their passage through the chamber. These tracks were then examined
in order to determine whether cor not they satisfied the requirements
of a track produced by a particle of charge e/3.

The time delay TD (the time between the partiéles passing through
the chamber and the high voltage pulse being applied to the electrodes
between the layers of flash tubes) was chosen tc be 208, this being
considered tc be the optimum, allowing wide separation of e/3 quark
tracks from the efficiency distribution of charge e particles while

being sufficiently short tc ensure thail the quark iracks were not lost
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in the background due to spuriously flashing tubes (or tubes which

flash because of residual radiocactivitiy in the glass of the tube).

4.2 Basic Experimental Data

With the local electron density trigzer set at a lower threshold
of 40 particles per square metre, in a running time of 2570 hours a
total of 12,057 triggers cccurred, each event being recorded photo-~
graphically. The analysis procedure consisted of frojecting the negative
obtained onto a scanning table, where each event could be examined in
detail, The reconstructed event was reduced relative to it's size in
real space by the ratio i:4.5.

An acceptable track was one which produced at least one flash
in Fl and F4 (seé Figure 2}1). This ensures, since the defining layers
Fl and F4 are shortér thanvthe measuring layers F2+F3, that the track
has passed through FZ+F? within the velume of flash tubes covéred
by electrodes.

The number of.flashes in F24F3 (Nf) along a track was then-measured
_if the track was accompanied by a parallel track (within + 50 in the .
projected plane) of projected length greater than 60 cms. If the track
was obviousiy of low efficiency (<60 flashes) it was measured irrespective
of‘whether or.not it had an accompanying parallel track. A small-sczale
diagram of all measured evenis was made. The high efficiency tracks
(produced in general by muons) thus provided a calibration for charge e
particle tracks. | |

Tabie 4.1 shows a summary of the data, with a breakdown into the
multiplicity of measurable tracks per event.

As can be seen from Table 4.1, a total of 4501 tracks were measﬁred,
the distribution in the nuﬁber of flashes (Nf) being shown in Figure 4.l.

The arrows indicating the expected positions of plateau and minimum

and Fowler (1970), who give the most preobably ionisation lozs in neon

as a function of muon momentum. It was assumed that the median womentum




Number of measurable Number of Photographs Nxn

tracks per photograph (n) (n)
1 | 1604 1604
2 758 1516
3 254 | 762
4 84 5336
5 42 210
6 7 42
3 21
0 0
9 0 0
10 1 10
TOTAL 2753 4501

Table 4.1. The frequency distribution of the number
of triggers N having n measurable tracks, from a total
of 12,057 photographs obtained in a running time of

2570 hours.,
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Figure 4.1

1027 =
- 3
0 -
> F :
b - :
s )
& B ]
£t -
‘ — —
(2/3)m __/
L 1
26 34

. 1 _
42 50 58 65. W . 82 80 98

The frequency.distribution of ihe number of-flashes

N(F2+ F3) along a track in the 96 layers of flash tubes.
Tracks with N(F2+F3)=>6O were only weasured if they had

at least one other shower track paraliel (iﬁo) t¢ it of
length >60 cms. The arrows indicate the expected positicns
for minimum and plateau ionising e, 2e/3 and e/3 particles.
The smail bars indicate the uncertainty in this position and
the large bars indicate the width of the distributicn., The

total number of tracks measured was 450i. N=78.112.07, 7=4.73.
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of the muons used in the calibration run described in Chapter 2 was
2.1 GeV/c (derived from the spectrum of Hayman and Wolfendale, 1962).
Now the Lloyd parameter (aflql) fitting muons of this energy was found
to be 9 + 1 (Figure 2.10), hence knowing the ratio of the amount of
ionisation produced by these muons to that of plateau and minimum
ionising ruons (from Crispin and Fowler), the Lloyd parameter appropriate
to these cases could be calculated and hence the expected value of Nf
could be estimated. The expected positions for e/3 and 2e/3 quarks are
obtained by dividing the‘Lloyd parameter calculated for chérge e particles
by 1/9th. and 4/9th. respectively, since the value of the Lloyd parameter is
proportional to the charge squared of the traversing particle. The
widths expected for the distributions indicated in Figure 4.1 were
calculated assuming the standard deviatioq of the distributions to
follow the experimental curve drawn in Figure 2.9.

It can be seen from Figure 4.1 that 20 tracks were observed vwhose
Nf value was less than the one standard deviation upper limit of 50
for_plateau ionising e/3 quarks. It was estimated that the lowest
density track that wouid be seen with the scanning technique employed

vould be approximately N_. = 20, whilst the lowest expected Nf value

f
for an e/3% quark (at a one standafd deviation level) would be 28.
Hence 2l1l e/3 quark tracks not obscured by other tracks or by electiro-
magnetic cascades produced in the shielding should be recorded with
almost 10066 efficiency. The 20 quark candidates were examined in

detail in an attempt to determine wvhether they are tracks produced

by genuine quarks.

4.3 Consideration of Background Effecis

4.3.1 Reduction in flashing efficiency due to a clearing field

When breakdown of the gas occurs in a neorn flash tube, large
aumbers of electrona and positive ions remein after cessation of the

pulse. Many of these adhere to the glass wall of {the tube. The time
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for neutralisation of these charges to occur can be of the order of
minutes, being determined largely by the surface resistance of the
glass. While~ these electrons and positive ions remain uncombined
they can give rise to an electric field within the tube. This field
is sufficiently strong to sweep from the gas any new ions produced by
the passage of another ionising particle within the time needed for
neutralisation to occur, This has the effect of reducing the internal
efficiency. Hence if a particle passes through the flash tube chamber
a short time after a dense shower has triggered the chamber, the pariicle
will be seen to'have.a smaller number of flashes along it's track,
In order to avoid the possibility that this effect could make an ordinary
_showgr #rack appear as a track due to a éuark, the effect was studied
- in some detail so as to allow the elimination of any quark rcandidate
produced by this mechanism. In events which follcwed a dense shover,
vtracks or paris of tracks were examined and the reduction in efficiency,
if any, measured. The results are shown in Figure 4.2. For comparison
the results obtainea by Ashton et.al.(l97l).at a time delay of 40 us
are also shown, ‘

In particular the quark candidates were checked to see whethexr
any had been produced by this effect., It was ccncluded that none had.

| 4.3.,2 The rate of backgrcund muonsg

The major background effect is due to incoherent muons which
traverse the chomber immediately before the chamber is triggered by
an air shower. For a background muon to have an efficiency in the
range Nf = 28 ~ 50 requires that it had traversed the chamber in the
period 103 - 144 US before the air shower_trigger ocours (see.Figure
2.10). It is therefore necesséry to estimate the probability of a
muon traversing the chamber in this pericd.

Assuming 2 minimum momentum of 0,78 Gév/c for’muons to traverse
the flash tube chamber within the geometrical acceptance; from the

sea-level vertical muon momentun spectrum of Hawian and Wolfenrdale
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the flux of muons through the chamber should be 6.3.1030m" sec ™ st L,
Pfhis should be compared with a measurement of the coincidence rate for
the plastic scintillators A and B of 11.5+0.4 sec-l. For this
geometry (see Figure 2.1) the calculated rate using the above flux is
11.2 sec-l, ip good agreement]. Using this figure the flux of incoherent
muons through the whole chamber, within the acceptance gecmetry for
measurable tracks, was calculated to be 104.2 sec_l. In addition,
it can be shown that the probability distribution for a background
muon track to produce a track with Ng in the quark region (28-50)
should be flat (Appendix A).

Since quarks are expected to arrive more or less parallel to the
shower direction, only the low efficiency tracks which were withiﬁ
+ 5°'to the shower direction were accepted. Hence it is necessary to
estimate the number of hackground muon tracks which would satisfy this
additional criterion. In order tc calculate_this quantity, approximately
500 events were scanned to evaluate the proportion of events which
could have contained a background track simulating a quark, i.e. the
proportion of events in which there was a shower track of length
> 60 cme., in F24F3 and which was free from obscuration. This was
estimated to be 0.312, giving a number for the.total numbexr of photo-
Y graphs which could have contained a background track of 12,057x0.312=3%,760
events, |

Hence the total sensitive time for incident incoherent muons to
simulate a quark (that is, have traversed the chamber between 103-144 uS
before the air shower trigger and have at least one shower track of
length > 60 cma. in F24F3 in the event) is 3760):41.10-6 = 0.154 seconds.

The maximum angle for the acceptance of a track is 360, therefore
the probability of a random‘baquround muon being within 1_50 of a
shower track (assuming a flat angular variation for the muon intensity)
iz 5/%6. ‘'Whus the expected number of background tracks simulating

quarks is given by 104.2 x 0,154 x 5/36 = 2,2.
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Now when the angular restriction is placed on the 20 quark candidates
with Nf in the range 28 - 50, the number is reduced to 6. This distribution
is shown in Figure 4.3.

4.3.3 The number of knock-on electrons along a track

Since the probabiliiy of a particle producing a knock-on electiron
(KO) is proportional to the square of the charge of the particle, it
is to be expected tﬁat quark tracks should have significantly less
KO's than those of chargé e particles. Now knock-on electrons are
a noticeable feature of muon tracké observed in the flash tubes, hence
this technique should provide a means of identifying genuine quark
tracks.

In order to test the sehsitivity of the flash tubes to knock-on
" electrons, the 1,046 muon tracks obtained at a time delay of 20 us during
the calibration run described in section 2.5.1 were scanned, ihe angle
of émission and range of the electrons being measured, To obtain an
approximate value for the energy of an electron, electrons were assumed
to los3e energy only by ionisation (a reasonable approximaiion below
the critical energy, —25 MeV), being about 1 lieV per flash tube iraversed.
Only projected angles and irack lengths could be measured, this limiting
the resolution. The results are showﬁ in Figures 4.4 and 4.5. Froml
© 1,046 muon tracks measured, the number of knock-cn electrons of energy
>3 Mgv produced in the 96 layers of ¥F24+F3% was found to be 383, Figure
4.5 shows that the energy distribution has essentially the correct
form. The large scatter in the points shown in Figure 4.4 is presumably
due to multiple scattering of the iracks, which is considerable at low
energies, and also to the fact that we are dealing with projected angles.
Because of the multiple scattering, below 3% MeV it is not possible
to estimate energies with any accuracy.

Now for application to the identification of quark tracks; knock-on
electrons of energy less than 3% MeV need to be utilised in oxrder to

increase counting statistics. Since individual energy measurements
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in this region are not possible, it was decided to adopt the technique
of counting single flashes adjacent to the track. For an eleciron to
flash one tube offthe parent track requires approximately 1 MeV, hence

the predicted number per track is given by

[-~]
2Cmec2 f dE!
E EI = -
(e, E) 52 2
E'=1MeV

vhere C

H
1

Z
0.15 < (g cm-2) (Rossi, 1952)

and N = Avogadro's number
Z = Atomic number of target material
A = Mass number of target nucleons
r = e2/m902=c1assical radius of the electron
B = v/c = velocity of incident particle
E = energy of incident particle
E'= energy of secondary electron
Evaluating this integral for the 96 layers of flash tubes (plus
aluminium electrodes) in F2+F3 gives the total number of electrons
- produced with energy greater than 1 MeV to be 6.8. For e/3 quarks the
figure would be 6.8/9 = 0.76. '
It is necessary to know the vériation of the number of knock-ons

seen in F24F3 with time delay T_ in order that old muon tracks simulating

D
quarks caﬁ be recognised. For this purpose two definitions of a
knock-on electron were adopted. A Type 1 knock—on.was defined as Z1
flash lying adjacent to but off the track of the parent particle, a
Type 2 knock-on being defined as Z 2 adjacent flashes in any layer
where one flash lies on the irigger particle track. The muon tracks

photographed at differeni time delays for the determination .of the

efficiency -~ time delay variation (see section 2.2.4) were re-zcanned,
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the total number of Type 1 and Type 2 K,O.'s per track being counted.
Fiéure 4.6 shows the frequency distributions obtained for the number
of Type 1 K.0.'s for different time delays, and also for a sample of
EAS muon tracks taken at a time delay of 20 US.

In Figure 4.6, no correction has been made for spurious. background
flashes, attributed mainly to natural radioactivity in the glass,
This background was measured for events at two differen£ time delays,
to establish whether there was any variation. Figure 4;7 shows the
result for events at 20 and 200 #S. As expected there is no significant
difference. The most probable number of background flashes is 47.5,
out of a total of 8,112 flash +tubes in the 96 layers of F2+F3, hence
the most probable number of background flashes lying alongside a track
is

2

X 47.5 = 1.09
84.5

(The number 84.5 is the mean number of flash tubes in a layer).

Pigures 4.8 and 4.9 show the variation of X.O. numbgr as a function
of time delay, corrected for background; The full curves drawn through
the points correspond to a value of alel = 9, the Lloyd paraneter
describing the flash tube behaviour as determined in section 2.2.4.

Note that in Figure 4.9 the curve has been expressed as (afin = 9)2
since both the tube on the track and the tube adjacent to it are
required to flash,

Now the experimental points in these figures, while having basically
the same shave as the fitted curves, avppear to fall off rather more
sharply after extending to longer time delays. This reflects the fact
that the ionisation produced by low energy, stopping electrons is greater
than that produced by the relativistic muons for which fhe value of
af Ql = 9 was determined. Since {the value of alel is proportional

{0 the rmumber of 1lon pairs initially produced in the gas, a
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higher value for the Lloyd parameter would be expected to fit the
points shown in Figures 4.8 and 4.9, although this value could not bhe
predicted with great accuracy since the statistical errors on the
experimental points are large.

The large difference hetween the observed number of knock-ons
at small time delays and the number predicted with energy >1MeV is
presumably due to the fact that most electrons, produced typically
within 2Q degrees of the muon direction, never travel beyond the flash
tubes dqfining the muon track,

In Figure 4.6, the difference between the mean number of K.0.'s

obtained for single muons at T, = 20 S and air shower tracks at the

D
same time delay is attributed to the fact that in EAS events -the
number of background flashes is somewhatl greater, presumably because
of the presence of low energy photons in the shower. Taking the observed
number of Type 2 K.O.'s per track at small'time delays to be 1.6 (see
Figure 4.9), the expected number of K.Q.'s along a quark irack should
be essential;y zero, while fér background muons at long time delays

thg mean number is ~ 0.4 - 0.8. The number of Type 2 X.0.'s were
counted for the six remaining quark candidates and also for the 14
events rejected as being background tracks. Figure 4.10 shows the
distribution of Type 2 K.O.'s forlthese 20 tracks. It can be seen

that two of the six quark pandidates have no knock-on electrons, while
3 of the 14 background tracks are free from K.0.%s. Details of the six
quark candidates are given in Table 4.2. Now rather than subtract

the background flashes from each track, which because of the large
statistical uncertainty is not really justifiable, the six quark
candidates were compared directly with the 14 background tracks, the
nunber of spurious {lashes assumedé to be similar for all 20 eventis.

The iwo quark candidates having nc K.O.'s cannot be excluded from

being possible quarks, although they are mosi likely backgrournd muons.

Taking the predicted rumber of muons which could satisfy all other
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Event F2+4F3 for No. of shower Angle quark can - No. of K.0.'s

quark tracks in didate track makes (i.e.pairs of ‘
Candidate. picture exclud - to other shower adAjacent flashes
canditate
E8-48 31 1 3° 1
E16-66 39 2 4° (
E19-45 28 3 5° 0
B34-117 38 3 5° o
E53-125 47 2 0° 1
E69-95 41 2 - 0° 1

Table 4.2 Details of the 6 events shown in

Fig.4.% with F2 + F53 <50,
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quark tests to be 2.2 (section 4.3.1), since 3/14 of the observed backgréund
tracks had no K.0.'s the expected number of muons simulating quarks will
be 2.2, x 3/14 = 0.47. Thus the probability of observing two pseudo-quarks
will be -~ 8%, although there will be a large error on this figure. One
of the two remaining quark candidates is sﬁown in Pléte 4.1,

Since two events could not be excluded {rom possibly being quarks,

the upper limit obtained, based on these events, is less than 1.4.10-'11

2sec_lst—1. This limit does not take account of the loss of quarks

cm
due to interactions in thelchamber. Assuming the quark-nucieon inelastic
cross-section to be 11 mb (section 3.2.3), the probability of a quark
traversing the chamber without interacting is calculated to be 0.165.

This raises the upper limit of the quark flux to less than 8.10 Men 2sec tst™?

4.4 Conclusion

While the two gquark candidates could not be exciuded from being genuine
quarks, the background due to muons simulating quarks is at approximately
the same level, Hence it was concluded that no advantage could be gained
from operating the flash tube chamber for a longer period of time without
modifying it in such a way that the background from muons was either removed
or substantially reduced.

One way in which it was thaught the signal-to-noize ratio could be
improved was to look at a smaller distance from the core of the shovers,
and also to increase the mean shower energy. This was achieved by increasing
the local electron density trigger theshold. Two runs were performed
with which the author was asscciated to a certain extent but which
will not be described here. Briefly, electiron density thresholds of
A = 160m™2 (Ashton et.al. 1973b) and Ae Z 500 2 (unpublished)
were chosen for new experimentis. It was found that with these triggers
the obs:uration due to nuclear-electromagnetic cascades (produced by pions
associated with the air shower interaciing in the absorber above the chamber)

increased, consequently reducing the efficiency for detecting quarks. Thus



Plate4 .l Event E19-45. A possible

quark track is indicated.
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it is concluded that of the three values of Ae studied so far
Ae Z 40 m"2 is the optimum de;lsity for the quark search,

If the detector were taken underground, thus cutiing gut most of the
shower accompaniment while not being at so great a depth that too large
a fraction of the quarks would be lost, quarks could in theory be seen
very close to the shower core. The same argument wculd apply to an
experiment in which the detector was turned onto it's side, horizontzl
showers being observed (in this case the increased atmospheric depth
acts as an additional absorber).

Vhile the methods named above would enable the search for quarks to
be extended into the very core of EAS, hence improving, hopefully, the
signal-{to-noise ratio, it should be pcssible to almost eliminate background
in the present detector by incorporating a previous particle indicatlor.
This Qould conzist of two layers of plastic scintillators completely covering
the sensitive area of the flash tubes. For this purpose the two plastic
scintillators A and B (see Figure 2.1) would be extended. The passage
of single particles through A and B in coincidence would bé recorded_i{ a
shower triggered the chamber in the following 200 LS, thus allowing back-
ground tracks due ito "old" muons to be recognised and rejected. A possible

circuit for a previous particle indicator is shown in Figure 4.11.




CHAPTER 5

THE PRODUCTION OF NUCLEAR-ELECTROMACNETIC

BURSTS IN THICK ABSORBERS

5.1 Introduction

During the Extensive Air Shower experiment described in preceding:
chapters, it was noticed that a éonsiderable number of evenis photo-
graphed contained dense showers of particles directly below the lead
shielding and also bglow the 15 cm. layer of iron near the top of the
chamber, the bursts sometimes traversing the whole chamber. These partiicles
fofm an electromagnetic cascade, produced by the passage of hadrons or
muons through the absorber, and since it can be seen from_the results
of calculations described in Chapter 2 than when ar air shower trigger
océurs the mean distance from the core is only a few metres, it is
thouéht thati the majority of these bursts were produced by hadrons rather
than by muons, due to the high energy transfer involved. This is discussed
further in Chapter 7.

The cascade of particles produced when a hadron interacts sirongly
with a target nucieus can yield informaticn about the energy of the
. particle if the physical processes occurring are undersicod and can be
predicted. In this chapter a method of obltaining the energy of the
interacting particle will be described, based upon assumptions about
the physical processes and utilising the information about the cascade
vhich can be obtained from the flash tube chamber, Initially pure
electron-photon cascades will be discuesed, consideration then being

extended to nuclear-eleciromagnetic cascades.

5¢2 Qualitative description of the cascade process
Consider a hadron incident on a dense ahsorber, of depth comparable

with ¢r greater than the interaction length of the hadron., The probability
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with the amount of absorber traversed. Vhen it interacts, depending on.
the energy, a number of secondary particles are produced, mainly pions.

If the incident particle is a charged pion it can be considered to lose
all of its energy in the interaction. A nucleon would lose some fraction
of its energy and continue thrcugh the absorber, possibly to interact
again, The fraétion of energy lost in an interaction is carried away

by the secondary particles. Now the charged pions will travel some
distance through the absorber in almost the same direction as the parent
particle until they in turn interact or are lost from the absorber

(decay probabilities can be neglected for charged pions in a dense
material)., The neutral pions, however, will decay more or less instantan-
eously into two photons. These photons will either materialise or undergo
a Compton collision. The electrons and positrons produced will, if their
energy is above the critical energy for the medium, lose energy predom-
inantly by radiation, the photons in turn producing more electrons. Now
gince the processes involved produce secondaries with energies of the

same order of magnitude as that of the primaries, the enérgy degradatign
in the cascade is relatively slow and allows a significant increase in

the total number of particles to occur as the cascade develops with

depth. Eventually the point is reached when the mean energy of the

"electrons falls below the critical energy, collision losses become more

important than bremstrahlung, and the total number of particles in the
cascade decreases. The cascade eventually degenerates until the energy
input to the cascade has gone either into the excitation and ionisation
of atoms in the absorber or the cascade emerges from the absorber.

Now in the above description the cascade has been considered as
a one-dimensional process whereas it does in fact exhibit a lateral
spread. The angulal divergénce is produced by
(a) the traverse momentum distribution of.produced.ﬂo's
(b) multiple scattering of the sircongly interacting particles

. 5 o]
(c) the angular separation of photons from T~ decay
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(d) the angular separation of the electrons created in pair production
(e) multiple scattering of electrons in the electron-photon cascade.
The cascade can be considered in two parts. The nuclear cascade

is effectively the skeleton of the total -cascade and determines the

depth of production and energy input to the electron- photon cascades

produced by no decay. These cascades then develop according to the

laws governing eleciromagnetic processes and can be considered separately.

5.3 The one-dimensional development of electron-photon cascades

5¢3.1 Introduction

i The general problem to be solved in any attempt to describe the

! development 6f electromagnetic cascades is the following: assuming an
electron or photon of knovn energy to be incident on an aﬁsorber, what

is the distribution, for electrons and photons at depth t, of energy,

angle and lateral displocement ? Restricting the prohlem to the one-

dimensional development of the cascade, diffusion equations can be set

up of the form (Rossi, 1952)

o0

Qt_(_g,_t_)_ =[Y(E', t) @“(E',t)dE' + fn(E't) toe(m',E'-E)dE'
ot ' ol

E E
K _ |
- fn(E,t)@(E,El)dEn - B a“afE,t!
E
0

o0 .
OY(E, %) = ﬁt(E',t) cpe(E',E) dE! -fE Y(E, t) @p(E,E')dEv
at . ! -
where T(E,t) represents the number of electrons of energy E at depth t,
Y(E,t) is the number of vhotons of energy E at depth t, B is.the average
ionisation loss per radiation length, @E(E,E') is the differential
probatility per radiation length for the production of a photon of

energy E' by an electiron of energy K, and QP(E,E‘) is the differential
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probability per radiation length for the production of an electron of
energy E' by a photon of energy E,

To solve these equations analytically certain simplifying assumptions
can be made. Alternatively the equations can be solved by numerical
integration using exact probabilities., Finally, a totally different
approach that has been used is the Monte Carlo technique, in which
individual pariicles are followed through the absorber, the competition
between the various processes being represented by weighted random choices.

5.%3.2 Solution of the diffusion equations under Approximation A

and Approximation B

Approximate solutions of the diffusion equations are possible if
assumptions are made concerning the physical processes involved, In
Approximation A ionisation losses and Compion scattering are ignored,
vhile the probabilities for pair production and bremsirahlung are
described by their qsymptotic values for complete screening. Approximation
B makes the same simplifying assumptions except thai a constant collision
loss is included. The approximations made limit the applicability of
the results of these calculations. Both theories are applicable cnly
tc light absorbers since in high -2 materials the total photon absorption

coefficient is strongly energy dependent. In addition, Approximation A

is only valid at energies well above the critical energy due to the

neglection of ionisation losses. Illence in general this treatment is
used to describe the early development of a cascade. While the resultis
of Approximation B teﬁd to be about 10% low in the number of electrons
predicted (Thielheim and Z8llner, 1972), the negleqtion of ionisation
losses in Approximation A tends to produce an overestimate in electiron
numbers.

Fossi (1952) deals in detail with the solution of the diffusion
equations under the different approximations, while Thielheim and Z8llner
(1972) present a useful review of Approiimations A and B,

It should be noted that vecause of the assumptions made, the resulis



of Approximation A are independent of absorber if depth is measured
in radiation lengths. Similarly, Approximation B yields results
independent of absorber if depth is measured in radiation lengths and
energies are expressed in units of the critical energy.

5¢3.3 Numerical solution of the diffusion equations

Thielheim and Z8llner (1972) have been able to solve the diffusion
equations without assuming asymptotic crosa-sections by employing a method
of numerical integration. They have been able to use exact cross-sections
and include all relevant processes, namely bremstrahlung, pair production,
Mgller and Bhahba scattering (high energy transfers), ionisation loss
(low energy transfers), Compton scatteéring and the photoeffect. Their
paper presents a detailed tabulation of the cross-sections used in

i calculations for lead, and also compares results obtained with those of
Approximations A and B,'Monte Carlo metheds and several experiments.
Resuits of their calculations are estimated to be accurate to within 1%,

53,4 The Method of Moments

An analytical approach to the solution of the cascade diffusion
equations has been used by Ivanenko and Samosudov (1959, 1967a and 1967b).
Unlike Approximations A and B this treatment can take accocunt of the
energy dependence of the total photon absorption coefficient, and also
.includes the effect of the increased track length due to multiple
scattering of the shower electirons. This allows the resulis to be
applied to dense absorbers. The approach, the method of moments, calculates
the average behaviour of the cascade by evaluating the cascade momenis.
These moments are simpler to calculate than the terms on the right hand
side of the diffusion equations in section 5.3.1.

The degree of accuracy attainable with this method depends on the

oxder to which the moments are calculated. Ivanenko and Samosudov

1

evaluate the first four moments, enabling an aceuracy of 5 - 10% to he
obtained. They present results covering a wide range of en«rgies for

iron, lead, copper, aluminium and graphite absorbers. Results are given




for different energy cut-offs for the electrons.

5.3.5 Monte Carlo simulations

Vith the advent of modern computers it has become possible to
simulate the cascade processes directly, enabling exact interaction
probabilities to be used and hence in theory to produce very accurate
results. Unfortunately, the amount of computing time that is needed to
simulate a cascade increases rapidly as the energy of the primary particle
is increased, thus in general only relatively low energy cascades have
so far been simulated for dense absorbers.

Because of the statistical nature of the method, results concerning
the mean shower behaviour are subject .to fluctuations, the resulting
error depending on the number of simulations performed at each energy.
At low energies, however, it must be considered the most reliable method
of studying electromagnetic cascades.

Grouﬁs producing results for heavy absorbers include Zerby and
Moran (1963), V8lkel (1965) and Messel and Crawford (1970).

5.3.6 Comparison of theoretical predictions with experiment

Figures 5.1 and 5.2 show a compilation of results from theory
and experiment for a lead absorber. The calculations at low energies

(Figure 5.1) can be seen to show quite close agreement. Two of the

.experimental curves, however, are well above both the caleculations and

the experimental curve of Heutch and Prescott. This apparent disagreement
between the experimental resulis is likely to be due to experimental
difficulties in defining the cut-off energy. At high energies (Figure 5.2)
there are no direct experimental resulis or Monte Carlo results. The
numerical calculations of Thielheim and ZBllner are shovwn along with

the predictions of Ivanenko and Samosudov. Also shown is the curve
predicted by Huller.' This curve was obtained by fitting data from an
accelerator expgriment performed at energies up to 15 GeV, The results

of Approximation A were modified to fit this data, which then allowed

Mller to extrapolatle up to energies of 1000 GeV, It appears that ihe
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results may be slightly high - certainly higher than the other predictioﬁs.
This would be consistent with the fact that Approximation A overestimates
electron numbers due to the neglect of ionisation losses.,

Coats (1967) compares the results of Ivanenko and Samosudov for
iron with experimental resultis obtained at intermediate energies and
finds reasonable agreement, indicating that these calculations are valid for
the wide range of energies required in the present experiment for both
lead and iron. In addition, Ivanenko and Samosudov quotie results for an
energy cut-off relevant to the present experiment, ~1 MeV. This
corresponds approximately to the energy needed by an electron to traverse
one flash tube. Hence it was decided .to adopt the transition curves of
Ivanenko and Samosudov for the present calculations.

Figures 5.3% and 5.4 show the transition curves for photon-initiated

cascades in iron and lead for an energy cut~off of ~1 MeV,

5.4 One-dimensional Simulation of Nuclear-Electromagnetic

Cascades in a Thick Absorber

5.4.1 Introduction

Since in ihe present application the bursts being dealt with are
not purely electromagnetic in nature but have a nuclear cascade super-~
_imposed, we must consider how this affects the overall cascade. Now
while electromagnetic interactions are thought to be well understood,
stirong interactions are far less perfecily comprehended. This means
that results obtained by calculation are stwngly model dependent.
Calculations have been carried out by several workers., Jones
(1969a and 1969b) has used Monte Carlo simulations of the hadronic
cascade to predict cascade curves for protons in iron. These were
compared with the results obfained when an iron ionisation spectrometer
was exposed to protons of momentum 10,20.5 and 28 GeV/c at an accelerator.
Reasonable agreement was found, although since Jones uses Approximation B

to convert photon energies to cascade particles he might be exvected to
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slightly underestimate electron numbers., There are several similaritics
between the model Jones uses and that adopted in the present calculations,
-hence results would not be expected to differ very markedly between

the two methods (althdugh there are significant differences, such as

the energy going into heavy fragments which Jones considers and which

has been neglected in the present calculations).

Vatcha et.al. (1972) have performed full Monte Carlo calculations
in iron for three different nuclear interaction models up to hadron
energies of 1000 GeV. The simulations were performed for the same
geometry as was used in a multiplate cloud chamber operated at Ootacamund,
India. From the results obtained Vatcha et. al. conclude that the absorption
of cascades in the TeV region is much faster than that predicted by any
of the models used, and suggest that one possible interpretation is the
gammanisation précess suggested by Nikolski {1967) in which higﬁ energy
photons are produced directly in nuclear interacéions above some threshold.
Alternatively, Vatcha et.al. suggests that a higher inelasticity combined
with a higher multiplicity could explain their dbservétions. This
conclusion is consistent with the observation that the cascades studied
at Ootacamund in the high energy region are almost certainly pions which
can be considered to undergo totally inelastic ceollisions with the iron

'nuclei. In addition, the models employed by Vatcha et.al. do not contain
a term in the multiplicity distribution of secondary pions to include

the intra-nuclear cascading which will increase the multiplicity. Hence
it is concluded that the results of the Indian group are consistent

with accepied theoriés of nuclear interaétions.

Calculations have also been carrigd out by PFinkau and Thompson (1966)
using a straightiforward CKP model (to be discussed in the next section)
and evaluate electroﬁ numbers as a function of depth in different absorbers
for several values of the inelasticity X and multipliéity e

In the present work a conservative model has been adopted since this

appears to prodice reasonable agreement with expsriment, especially air



shower work, and is based on the model used by the Durham EAS group

(Turver, 1979. The procecure adopted was to simulate, using Monte Carlo
* technigues, the nuclear cascede to the point at which the Eo's produced

decay into two photons. These photions were then converted into eleciron

numbers below the iron or lead absorber by interpolating from the curves
' of Ivanenko and Samosudov (Figures 5.3 and 5.4).

5.4.2 Nuclear interaction model

The model used in the calculations was based upon the empirical
CKP (Cocconi, Koester and Perkins) model (1961) wused in cosmic
ray physics a great deal over the past few years. Modifications to it
include revised values for the nucleon inelasticity in dense materials
and allowance for the effect of intra-nuclear cascading on the multipliciiy
of secondary pions. Calculations were carried out for four cases; pions
and protons incident on iron and pions and protons incident on a lead
absofber. In all cases the absorber thickness was taken 1o be 15 cms.
A full list of values of constants used is given in Table 5.1. The
assumptions made were the following.

(a) 1Ionisation losses for the hadrons were neglected

(b) The particle, incident vertically on the absorber, was allowed
to interact at successive depths t (radiation lengths) according to

the probability distribution
-4 ‘
p(t)dt:%—\ e/hdt

where A is the interaction length of the primary particle in radiation
lengths. -

(c) For a primary pion the interaction was assumed to be totally
inelastic (X = 1). For protons the mean inelasticity was assumed to be
a function of the absorber material {Pinkauv et.al., 1969). IThe distribution
in the inelasticity is a parameter not well defined experimentally.

Some workers have assumed a heta distribution (Jones, 1969), a sinusoidal




_ Material Density Radiation RTt A Moliere unit

-3, length P
‘g.cm ) Xo(g.cm‘2) '
Fe 7.6 14.1 11.6Xo 9¢94X 1.53 cms.
Pb 11.34 6.5 34.54X0 33.08Xo 1.%8 cms,
Al 2.5 28.4
Glass 2.7 26,3 4.9X0

Table 5.1(a) A list of constants used through-

out the calculations.

Material Mean inelasticity of Mean inelaaticity
protons Kp of vions Kg
Fe 0.63% 1.0
Pb 0.80 _ 1.0

Table 5.1(b) Values of the mean inelasticities adopted
for proton-nucleus and pion-nucleus
collisions. See PFigures 5.5 and

5¢6.
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variation of the form Sin @ about the mean (@ ='n/2).between the values
0.2 to 1.0 (Vatcha et.al. 1972), a flat distribution between X - 0.25
‘and X + 0.25 (Bradt and Rappaport, 1967), or a distribution of the

form
fK) =~ (1 +0° 1 -)%1n (1 - K)

adopted by Brooke et.al. (1964) to define nﬁcleon—air nucleus céllisipns.
This expreséion is notl valid, however, for ¥ much greater than 0.5. It
appears that the results of calculations do not depend critically on the
shape of the distribution, The distributions adonted for the present
work are shown in Figures 5.5 and 5.6. These step functions were derived
from binomial distributions with the required mean, The distribution

is represented by the successive terms in the expansion of [p+(1-p)] n’
where “the product np defines the mean. The parvamecter n was varied (keeping
the pfoduct np constant) to provide a reasonable spread about the mean;
whence the function was re~normalised to restrict X to the range 0.0 to
1.0, |

(4) The mean multiplicity of created pions was taken to be

n_ = 3.0 2019 (xg)0-2>

where E is the energy of the incident particle and A is the mass number

of the absorber material. In addition, at low energies the mean multiplicity
was constrained by conservation of energy considerations., This equatlion

is based on a combination 6f surveys (e.g. Greider, 1971, Wdowczyk, 197%)

and on the hydrodynamical model of Belenkji.and Landau (1956). 'This

mean miliiplicity was used to determine the mean energies of the forward

and backward cones of created pions. Individual pions, after being

assign2d with egual probability to either of these cones, were allocated

an energy E' at vandom from the distrivution
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. Figure 5.5 The inelasticity distribution for proion-

iron nucleus collisions
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Figure 5.6 'The inelasticity distribution for proton-

lead nucleus collisions,
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— t - | f]
o “E JU 1 E*/T

g (') aE' = dE* + 7, ag!

Y
U
where U is the mean energy of the forward ccne and T the mean energy of
the backward cone,

Pions were selected and assigned enérgies from the above distribution
until the total remaining enexrgy (KE).fell below a cut-off energy of
0.2 GeV, In this way a multiplicity distribution was generated. The
pion energy distribution obtained is shown in Figure 5.7.

(e) The created pions were assigned a charge from a flat probability
distribution such that on the average one~third of the piens will be
neutral and iwo-thirds charged (no distinction was drawn between positive
and negative pions). If the energy of the created T° was less than
0.2 GeV the particle was ignored, since the photons, produced by the
decay of the n° almost at rest, would noti conirivute zignificantly to
the eleciromagnetic cascade, Similarly, if the totial energy of the
charged pion created was less than 1 GeV it was ignored since the
inelastic cross-section drops ver& sharply at this value (Hayakawa,

1969), hence the particle would not contribute to the cascade.
(f) Charged pions were allowed to interact at greater depths

determined at random from the distribution
p(t) dt = =+ e ¥Am gt
A

and the interaction characteristics were assumed to be identical to
those described above.

(g) Neutral pions were assumed to decay instantaneously into two
photons of equal energy vhich then iniiiated elécfron-photon cascades.
The tatal number of electrons arriving at the bottom of the absorber
Qas calculated for each photon by interpolating from the curves of
Ivanenko and Samosudov shown in Figure 5,3% and 5.4,

(h) The hadrenic cascade terminated when all of the hadrons

(primary and produced) had either passed out of the 2bdsorber or their
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’ Figure 5.8 Flow diagram of Monte Carlo program,
showing the simulation of one

proton-induced cascade,
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energy had fallen below 0.2 GeV. At this point the total numbexr of
electrons emerging from the absorber, summed over all electron-photon
cascades, was evaluated.

A flow diagram of the computer pregram is shown in Figure §.8.

5.5 Results of the Calculations

5¢5.1. Introduction

For the four cases considered, pions and protons incident oa lead
and iron absorbers, approximately 1000 cascades were generated at each
of four energies: 10 GeV, 100 GeV, 1 TeV and 10 TeV, It was necessary
to simulate a large number of cascades in order 1o determine average
characteristics bhecause of the large fluctuations in individual cascades,
Since the analytical results of Ivanenko and Samosudov were used to
evaluate electron numbers no fluctuations were included in the slectron~-
photon cascade. This was dictated by limitations imposed on total
computing time (the time required to fully simulate the highest energy
cascades would have been prohibitive). However this approach can be
justified, since fluctuations in the elecitromagnetic component will be
shall compared to the effect of fluctuations cased by the distriovution

of the depth of interaction, inelasticity and enexrgy of the secondary

. pions,

5¢5.2 The average behaviour of the cascade

The mean numbers of electrons obtained as a function of incident
particle energy are shown in Figures 5.9 to 5.12. The dashed curves
represent the one standard deviation limits. Swmcoth curves have been
drawn through the points obtained, The standard error on the points

is given approximately by the expression

« = 0/(1000)%/2

where 1000 is the number of cascades simulatied.

It can be seen that for a given material the pion and proteon curves

are almost paraliel, the reduction in electron number at o given enexrgy
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for pions incident at a zenith anzle of 300.



ize [N)

s

Burst

ENERGY (GeV)

Figure 5,10 The mean burst size (N) produced by a proton
of a given energy in 15 cms, iron. The one
standard deviation limits of the distribution

are shown.

- v g ——



Burst size {N)

100 I I N NS B ! 1
Energy (GeV)

Figure 5.11 The mean burst size (N) produced by a pion of
a given energy in 15'cms. lead. The one standard
deviation limits of the distribution are shown.
The open circles represent simulations performed

for pions incident at a zenith angle of 30°.
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being approximately proportional to the inelasticity. It should be

noted that while up to the highest energy simulated in the lead absorber
there is a scaling relationship between burst size and energy, the

curves in iron show a definite flattening at high energies. This is
interpreted as being due to the fact that at high energies the cascades
~cannot fully develop in the relatively thin iron absorber (8.19 radiation
lengths), whereas in the lead saturation is not reached because of the
relatively greater depth available for cascade development (32.17 radiation
lengths). The open circles in Figures 5.9 and H.1ll represeﬁt cascades
simulated at a zenith angle of 300, performed in order to estimate the
sensitivity of the results to the zenith angle. These results are
consistent with thé conclusions reached above. In the lead target the
cascades incident at 300 produce less electrons below the absorber
because of the greater depth through which the cascade passes., In the
iron; however, the increased path length allows the cascade to deveicp
more fully at high energies, producing larger burst sizes.

5.5.3 The burst size distribution

While the Monte Carlo technique predicts the average properties of

the cascade, it also pfovides direct information on the fluctuations

inherent in the cascade and can thus produce the distribution in burst
size for a fixed primary energy. Figures 5.13 to 5.16 show the integral
probatility that Z N electrons will be produced below the absorber by
a primary particle of energy E. To show more clearly the way in which
the width of the distribution varies with energy, the results can be
represented as shown in figure 5.17. It can be seen that in general

the widihs of the distributions dec;ease as the energy increases, due to
the averaging which occurs when a large number of electromagnetic cascades
are superimposed. This is not true in the iron, however, where the
- width of the distribution has a minimum between 100 GeV and 1 TeV
and then increases again as the energy increases. This is due to the

. fact that the electromagnetic cascades cannot develop fully.



Figure 5,13

Pigure 5.14

The integral probability that

a pion of energy En will produce

a burst of size >N below 15 cms.

‘of iron,

The integral probability that
a proton of energy Ep will pr_bduce
a burst of size .>N below 15 cms.

of iron.




Probability of Burst size >N

o103

100

-
L -
Z — -
A
Nl - —
[74]
-Qél - w—
o }
m B |
e .
- -
[«]
0
24
o | -
3
10
100

Burst Size (N)

R

3
N




Figure 5.15

Fi

re 5.16

The integral probability that

‘a pion of energy Eq will produce

a burst of size >N below 15 cms.

" of lead,

The integral probability that
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The results of the Monte Carlo calculations have been compared
with results cbtained using an approximate numerical method (Saleh,
_'private communication).. Similar nuclear~physical assumptions were made
in both cases, such that the {two approaches should be directed comparable.
The approach adopted in the numerical method was to divide the absorber
_into several layers and consider the cascade which would develop from
an interaction produced in the mi&dle of each layer. Mean multiplicities,
inelasticities etc. were put into the calculations, Distributions in
these parameters could not easily be included. To compare the results
obtained by the two methods the variation of electron number with depth
of the initial interaction was studied. Figure 5.18 shows this comparison
for pions'interacting in 15 cms. of iron. A total of 200 cascades were
simulated at each energy and are shown in the form of a scatier plot.
The full curves are the results of the numerical method. It can be seen
that fhe results are quite close, although the small discrepancies at
the highest energies are to be expected. These scatter plots clearly
show that at high energies no maximum is reached in the burst size
distribution as a function of depth. For comparison, Figure 5.18 (c)
shows the prediction of Vatcha et.al. for a 1000 CeV pion in iron (their

model C).

5.6 The Lateral Spread of Bursts

5.6,1 Introduction

To estimzte the energy of bursts occurring in either the iron or
lead absorbers it is necessary to relate the number of electrons emerging
from the absorber to a parameter which is measurabie in the flash tubes.
Now-since the amount of material represented by tne glass of the flash
tubes is small the cascade cannot develop significantly in the flash tubes
themselves. Hence the parameter most accessible to measurement below
both the lead and iron is the width of the burst directly below the

absorber. To relate this to the burst size it jis necessary to adopt




Figure 5.18 Scatter plots sho&ing the correlation
- between the depth of the initial inter-
action and the burst size below 15 cms.-
of iron for pions at four energies.
The smooth curves are prediciions: for
an average treatment. The results of
calculations by Vatcha et.al. are

shown for comparison for 1 TeV pions.
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P

some definition of burst width. Thus the width of the burst was defined
as that width in the flash tubes within which all of the flash tubes hzad
flashed., Thus tubes flashing away {rom the core of the bursts, produced
say by a single electron or perhaps a large angle charged pion, would
not be considered when the width of the burst was measured.

The~lateral spread of low energy electrons might be expected to be
dominated by the effect of multiple scattering of the cascade electrons
rather than by effects connected with the nuclear cascade. Thus an
attempt was made to predict the lateral spread of pure electromagnetic
cascades.

5.6.2 Calculation of the lateral spread of electromagnetic

cascades
Nishimura and Kamata (1952) have obtained a theoretical expression
for the lateral siructure function of pure electromagnetic cascades.
This rather complex expression has been approximated hy ithe empirical

expression by Greisen (1956):-
£(x/ry) = o(s) (x/r))°"2(2 + x/z))>74

where s is the age parameter and radii are measured in Moliere units

(rl). The function is normalised by the constant c(s) such that

o
Jr 2tx fx)dx = 1 where x = (r/r])

(o}

By a simple argument one can obtain the approximate form of the

width dependence on burst size. We can write
f(x) « <22 (1 + x)s"ll'5 = x(2S_6°5) for x> 1

Now the density at a distance x from the core is given by

N f£(x)


file:///S-4.5

T0. .

Consider that s is a slowly varying function for the range of N being
considered and is equal to one (this can be shown to be a reasonable
assumption). Then the distance at which the density falls to A(x)

is related apﬁroximately to the burst size by the power law dependence

r o N/45 o §0-22

In order to calculate the dépendence more accurately the Nishimura -
Kamata - Greisen (NKG) formula was integrated for three different age
parameters. Now the electron density is effectively measured by the
flash tubes, therefore to calculate the density of elecirons per tube
the integration must be carried out not radially but along strips correspond-
ing to flash tube cross-sections. The results of the integrations are
shown in Figure 5.19. To obtain the distance from the core at which the
density per strip (of width one loliere unit) falls to a certain density
the drdinate should be multiplied by the burst size (the number of electrons
at the measuring level of energy greater than the minimun energy required
'to traverse one tube). The conversion to flash tube diameters is simply
verformed, therefore it is possible to plot the widih in flash tube
diameters as a function of burst size. This is done in Figure 5,20,

Also shown are the results of two experiments performed by Coats (1967)
'in which the burst spectra of horizontal mubhs kelectromagneiic) and
vertical particles (mainly nuclear—electgomagnetic) were measuréd in

iron of thickness 25 cms. Flash tubes-were utilised in these experiments
to aid in the identification of spurious events, but Coats presents the
relationship between burst size and burst width in a form which can be
compared with the above calculated relationship,.

The lack of agreement between these curves can largely be explained
by the spieading of the low énergy electrons in the air gap between the
absorber and the flash tubes. These low encrgy electrons have an zlmest
isotropic angular distribution (Messel and Crawford, 1970) and will thus

cause a considerable broadening of the cascade. It is noticeable, however,
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Figure 5.19 The probability of a particle iraversing a flash tube

as a function of distance from the core, expressed with
width in loliere units. The nurber of particles falling
on a strip of width 1 Moliere unit as a distance x from

the core is NF(x), where N is ihe burst size.
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that for similar geometries the nuclear-electromagnetic cascades are
significantly wider than the pure eleciromagnetic cascades as measured

by Coats. This is attributed to the angular divergence of the cascade
caused by the effects (a) to (c) mentioned in section 5.2, It is

apparent that transition effects are extremely important in determining
the burst width, making a direct measurement of the burst width-burst size
relation for the particular geometrical arrangement used in the present

experiment a necessity.

5.7 Conclusion

It has been possible to predict the development of nuclear-
electromagnetic cascades in the iron and lead absorbers of the flash
tube chamber.l.It has also been shown that there exists a correlation
between the width of the burst measured in the flash tubes directily below
the absorbers and the burst size, hence in principle the energy of an
interacting particle can be estimated from a measurement of the burst
width., However the exact form of this relationship between burst width
and burst size is not known. This kact was the motivation behind the
construction and operation of an experiment designed to measure this
relationship. The vertical unaccompanied hadron spectrum was used for
-this purpose. The experiment and results are described in the {ollowing

chapter,
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CHAPTER 6

THE VERTICAL BUHST EXTERIMENT

6.1 Introduction

It was shown in Chapter 5 that the energy of a hadron can be determined
from-the size of the cascade that it produces below an absorber of lead
or iron. It was also shown that there is a strong correlation between
the size of the burst and the lateral width of the burst as measured in
flash tubes directly below the absorher, In order to obtain the conver-
sion relationship for the flash tube chamber an experiment was performed
to direcily measure this relationship.

Bursts produced by single hadrons in the near-vertical direction
were chosen as the most appropriate source, herce modifications were made
to the flash tube chambar which allowed bursts in either the iron or
lead absorber to be selected.

In addition to the primary aim, to obtain a calibration for the
data obtained on bursts occurring close to the core of EAS, the recentily
reported anomaly in the vertical burst spectrum (XKellerman, 1973) has
prompied fresh interest in the high energy pert of this spectrum. It
‘'was hoped that data could be obtained which would provide information on

this region.

6.2 Experimental Arrensement

6.2.1 Modification to the flash tube chamber

The flash tube chamber described in Chapter 2 was modified to allow
near-vertical bursis in the iron or lead to be selected. A suitably
positioned plastic scintillation counter was already in place below the
iron absorber (scintillator A - see Figure 2.1). Therefore it was
necessary only to pesition another similar scintillator @esignated

scintillator C) below the lead, in line with scintillator 4, Fortunsiely




~2
Wi
. 8

there was sufficient space for the scintillaticn counter to be positioned
without the necessity of having to raise the lead roof.l This meant

that the geometry would not be changed - an important factor, Also,

in order to facilitate the recognition of neutral particle-induced
evenis, the upper eight layers of flash tubes (constituting Fla)

were brought forward by 15 cms., thus complétely covering the iron,

This new arrangement is shown in Figure 6,1. Ip addition it was
decided to operate the centre liquid scintillator, i, to obiain
information on the EAS accompaniment (if any) when a particle produced
a burst.

6.2.2 Calibration of the scintillators

The scintillation counters have been described in Chapter 2. For
this experiment the two central photomultiplier tubes in both plastic
scintillators were not used. This was necessary since vhile five of the
photbmultiplier tubes used in each scintillator were 53 AVP tubes, the
sixth tube, in the middle at one end of the plastic scintillator had
been designed for fast timing measurements and was a 56 AVP tube. Since
the voltage output - H.,T. characteristic was to be utilised this tube
could not be used as its performance would diiffer from ihe other tubes,
To symmetrize the counter the opposing photomultiplier tube was not
used., The response of these scintillation counters has been described
by Asﬁton et.al. (1967). The linearity should not be greatly affected
by the modification.

For the calibration of the three scintiliation counters; single
penetrating particles were selected by a small geiger telescope. 1In
order to use the geiger coincidence system the scintillator pulses
vere delayed by means of a delay line by approximately 1 Us. For
the calibration of the scintillators it was necessary io know the
loss in pulse height for a pulse transmitted from the photomultipliers
to the output of the delay line. F&r this purpose square 'pulses of

100 ns width (about the same width as the plastic scintillator pulses)
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Figure 6.2 ' The input-output characteristics for the circuitry

associated with scintillators A and M (E and I

‘photomultipliers).
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were fed into the line and the input/output characteristics shown in
Figures 6.2 and 6.3 were obtained. Also shown in these diagrams is
the circuitry used. ’

For each of the photomultipliers the single particle pulse height
distribution was measured for different valuesof the H.T. voltage
applied to the tubes, for particles traversing the centre of each
scinfillator at vertical incidence. The results obtained can be seen
in Figure 6.4, where the means of each distribution are shown plotted
against the voltage applied to the photomuliiplier tubes. It can be
seen that for each scintillator all of the photomultiplier tubes produced
approximately the same slope. Hence by supplying all the tubes from each
scintillator from a single power supply unit via potentiometers it was
possible, by adjusting the potentiometers for each tube separately, to
normalise all tubes from one scintillator to produce identical output
pulse heights for a charged particle traversing the centre of the
scintillator. After this had been achieved it was then possible to

calibrate the complete scintillator by adding the outputs from the photo--

multiplier tubes. The pulse height distributions obtained for scintillators

A and C are shown in Figures 6.5 and 6.6 The means of these distributions

were then converted using Figures 6.2 and 6.3 to pulse heights at the

"outputs of the photomultiplier tubes. The characteristics of the three

scintillation counters obtained in this way are shown in Figures 6.7 and
6.8. ‘Since the photomultiplier tubés for both plastic scintillators
were operated from a single power supply the characteristic for the two
counters should be identical., It can be seen that this is so within

the limits of experimental error. The responses of the scintillators
obey a power law dependence of the form V’=V0Vn, where n for the plastic
scintillztors with 53 AVP photomultiplier tubes is 7.8, and for the
liquid scintillators with EMI 9583%B {fubes is 7.5.

6.2.3 Experimental details

The irigger requirved was a burst of greater than a certain size in

|



ure 6,

The variation of single particle pulse height
as a function of H.T. applied to the photo-
multiplier tubes for each photomultiplier
tube in the three scintillators. (a)
scintillator A, (b) scintillator C and

(c¢) scintillator M. The pulse height

mean was determined from the distribution
for single penetrating particles at

vertical incidence. DPylse heights are those
measured at the output of the amplifierxr

(see Figures 6.2 and 6. 3).
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Figuze 6.5

The single particle pulse height
distribution for scintillator 4,
measured at the output of the

amplifier (see Figure 6.4).
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The single particle pulse height
distribution for scintillator C,
measured at the output of the

amplifier (see Figure 6.3).
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log[pulse height (mv]]

N

. Figure 6.7

 log[H.T{k )

Varidion of output pulse height with photomultiplier
H,T. for scintillators i andC. The pulse height is
the voltage at the output‘of the photomultipliers,
for single penetrating particles traversing the

centre of the counter at vertical incidence.
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Variation of output»ﬂuisé height with photomultiplier
H.T, for écintillator M. . The pulse height is the
voltage at the output of the photomultipliers, for-—
singie penetratiﬁg particles travexsing the cenire of

the counter at vertical incidence,
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either scintillator A or C, The burst size N was defined as a burst
which produced a pulse height of N times the single particle pulse height,
When this occurred the pulse heights from the three scintillators A, C
and M were displayed on an oscilloscope and ﬁhotographed. At the same
time the flash tubes were triggered and photographed, The logic for the
experiment is shown in Figure 6.9.

The discriminators determining the triggering threshold were set to‘
a predetermined level using a pulse generator. It was then possible to
select a minimum burst size by altiering iny the H,T. applied to the photo-
multiplier tubes, The H.T. supplying the photomultiplier tubes of the
liquid scintillation counter was set to reéord particle numbers in
the range 5 particles to 36.

Using this arrangement the chamber has been operated from April
1974 until the present itime. Data was obtained at different threshold
lburst'sizes enabling burst sizes from approximately 20 particles up to a

few thousand particles to be studied,

6.2.4. The analysis procedure

Examples of the events obtained are shown in Plates 6.1 tc 6.3.
The analysis consisted of projecting both films of each eveni onto scamning
tables. From the oscilloscope film the pulse heights in the scintillators
‘-could te measured, the origin of the burst established and the existience
of any air showér accompaniment determingd. The flash tube film was
scanned and the width of the bursts were measured according to the criteria
adopted in Chapter 5. The burst widths were expressed in centimef;es on
the scanning table, hence to transform to real space the widths must be
multiplied by a factor of 20, the scale of reduction of the projection

system.

6.3 Experimental Results

6.3.1 The burst width - burst size relation

In order to esiablish the relationship between the widih of the



Plate 6,1

Event H{3 - 77.
A burst preduced in the lead which
penetrated the jron, producing out-
puils from scintillators C and A,
There is also FAS accompaniment,
seen in the iiquid scintillator M.
From left to right of the oscilloscope
trace, the scintillator outputs are:-

A, Cand W

C=LZOP6rHcMs
A =650

M=19 »#







Plate 6.2 Event H.3% - 35

A burst, produced in the lead
which penetrates the iron, giving
pulses from scintillators C and A.

There is no FEAS accompaniment,

C = 940 particles

A =21480Particles






Plate 6,3  Event H,13 - 45
A burst produced in the iron,
The oscilloscope trace shows

d pulse from scintillator A.

A =600 Particles
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burst and the burst size (N), .scatter plots were produced for the iron
and lead absorbers. These scatter plots are shown in Figures 6.10 and
6.11. The points were binned and their means found. A correction was
applied, however, since for a certain burst size there is a bias towards
smaller burst widths. This arises because the probability that an event
. is qccepted is a function pf the width of the burst. An acceptable
event is one in which the whole width of the burst can be seen in the
flash tubes, while as the burst width increases the probability that the
whole of the burst will be contained in the flash tubes decreases. Tha
amount by which the flux will be reduced is equal to (D-d)/D, where D
is the width of a layer of flash tubes and d the width of the burst.
Thus £he burst width distribution was corrected by dividing each burst
width cell by the loss factor. This is valid up to the largest burst
sizes where very few evenis are accepted and an accurate correction is
not possible. For this reason the few events at the largest burst sizes
are not included in the burst width - burst size graphs shown in
Figures 6.12 and 6,13. It can be seen from these figures that the
power law dependence predicted in Chapter 5 holds cnliy in the mid-range
of burst sizes. For comparison the resulis of the experiments of Coats
(1967) for bursts produced in 25 cms. of iron and predictions of the
NKG lateral distribution funcﬁion are included in Figure. 6.12 for
an iron absorber. It can be seen from this comparison that transition
effects play an important role in determining the lateral spread of a
cascade., The deviation of the present experimental curves is attributed
to the steadily changing value of the age parameter s, being less than
one for large bursis and greater than one for small bursts. The resuliing
curves lie somewhere bethen a power law relationship and a logarithmic
law., It is interestiing to note that Vatcha et.al. (1913) predict a
logarithmic dependence from the results of their lonte Carlo.simulations.
No correction has been applied ito the burst size obtained to allow

for cascade development in the plastic scintiilators. Tt is predicted
p




Figure 6,10 Scatter plot of burst widih measured
in the flash tube on the scanning
sheet versus burst size measured in
scintillator A for bursts in the iron.
To obtain the true burst width the
ordinate should be multiplied by 20.

Figure 6,11 Scatter plot of burst width measured
: in the flash tubes on the scanning
sheet versus burst size measured in
scintillator C for burstis in the lead.
To obtain the true burst width the

ordinate should be multiplied by 20.




{N)ezis .ﬁSm
0oe . 009.

009t 0094 0071 00zt ooot’
T L T T - 4 T L] 1 T L] L .
LL°o aanETyg
. . - . . . 8
i ‘ . C g .
' . * , . LN T} L \ﬁ s .
- ) . , ’ .-l ' o .-. . n.nu”.
- S . A . . . .. . ..U.c .
* . . . a
. M . . . e . w
- . L3 T q
L ¢ . . . | m . N
A Nl 1 ] A L -. N L 21 L N b ' AL . & L o
) {Njszis ising
0002 0081 009t 0071 0021 000L . - 008
T T . L] T L T a. T R T T .q” T T
Ol°9 aIMBTg Co
, ... ° K o)
¢ " * .- ¢ 1Y ’ m
. 3 uc.--l -. ﬁ
. . - * . . L . | € W
. PR ) L] . . . a‘J’
- . . ' o Q ) .. .
) . I '
'l 2 A A A 1 L L -. 1 q 1 1 - L L J. e L 1 o




(cm)

Burst width .on scanning table

Pigure 6,12

i | o . l_ 3
- 102 | R
Burst size (N) ' '

Burst width (as measured on the scanning sheet) variaticn
with burst size (N) for Iron. To obtain the true burst
w Lwl

width jthe ordinate should be muliiplied by 20. Curve A -

prediction for a pure electron phoion-cascade; Curve B ~

"measured relationship for electirmmagnetic’cascades (Coats

1967); Curve C - measured relationship for nuclear—electro—

magne tic cascades (Coats, 1967). See Figure 5.20. The

experimental points refer to the present measurements.

Y
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{cm)

Burst width on scanning table

- Figure 6,13

102 103
‘Burst Size (N) S

The burst width (measured on the scanning

sheet)‘burs{ size relationship measured

" under 15 cms, of lead. To obtain the

true burst width the ordinate éhould be

. multiplied by 20.
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that for the plastic scintillators in use the effect will overestimate
burst sizes by approximately 10%, and will tend to nullify the reduction
in electron number produced by transition effects in passing from the
absorber into an air gap and then into the scintillator.

The burst size-burst width relations determined for the iron and

lead absorbers should be applicable to the interpretation of the bursts

observed in the air shower experiment. However, it is possible to check
the absolute calibration of the scintillators and hence avoid the
incorrect energy determination that would result from systematic errors
in the burst size measurements. This is possible by producing the burst
spectrum of events obtained during the- present experiment and comparing
the spectrum with that of other workers,

6.%.2 The burst spectrum of charged particles

Too few neutral bursts were obtained during the running time of the
experiment to produce a burst spectrum for ihem, therefore it was necessary
to use the charged events to produce the spectrum. This means that rather
than measuring a single component, as would be done if the neutiral Eursts
were taken (that is, neutrons), several different types of particle are
responsible for the bursts. Coats (1967) has calculated the relative

contributions of different particles and concludes that significant

contributions arise from charged pions, protons and muons. For a 25 cm,

target of iron,-above about 100 GeV he concludes that pions dominate the
burst spectrum due to their higher inelasticity. Coats measured the
anéular distribution of charged particles and neutral particles, and
assuming a coan angular variation of intensity he found n=8.712.1 for
neutral particle bursts and n=3%.8+41.3 for charged particle bursis. The
difference is attributed to the muon contribution to the charged particle
bursts, since the calculated values for pions and nucleons are n=8.15
and n = 8,65 respectively.

Now since the aperture of a detector (as opposed to the geometrical

acceptance) is a function of n, it is necessary that this parameter is
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known., The method used by many workers is that proposed by Lovatii (1954}.
Lovati calculates the absolute magnitude of the projected angular dis-
tribution,for events falling within the acceptance geometry of the
detector, for different values of n. Thus by comparing the experimentally
observéd projected angular distribution with those predicted for different
| n and minimising using a Xz-test, the best value of n and hence the
absolute aperature of the apparatus can be obtained. An alternative
approach is to use the Monte Carlo technique to produce the aperture and
projected angular distribution that would be obtained in the detector for
different n.

Iq the present experiment, an acceptable burst in the iron was one
in which the incoming particle track was observed in the flash tubes
comprising Fla and the whole burst width was seen in Flb, the layer of
flash tubes located directly below the iron (and had passed through the
scinﬁillator). This clearly implies that the aperture is a function
of the lateral width of the hurst. Furthermore, the angular distributicn
of events will vary as a function of burst widih independently of n,

The situation is similar for hursts produced in tne lead absorber. Here
the géometry is defined as the two planes comprising the middle of
scintillator C and the top layer of the flash iubes in Fla, Now since the
lateral structure function in the eleciron-vhoton cascade is very steep,
the vast majority of electrons will be contained inside a cylinder

of dizmeter one Moliere unit, or less than 2 cms. for both the iron

and lead, Hence the burst width in the scintillator can be neglected,
Again, however, the burst width measured in the flash tubes affects

the arerture.

fhere are therefore several difficulties in obtaining n:-

(2a) m order io exclude side bursts produced in the walls of the chamber
(baryies brick) by high energy muons, only events in which the projected
~zenith angle was less than 300 were accepted. Now within this resiricied

. angular range there is little sensitivity to variaiions in the expcnent n
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of the cosn © variation. It is necessary to look at large angles to
obtain an accurate dgtermination of this quantity.

(b) Since the aperture is a function of the burst width a different
geometry could be defined such that this was not so. Thus events

could be restricted to the geometry shown in Figure 6.14, only bursts
.of width less than d' being considered and requiring that the core of
each burst falls within the limits defined. The method would be
applicable when sufficient data was available, but this cut was not
feasible with the present data.

(c) The angular distribution could be grouped for different burst width
ranges and n found in this way. Again, insufficient data was available
and the restricted angular range would make any results obtained in this
way subject to large uncertainties., An added complication is that

since the composition changes with energy, it is itoc te expected that n
will also change slowly.

In view of these considerations it was decided that the absolute
aperture of the apparatus should be obtained as a function of the burst
width (d) for the value of n obtained by Coats for charged particle bursis
in his experiment.

The aperture was calcﬁlated using the Mnte Carlo technique., Particles
" were generated in a random position in the upper geometry-defining plane,
They were then given a zenith angle 0 determined randomly from a

distribution of the form
I =1 cbsnO
o

lach particle was also assigned a randomly chosen rotation angle o
relative to the piane of projection, From this information the projected
angle was determined. An event was then accepted if it crossed the

area of the lower geometry~defining plane. The fraction of events

y

accepted, f(d,n), after normalising the total number of events to a

~constant value of I, is then related to the aperture by the relation
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Apérture = f£(d,n). 2T Ay

where Al is the area of the upper plane,

Apertures were calculated as a function of d for different n, the
resuits being shown in Figures 6,15 and 6.16 for bursts in the iron
Iand lead respectively.

The value of n was taken to be 4, after Coats. Figure 6,17 shows
the predicted projected angular distribution with n = 4 for three burst
widths.

Using the relevant curves in Figures 6.15 and 6,16 the burst spectra
obtained from the iron and lead absorbers were calculated. Burst widths
and burst sizes were correlated using Figures 6.12 and 6.13, such that the
burst sizes détermined from the scintillators were assumed to have an
aperture corresponding to the mean burst width shown in these figures.

.The integral burst spectra obtained are shown in Figures 6.18 and 6,19,
Also given are the corresponding energies assuming (a) that ali events
are pionic, and (b) that all events are protonic. The energy conversions
used are those of Figures 5.9 to 5.12.

It can be seen that the rates are the same in both the lead and thé
iron, while if the bursts were purely pionic there should be approximately
" twice as many bursts in the lead as in the iron absorber. The apparent
discrepancy is interpreted as being due io the muon contamination. Since
muons will not be significantly atténuated in the lead the proportion of
muon-induced bursts in the iron will possibly be greater than in the lead,
even when the effect of increased cross-section in the lead is allowed
for. If this is so, since the angular distribution of muons is very flat
the mean vglue of the exponent n will decrease, producing an increase in
the aperture (see Figures 6.15 and 6.16) and consequently a higher rate
éf bursts in the iron. The correctness of £his assumption can be verified
by éomparing the angular distributions of measured bursis below the two

absorbers; and from Figure 6,20 it can be seen that the distributien in

!
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Burst width d {cms)

Figure 6,15 The aperture of the detector for bursts produced
' ' in.the iron, as a function of the burst width,
Numbers by the curves revresent different values’
of n, the exponeni in the assumed expression

for the angular variation of intensity.
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in the lead, as a function of the burst width,
Numbers by the curvez represent different values
of n, the exponent in the assumed expression for

the angular variation of intensity.
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Figure 6.16 The é;perture of the detector for bursis produced
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Figure 6.i8 The integral burst spectrum measured in the iron.

The pion and proton energy scales represent the
integral energy spectra obitained assuming all
bursts to be produced by pions and protons

respectively.
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Figure 6.20 The angular distributions of accepted bursts in

the lead and iron absorbers.
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the iron is indeed flatter, as expected.

6.3.3 Comparison with other results

The burst spectrum in lead was converted to a differential energy
spectrum in order that a comparison couldbe drawn between the resulis of
the present experiment and results obtained from other experimenis, in
'particular the results of Baruch et.,al. (1973), who have suggested that
there may be a "knee" in the spectrum at an energy of a few TeV,

| While Baruch et.al. have assumed the bursts to be proton-induvced,
it waé decided that a more reasonable assumption is that at high energies
two components dominate, protons and pions, and that pions will be more
important in producing bursis (Nam ef.al., 1971, Cowan and Matthews, 1971,
Coats, 1967). Therefore for the energy conversion it was assumed ihat
all of the bursts were pion-induced, and further that 5%% of hadrons incident
‘on the lead were detected. The differential energy spectrum obiained
is shown in Figure 6.21, and is compared with two previous experiments,
Cowvan and Fatthews (1971) and Baruch et.al. (1973). Vhere the spectra
of the present experiment and that obtained by Baruch et.al. overlap there
is good agreement (although it must be remembered that Baruch et.zal.
have assumed proton-induced bursts), and the spectrum of Cowan and lMatthews
~is also close. Thus it was concluded that the calibration of.the plastic
scintillators was satisfactory. The energy at which the "kink" reported

by Baruch et.al. occurs has nol besn reached.

6.4 Extension to higher energies

Since with the arrangement described above the rate of high energy
events measured was very low due to the small aperturec for wide bursts,
the operation of the flash tube chamber was modified to allow the accessible
energy region to be extended. For this the vafiation cf flash tube
efficiency with the time delay TD was vtilised.

It was showvn in Chapter 2 that the probability that a tube flashes

(the internal efficiency) decreases with the time delay between the




R(E) cm™“?sec™! st-1 Gev-1.

Figure 6.21

10°7 Y Gemammne T T T T T =T 1 T 1

» § Present Expt. N
1078 a Baruch et.al, (1'9.73)
1073} .
1070 | -
10"} -
012} -
1078} -
i .

- w—
10_15— —

1 1
10! 102 105

Energy (Gevi

The differential enersgy spectrum measured in the presaznt

wrrmmat pmm o ~ 3 -~ wre oy ~ v
experiment and comparison with othzrs. The data cbtained

in the-present experiment wss converted into an energy

spectrun by assuming a 100% pion contribuiion.




initial ionisation being deposited and the high voltage pulse being
applied to the electrodes, and that this behaviour can be predicted
by the application of Lloyd's theory of electron diffusion in flash tubes.
Now since at high energies the cascade width becomes too great, a knowledge
of flash tube behaviour allows the width of the burst to be decreased by
a controlled amount by substantially increasing the time delay TD.
From Figure 5.19 it can be seen that the density per tube decreases
rapidly with distance from the core, hence if instead of allowing single
electrons to define the edge of a burst a larger density were required,
the width of the burst would be reduced. Now the Lloyd parameter
appropriate to the traversal of a flash tube by a relativistic charge e
particle was found to be alel = 9, and since the parameter is a linear
function of the amount of ionisation produced, the value for traversal
by say ten charge e particles would be af1Q1 = 90, The variation c¢f
internal efficiency with alel at several time delays is shown in
Figure 6.22 for alel values in this range. For a given time delay
it can be seen that the sensitivity to different electron densities
(ai‘1Q1 values) is not great, therefore the flash tube pattern should be
diffuse rather than having a well-defined edge.
With the flash tube burst widihs thus reduced, the information on
burst position can be used for defining the geometry while the energy
is measured by fhe pulse height information from the scintillators.
Initizally a time delay of 330uS was used, an example of the flash tube

photograph obtained being shown in Plate 6.4. The experiment is continuing,

6.5 Conclusion

A calibration of the burst width—bufst size relation was obtained,
the results of which should be directly applicable to the data obtained
in the air shower experiment. In conjunction with the energy-burst size
dependence calculated in Chapter 5 this should be sufficient to determine

the energy of ihe EAS bursts.



Plate 6.4 Event H, 38 - 28
This event shows two mrallel bursis,

f

detected using a time delay TD o}

330 uS.
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In addition, the vertical charged particle burst spectrum at sea-
level was measured and found to be in agreement with the spectra obtained
by other groups. The region of immediate interest, in which Baruch et.al.
have found an anomalous "kink" in the speétrum, vas not reached. The
operation of the chamber was modified to enable this high energy region
to be investigated, and the experiment will continue for some time to

obtain data at these energies.
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CHAFTER 7

THE ENERGY SPECTRA OF NUCLEAR~ACTIVE

PARTICLES IN EAS

7.1 Introduction

The hadron component of an extensive air shower (EAS) determines
the way in which the shower as a whole develops. In fact the development
of an air shower is identical to the development of the nuclear-electiro-
magnetic cascade discussed in Chapter 5 with reference to iron and lead
abaorbers, except that since air is a }ow density medium the competition
between interaction and decay probabilities for charged pions becomes
important, certainly for low energy pions.

Measurements of the hadron component vrovide the most direct way
of studying.the nuclear-physical processes occurring alt these exiremely
high energies, thus obtaining information about this component is cf
conéiderable importance. In addition, one of the most important questions
to be answered with regard to the astrophysical aspects of high energy.
cosmic ray particles is - What is the mass composition of these high
energy particles? The hadrons caﬁ provide a means of determining the
-‘answer.

Probably the reason why few reliable experiménts have been performed
to study this component of EAS is tﬁe difficulty in making accurate
measuraments. -

In this chapter a measurement of tﬁe charged and neutral hadron
energy specira will be described, as measured by tﬁe flash tube chamber,
employing a 1local electron density detector to provide the EAS trigger.
These neasurements will then be related to general shower characteristics,

the significance of which will be examined.

P



T.2 Analysis of the Data

7.2,1 Scanning technique

The 12,057 events photographed in the air shower run designated the
E-series and described in section 2.5 weré the source of data for this
experiment, Table 7.1(a) shows the number of bursts observed in the

lead and iron, and Figure 7.1 shows the basic data on the burst width
distributions. Table 7.1(b) shows the probability of incident protons
and pions interacting in the different parts of the chamber,

Tﬁe negatives of the films were projected onto a scanning table,
the reduction in scale being 20:1. The burst widths were measured in ihe
flash tube iayers below the iron and iead absorbers according to the
definition adopted in Chapter 5. For an event to be acceptea the whole
width of the burst was required io be contained within the width of the
uppermost flash tube layer. Only those events were measured which had
a definable width. For each event a small-scale diagram was drawn,

T.2.2 Charpe determination

The charge of the particle initiating a burst in ihe lead could not
bg determined, since no flash tubes were located above the lead absorber.
However, for burstis occurring in the iron charge identification was
possible in the eight layers of f{lash tubes (Fla) situated directly above
the iron. The definition adopted for a burst produced hy a charged
rarticle was that it must have an observable irack in Fla parallel to the
burst direction and coincident with the middle of the burst. A neutral
particle burst was defined as one for which the above definition of a
charged particle was not satisfied.

Since no three-dimensional information was available, and hence the
position of the burst in-the_back plane could not be determined, it was
possible for a charged particle burst to simulatle a neutral particle
burst by entering the iron either at the extreme fronit or rear of the

chamber where the iron was not completely ccovered by the flash tubes
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(Figure 2.1). It was felt, ho&ever, that this type of event could be
recognised anéd eliminated by the characteristic shage of the burst produced
in this way. Plate 7.1 shows the effect. A particle has interacted in the
iron without producing a track in the upper layer of flash tubes,

However, when the burst reaches the bottom of the iron it also misses

_ the measuring layers of flash tubes, Flb, and produces a characteristic
step in the width of the burst in goiné from the recessed layers of flash
tubes of Flb to the projecting layers of F2 where the full width of the
burst is displayed. Thus this e&ent is almost certainly not produced

by a neutral particle and would be rejected by the scanning procedure.
Edge effect events not detected by this method should be rare due to the
very peaked angular distribution of .the hadrons about the zenith in the

EAS detected (measured to vary as coslo Q@ - Parvaresh, private communication).

T.2.3 Energy determinaiion and production of spectra

The burst widths measured were converted into particle numbe;s
using the relationship measured for unaccompanied vertical bursts and
described in Chapter 6. The scintillator through which the bursts were
required to pass in the vertical burst experiment will modify the form of
the burst width-burst size relationship. This effect is likely to be
smail, however, since in the experiment performeé by Coats (1967) with a
.thick iron absorber above two measuring_ievels of- flash tubes, a liquid
scintillatox being positioned between the two layers, the difference in
burst width measured at the two flash tube levels was-small. An analogous
effect can be seen in the glass of the.flash tubes which constitutes an
absorber not too dissimilar from the plastic scintillator, where once the
burst has reached shower mzximum the width of the burst is almost constant.
Hehce the conversion to burst size was made directly..

To convert the burst siée obtained to an energy ii-was first necessary
to assume an identity for the incident particles., Thus all bursts produced
in the lead were taken toc be pion-induced while in the iron chzrged

bursts were assumed to be pion-induced and neulral particle bursts weve




Plate 7.1

Event E 28 - 68

An edge effect event, simulating
a neutral particle burst. The
width of the bursi increases
immediately on passing from Flb

to F2,







87. .
treated as neutrons (neutral kaons were neglected). With these assumptions -
it was possible to use the energy conversions calculated in Chapter 5
and hence produce the energy spectrum of all nuclear-active particles
producing bursis in the lead and the spectra of charged and neutral .
particles producing bur;ts in the iron. Examples of the different classes

.of burst are shown in Plates 7.2 to T.5.

7.3 Results

T.3.1 Corrections to the neutral particle encrgy spectrum

The neutral particle spectrum measured will be an underestimate of
the true spectrum due to losses caused by mis-identification of a neutral
burst (burst induced by a neutral par£ic1e) as a charged burst. This
arises when the density of penetlrating charged particles becomes such
that there is a significant probability that there will be an unassociated
cﬁarged particle track in the flash tubes directly above the neutral
burst and with approximately the same direction. When this occurs the =z
burst will be wrongly identified as due to a charged particle.

An attempt was mg@e to estimate the magnitude of this effect.

Charged bursis were scanned for this purpose. The procedure adopted

was lo ignore the charged particle {track in the flash tubes of Fla which
_had been iaken t§ be the initiator of the burgt, and then to see whether
there was ahother particle track in Fla which co@ld have been identified
as the parent particle. The fraction of events with this ambiguous origin
was then estimated as a function of energy. The result is shown in

Figue 7.2, It can be seen that the effect increases with increasing
energy, consistent with the fact that the mean energy of the hadrons
increases at small distances from thelcore, where the particle density

is higher.

Thus this correction can be applied to the neutral particle spectrum

if it is assumed that the losses at each energy are those given by Figure 7.-

The assumption made here iz that the latdral structure fuactiorns of neutrons




Plate 7.2 Event B 23 - 144

A charged particle burst

proiuced in the iron.

N=135 particles

E =88GeV







Plate 1.3

Event E 25 - 65
A burst profuced in the iron by

a neutral marticle,

N=54 particles

E =33GeV







Plate 7.4

Evernt E 25 - 144

A burst produced in the lead

and penetrating the iron.

N =250 particles

E =215 Gev







Plate 7.5

Event E 5 - 21
An example of an event in which
three distinct casczdes can be

5een,
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and charged pions are the same at a given energy in a particular shower,
Now this is obviously an approximation. The lateral structure function
of neutrons and its eneréy deperndence is an unknowh parameter.
Theoretically, the shape of this function depends on the model of high
energy interactions adopted. For the CKP theory, in which the surviving
‘nucleon (neutral charge probability about one-haif) is the only nucleon
in the shower, the probaéility of observing the nucleon a significant
distance outside the core will be very low, producing a steep structure
function. Baryon-antibaryon production will produce a éreater lateral
spread, but the energy of the neutrons and antineutrons produced by this
mechanish will be predominantly low energy (Jabs, 1967). It is thus
felt that applying the correction factor estimated from Pigure 7.2 to
the neutral particle spectrum will probably lead to an underestimate

of the spectirum by perhaps some tens of percent. It is 2lso possible
that the shape of the spectrum could be altered. The corrected spectrum
should therefore be considered as a lower limit,

T.3.2 The energy svpectra

Figures 7.% and 7.4 show respectively the aifferential and integral
forms of the energy spectra obtained in the present experimeni. Three
spectra are presented: the energy specirum of al? bursits produced in the
lead, the spectrum of charged bursts produced in the iron and the spectrum
of neutral bursts proiuced in the iron. All spectra have been correcied
for the energy dependence of the aperture due tu the reduced probability
of an event being accepted as the burst width increases, and represent the
total number of hadrons falling on (and interacting in) the detector,
independent of burst width. The integral spectra of bursts in the lead
and charged bursits in the iron can be representel by a power law of
constant exponent above about 200 CeV, the valuve of the exponent being
~1.05+0.10. The spectrum of the neutral particles appears to be some-
what steeper than this. The significance of this will be discussed

~ later,
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The effect of folding the distribution of burst size (for an
incident particle of a given énergy) into the energy specirum has been
investigated using the distributions generated by the Monte Carlo
program describved in Chapter 5. It was found that the effect was
minimal, Fluctuations in burst width were not considered separately
since the high degree of correlation existing between the fluctuations
in burst width and those in burst size renders this unnecessary.

T.%3.3 Comparison of the bursts proluced in the lead and iron

absorbers

The relative frequency of bursts in the two absorbers provides
inforpation about the contribution to the burst spectra by muon-induced
bursts. Assuming the bursts to be all pion-induced, the ratio of the
number of bursts in the iron to the number in the lead should be 0.45.
Figure 7.5 shows this ratio as a function of energy. While there avpears
to be some sysiematic variation, the points mostly lie within a standard
deviation of the expecied value. Any systemaiic veriation can be atiributed
to effect®s of the energy conversions used, which were totally iﬁdependent
for the two absorbers. There is no evidence for significant muon
contamination, which would be expecited to produce a differenti ratio,
caused not by attenuation of the muons in the lead but by the different
interaction probabilities in lead and iron,

Te3.4 Bursts'produced in the flash tubes,

Additional experimental evidence against the presence of a large
muon contamination is afforded by a measurement of the interaction length
of particles producing bursts in the gléss of the flash tubes. The
total amount of absorber represented by the flash tubes in F24F3 (see
Figure 2.1) in the vertical direction is 91.5 g.cm-z. By measuring
the variation of the frequéncy of interactions with depth in the flash
tubes the interaction length can be determined. This has been carried
out by Nasri and Parvaresh (1974, private communication). Lteceptable

events were those which had iraversed both the iron and lead absorhers,
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the track being visible in the flash tubes of Fla and Flb, Measuremernls
we?e made on bursts occurring in ¥2 and F3. The correction for aperture
was made after the method of Lovati (1954), the value of r found being
10 (where n is the exponent in the cosnOIangular distribution assumed).
The results are shown in Figure 7.6, TFitting an exponential to the
points and minimising using the Xz—test, the interaction length was found
to be 119444 g.cm 2, and is consistent with the value of 130 g.cm °
calculated from the paper of Alexander and Yekutielli (1961). For neutral
particles the same analysis procedure cannot be‘carried out since the
direction of the interacting-particle cannot be accurately defined.
Hence the data presented in Figure 7.7 is uncorrected for aperture

effects and no acceptance geometry has been defined. The best estimate

-~z
*

of the interaction length of neutral particles from this data is 115 g.cum
subject to large errors, to be compared with a predicted value of 102{,-*.::mm2
for neutrons.

Since the interaction length of the charged particles is consistent
with them being pions, it is concluded that muons (with a much longer
mean free path) do not contribute greatly to the production of the
bursts in thé glass. It should be remembered, however, that the probab-
ility of a muon interacting is approximately proportional to %2/A, hence
" the relative contribution in tﬁe lead and irén abscrbers will te greater
than that in the glass. This should be largely ;ompensated for, though,
since the charged particles are reéuired to have ﬁassed through 15 cus.
of iron and 15 cms. of lead before interacting in the flash tubes, thus
reducing the pion contribution by about 75% and effectively enhancing
the muon contribution. Thus a measuremeﬁt of the-interaction length
in the flazsh tubes is relevant to the consideration of the muon burst
contamination in the lead and iron absorbers. BEramples of charged and

neutral bursts are shown in Plztes 7.6 and 7.7.

T.4 Determination of air shower characteristics

7.4.1 Introduction

The energy specira measured in the fiash tuwbe chambsr with a local




Plate 7.6

Event E 4 - 100
An example of a burst produced
vhen a charged porticle interacis

in the glass of a2 f{lash tube.







Plate 7.7 Event B 69 - 76

An example of a burst preduced
when a neutral periticle interacts

in the glass of a flash tube,







Figure 7.°

Depth of interaction in flash tubes {cms)

The interaction length of neuiral particles in the flash

tubes. N = 115 g.om. .
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density trigger must be related to the overall characteristics df ELS
belore any attempt to interpret the data is made. As can be seen from
Figures 2.13% and 2.14, the type of EAS trigger used introduces a bias
intc the measurements. HRather than obtaining a measuremént of all
hadrons in an air shower for different shower sizes, the trigger provides
selective information over a range of shower sizes and core distances.
This information cannot immediately be unfolded from'the'resglts since
for individual events no information was available on shower size or the
distance of the detector from the shower core., Therefore an indirect
method must be used,

T.4.2 Parameterisation of the data

To relate the data obtained using the flash tube chamber (with a
local electron density trigger of Ae §4Om—2) to mean shower characteristics
it is necessary to know how the density of hadrons in a shower depends on
hadron energy, core distance and the size of the shower, As this inform-
ation was not available in the present experiment it was necessary to
adopt a general expression describing hadrons in EAS which could then
be modified to fit the present data.

For this purpose the resultis of Kameda et.al.(1565) were used.
Kameda et.al. studied hadrons of energy greater than 100 GeV in EAS of
size-4.104—4.106, using a multiplate cloud chamber situated in an air
shower-array 2t sea-level. By combining the information obtained from
their detector with the information on shower size and core distance
obtained from the air shower array, they were able to produce an
empirical expression describing the hadrons in a form suitable for use
in the present application.

The expréssion they giye is for the density of nuclear active
particles of energy (E,E4+3E) at a distance (r,r+dr) from the axis of

a shower of size (N/lOS) particles, and is

Z -
n(E,r,N)dE dr = 0.35 n0-35 g1.2 exp(-—r/ro) akdr



92,
29 o
where r, = 2.4 NO"2E 0.25
and K is in units of 100 GeV and r in metres.
This, however, is not consistent with a statement in the text of the

paper, which states that the size dependence of the number of hadrons

with energy greater than 100 GeV was found to be

N . 1.0£0.15
n (>100 GeV) = (—-—5—)

10

where C is given as 7.2+1.5,
Assuming this latter statement to be correct, the Kameda expression

- was modified to fit this value, the expression obtained being

n(E,r,N) = 0.14 NO'BSEFI'2exp(—r/rO) m2 (100 GcV)_1

where r = 2.4 No'3? E-O'25
and E is in units of 100 GeV and 1 in meires.
This represents the density of hadrons per square meire with
energy (,E + 4E) at a core distance r in a shower of size (N/105).
¥or ease of calculation in the prezent application, the units wefe CONe~

verted, such that N is the shower size in units of single particles and

E is in GeV. The resuiting expression for - the bhadron densify is

A(E,r,N) = 6.26,107 5032 1+2 exp(—r/ro)m_-zcev_l

vhere r = 0.19 N0-32E-0.25

When integrated over all core distances, for a particular shower
size the exponent of the energy spectrum of hadrons is obtained froﬁ
this esquation to be -0.75, to be compared with (négative) values of
1.0 - 1.2 found by most other workers (Chatterjec et.al., 1968, Fritze
‘et.al,, 1969, Tanahashi, 1965 and Bohm et.al., 1968).

.While the N-dependence of the relation cannot be checked in the

present experiment, nor the value of the parameier Tos the overall cnergy

dependence can be, “Thus, assuming ithe N-dependence and s to be
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~

correct, a two-parameter fit to the data obtained in the present
experiment was attempted. For this purpose, a parameterisation of the

following form was adopted:-

A(E,r,N) = & §0+ 35 E‘“exp(-r/ro) m? Gev™t

where r = 0.19 N0'32 E_O'25

» Where r is in metres and energy in GeV,
To evaluate A and a appropride to the presenti experiment the

foliowing integral was solved.

r N
max max
7 > D =
x(E, Ae Z 40)dE f 2ne.A(E,r,N) . R(IN)dEdNAr
r=0 n=Nmi

n

where R(N) is the rate of showers of size N, N is the minimum

min
shower size at a core distance r which can produce a local électron
density of ZAe, ana N-}“ is an‘arbitrarily large shower sizc, taken
to be 5.109 for ithe present calculations., The value of rmax was taken
to be 50 metres, beyond which the number of energetic hadrons was
assumad to fall to zero. The number spectrum of EAS used was a derived
.

differential form of the integral spectrum givern by Hillas (19790), and

was taken to be

- - - - 5
R(N)AN = 78,260 224N cm Zsec tst™t N<5.10°
- - - | o
R(N)AN = 5.561041»1"3'0(114 e 2sect st 5.A10)<N<3.107
R(N)AN = 10,17 N 2*2a0 om 2sec st™  3.10/<1<5.107

The integrations were performed for a series of values of the
exponsnt @, the slope of the energy spectrum which would be cobtained
with the local electron density trigger Ae 240 m_g being evaluated for
each value of a. It was found that a vilue &= 1.7+0.1 would produce
an en2rgy specirum measured with this trigger of 1.05+0.1, the value
measured in the present experiment. For this value of «a the constant
A vas calculated to be 0.252, the vzlue required for the expression to

predict the number of hadrons, with energy greaier than 200 GeV fallirg
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on the>1.7x1.51m2 area of the flash tube chamber in a running time of
2570 hours, to be 600. This number was obtained from Figure 7.4 by adding
the total number of burstis observed in the iron to the number in the
lead and correcting for the fraction of‘hadrons which will traverse both
absorbers without interacting (assuming a 100% pion contribution).
Other losses were assumed to be small. The value of the exponent of the
hadron angular distribution in the showers was taken to be n = 10
(Parvaresh, 1974 - private communication).

Thus the expression obtained, normalised to the data of the present
experiment, gives the density of hadrons of energy E GeV a distance r

metres from the core of a shower of size N to be

(B,7,8) = 0.252 3035 1.7 exp(—r/ro)m_2GeV_l

5 o [
where r = 0.19 NO'BZ E 0'2).

Integrating this expreséion over core distance gives the energy
spectrum of hadrons in a shower of size N, ﬁhe value of the exponent
being 1.2+0.1, in good agreement with the references quoted earlier
in this section, and also with the predictions of Thielheim and
Beiersdorf (1969), Bradi and Rappaport (1967) aﬁd Greider (1970).

It should be noted that the exponent of the energy specirum measured
with the local electron density trigger (1.05) is not very different
from the value per shower of 1.2,

From the above expression the total number of hadrons of energy
greater than 200 GeV per shower has been determined for the mean shower
size observed in this experiment, 2.105, to be 16, TFigure 7.8 shows this
value and compares it with results obtained at sez-level from other
experiments and-from various predictions. Tnese predictions will be
discussed in greater detail in section T7.5.2.

Te4.% Muon contamination

In sections 7.%,% and 7.3.4 it was concluded that the muen
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>200 GeV. The point obtained in the present experiment has

been evaluated at the mean shower size obtzined in the

C,
experiment (2.10‘)). The comp 1a tion of experime 2ntal-data
by Tanahashi is taken {rom Creider (1970). The data of

Matano et.al.{1969) has b°er, extrapolated,
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contribution to the burst spectrum would not be large, from considerations
of the ratio of bursts occurring in the lead to those occurring in the
iron absorber, and also from a measurement of the interaction length
of burst-producing particles in the glass of the flash tubes. A more
direct aitempt can, however, be made to predict the contribution quantit-
atively.

The energy spectrum of muosns above the flash tube chamber detected
with the trigger employed in the present experiment was calculated in
much the same way as was the hadron spectrum., The parameterisation
used was that of Greisen (Bennett et.al., 1962), and gives the density

of muons as

0.75 0.1420° 37

' -0.75 . i
Pu(>E, T, N)dr = (1+iﬁ/”322) 5= (1.16> (__21__.> ._3_) dr

where r is in metres and the energy E in GeV.

This empirical formula was derived for the shcwer size' range
appropriate to the present experiment, but was evaluated from data for
muons of energy only up to 10 GeV. The large exirapolation made here
is justified in that the formula is not ianconsistent with the data
presently available at small core distances (Goorevitch and Peak, 1973,
Barnavelli et.al., 1965), and should beé correct io within the accuracy
required in the present calculation, Creider (i970) compares the
results of Monte Carlo similatiors with Greisen's expression, concluding
that the limit of reliability of the Greisen formula is at about IOBGEV.

The conversion from a muon energy spectrum to a burst spectrum has
been performed for the iron absorber, neglecting the lead above the iron.
Results of calculations carried out by Hansen (1974, private communication),
pred:cting burst probsbilities below a thick iron absorber as a functicen
of muon energy, have been used for the cenversion. For g sufficiently
thick absorber the bursi size distribution protuced by muons will be

alimost independent of the thickness uy to some limiting energy, due %o
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the great absorption length of muons. The limiting energy is determined
approximately by the meximum energy cascade which can develop to shower
maximum in the whole depth of the absorber. The 8,19 radiation lengths
of iron in the flash tube chamber can be seen from the transition curves
of Ivanenko and Samosudov (Figure 5.3) to be sufficient up to about

_ 1 TeV, thus the results of calculations carried out for a very thick

iron absorber shonld be applicable. After evaluating the detailed cross-
sections for the relevant processes (knock—on electron production,
premstrahlung, direct pair production and photo-nuclear production -

see Hansen, 1974 for details of cross-sections used), Hansen solves the

integral

o (E,N)aN = f;zs (E,N,t) EL'_I%M aNdt
t

wheié #(B,N,t) is the probability that a muon of energy E will produce

a burst of size N below the iron absorber, initizted by an energy transzfer
E' to a photon or electiron a distance t from the bottom of the absorber
(the cascade curves of Ivenenko and Samosudov (1967) were used).

The resultis of these calculations were made available as probability
distributions for a muon of energy E to produce a burst size below the
-absorber of N particles. These distributions were then folded into the
energy spectrum of muons predicted above, allcwiﬂg the contribution
to the burst spectrum obtained in the present experiment to be evaluated.
The results are shown in PFigure 7.9. It can be seen that muon contam-

ination is small and can be neglected.

T.5 Interpretation of the resulis

T7.5.1 Introduction

The number of hadrons with energy greater tkan 200 GeV in a shower
of size N wag determined in section T7.4.2 from the results of the present
experiment, and is shown in Figure 7.8. It can be seen that this is

slightly higher than most other experiments have found, but could be due
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to the way in which the Kameda expression was modified to fit present
data. In particular there is some evidence that the N-dependence
found by Kameda et.al. is incorrect, lecading to an error when a two-~
parameter fit of the type adopted in the precent work is utilised.

Models of the nuclear interactions of nucleons can, in general,
be divided into three main groups. First is the CKP model discussed
in earlier chapters, which envisages fireball production (two-centre)
as the source of thepions (Cocconi, 1965). 4An extension to this theory
is the inclusion of isobar production (Pal and Peters, 1964), in which
the nucleon (leading particle) emerges from the interaction with a
certain probability of being in an excited state.' This then decays
to the.ground state emitting pions. The fraction of energy going into
isobar excitation and into fireball production is usually a free parameter -
in interaction models. While the pion multiplicity increases as ok
in the CKP model, isobar prcfuction produces a stronger dependence of
the form E1/2.

At high energies there appears to be an additional process occurring,
that of baryon-antibaryon (Nﬁ) production (Bertin, 1972). Thus the
fireball emits not only pions (and kaons) but also nucleons and anti-
nucleons, This mechanism has been incorporated into several models,
“usually by including an energy dependené term which will saturate at very

high energies at a level of about 15% of ihe total secondary energy.

7.5.2 Total numbers of hadrons in a shower

Predictions of several models are shown in Figure 7.8 for comparison
with experiment. The Monte Carlo calculations of Theilheim and
‘Beiersdorf (1969) and Bradt and Rappaport (1967) d; not include NN
production, whereas all other models shown do., The predictions of four
models of Bradt and Rappaport are shown, representing two centre and
isobar production for proitons and iron nuclei. There is little sensitivity
to these different models., Thielheim and Beiersdorf find a similar

lack of resolution for the mass of the primary cesmic ray particies,
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although at high energies conservation of energy produces a sieepening
of the energy svectrum of hadrons for high -A showers (A is the mass
number). Two models are shown from the Monte Carlo calculations of
Greider (1970); the single fireball model anl ithe intermediate double
fireball model. Both include NN production,

Numerical calculations which include the effects of NN proiuction
have been carried out by .Uedaand McCusker (1962a,b) and by Cowsik (1965).
These, however, produce considerably highner hadron numbers than the
Monte Carlo calculations, and in the calculations of Cowsik in particular
the nucleons dominate the hadron spectrum at all energies. This is
perhaps unexpected, since NN profduction would be expected tc enhance
mainly the low energy part of the spectrum (Jabs, 1968, Creider, 1970).

It appears that these numerical calculations may coverestimate hadron
numbers,

‘Most of the theoretical predictions are givern in terms of the vrimary
rerticle energy, rather than shower size, hence the conversion 1o shower
size haa been made azssuming 10 GeV per electiron (Grieder, 1970). This,
however, is an cversimplification.

It can be seen that fhere is little sensitivity to the different
interaction models in the total number of NAP's, although Greider concludes
that the double fireball model {which shows an E}/A multivlicity dependence)
is uneble to produce sufficient particle numbers in the smaller air
showers, due to the fraction of the energy going in£o heavy particle
production. What is important is that the relative contributions of
nucleons and charged pions changes significantly, deprending on whether
or nol baryon-antibaryon production is included.

-t should be noted that anosther parameter cpen to investigation is
the t:me delay spectrum of hadrons in EAS, PFor hadrons of a given energy,
the time delay distiribution will depend on the types of particle present

> = . . - \
and their mode of production. While Tonwar and Sreckantan . {1971)

interpret their results in terms of an isobar-pionisation model, Greider
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(1970) concludes that the time delay spectrum is not very sensitive to
his different models although it is useful in the classification of
particle type.

T7.5.3 The ratio of charsed to neutral hadrons

As mentioned above, the ratio of the total number of nucleons
(and antinucleons) to charged pions in a shower depends on the nuclear
interaction model., This ratio can be broken down into the number of
neutral hadrons (neutrons and antineutrons - kaons being neglected) to
the number of charged hadrons (pions, protons and antiprotons) present
in a shower,

Using ihe data of Figure 7.3 the charge to neutral ratio obtained
in the present experiment was evaluated as a function of energy, and is
shown in Figure T7.10. It can be seen that the ratio increases from
about 4,.5:1 at low encrgies to ~12:1 at enexrgies of ~ 200 GeV, althouzh
the errors on these values are large. This is in disagreement with the
results of other experiments (Vatcha and Sreekantan , 1973a and Kamedsa .
et.al.; 1965). Xameda . et.al. find a charge tc neuiral ratio in showers

4

at sea-level of size 4,107 -~ 4.106 (independent of shower size) of

w

4.5 + 0.5 for all events, changing from 6 + 1 at energies less than

1.
0.

" and Sreekantan (at 800 g;cm.-z) find a shower size dependence, being

500 GeV to 2.5 + above 500 GeV and 1.5 # 0.5 above 1000 GeV. Vatcha

WU\

6.2 + 1.3 for hadrons of energies greater than 29 GeV in showers of

5

size less than 3%.2.107, and 3.1 4+ 0.5 for hadrons of energy greater than

5 6

25 GeV in showers of size %.2.107 - 1.,8,10 . For all shower sizes the
ratio falls from 5.2 + 1.7 for hadrons of energy 10 - 25 GeV to 1.1 + 0.5
for energies >200 GeV, a somevhat faster fall than that found by Kameda
et.al., While the discrepancy between these resulis and those ottained

in the presenti experiment can be explained by asgsuning a steep lateral
structure function for the high energy neutral particles (as discussed

in section 7.3.1), leading to an underestimate of the absolute number

of these high energy particles, it is interestinz to noie that the molel
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of Creider (1970) shows the same trend as that observed in this
experiment - an increase in the ratio with increasing energy. The charge
. to neutral ratio has hbeen deduced from Greider's simulation of a 107GeV
shower for the\IDFB model. This predicts that the ratio for hadrons of
energy greater than 10 GeV is ~ 6.4, increasing to ~ 13,6 for hadron
-energies greater than 1000 GeV. Since NN production principally enhances
the numbers of low energy hadrons (Jabs, 1968), this is not unexpected.
The model produced by Vatcha and Sreckantan  (1973¢), however, produces
the opposite trend. This model, though, while including NN production
has some rather novel features; for example, pion collisions are assumed
to be paertially - inelastic and the interaction length of pions exhibits
an. energy dependence, decreasing from 130 g;.cm—2 at énergies less than
lolleV to 76 g.cm-_2 at energies above 2.1011 eV, This latter effect
will tend 1o degrade the pion'spectrum.more guickly. Clearly this is zn
area which requires detailed investigation.

One fact that does emergé from the results shown in Figure 7.10
is the iow value of the ratio. Assuming the primary particles to be
proions, Vatcha and Sreekantan (1973b) show that significant NN production
is necessary to produce a charge to neutral ratio of this order. Even

with 100% iron primaries, they conclude that NN nroduction is necessary.

7.6 Conclusiors

The energy spectra of charged and neutral hadrons in EAS of mean
size 2.105 have heen obtained by the technique of measuring burst widths
below thick iron and lead absorbers. The charged energy spectrum was
related to overall shower characteristics by adopting a parameterisation
of the form obtained by Kameda ét.al. (1965).

The results obtained provide information on ihe nuclear-physical
process occurring in BAS, In particular, it is necessary to assume the
presence of significant. baryon~aniibaryon production in high energy

collisions to account for the low value obtuined for the ratio of chazged
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to.neutral hadrons, There is a discrepancy in the energy denendence of
this ratio found in the present experiment compared with that found by
two previoﬁs experiments. This could be explained by the loss of high
energy neutral hadrons which will occur -cleose to the core of the shower,
although the dependence found in this experiment is in agreemenr:t with
predictions which include HN production. At sea-level there is little
sensitivity to the mass composition of the primary particles, although
the study of the fluctuations involved should yield information regarding
the.composition. This would require the meonitoring not only of the hadroﬁic
component of the air shower, but also of ithe other components (Bradt and

Rappavort, 1967 and Thielheim and Beiersdorf, 1969).
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CHAPTER 8

SUMMARY. AND BISCUSSTION OF FUTUAXE WORK

A study of the particles close to the core of extensive air showers
has been carried out in an attempt tc investiigate sub-nuclear structiure
and the nature of strong interactions at high energies.

(2) The search for quarks did not reveal their existence, even though,
as wés argued earlier, the cores of air showers are perhaps the most
likely place for quarks to be found., An upper limit was placed on the
flux of e/3 quarks selected by a local electron density trigger with
Ae EIM)HFQ, of 8.0.10  em %sec™tst™t. At the time of the termination
of this experiment, June 1973, this was the lowest intensity limit for
e/5 quarks obtained by any group. The 1limil has since been depressed
h)§4.O.10_11cm—2sec_1st-l by a group operating & 2.5 m avea cloud
chamber (Hazen et.al., 1973).

Tﬁus vhile the theoretical hasis of the quark medel is quite sound,
continued attempts to detect free quarks have failed., Accelerator
experiments to detect free quarks give null results., However experimerits
on deep inelastic lepton-hadron scattering appear to have confirmed
that nucleons afe composed of fundamental (?) point-like particles
while electron-positron annihilation experiments produce results in-
consistent with the naiive quark model. TPossibly quarks do exist, but
only in the bound state, as has been suggested recently by Kauffmann
(Feynman, 1974). This requires a novel field of force such that the
potential energy increases linearly with distance. An alternative
solution is that quarks are bound so tightly that energies so far explored
are insufficient to split the nucleons into their component parts.

Poszible medifirations to the flaéh tube chamber or its lecation
vere suggested in section 4.4. Since flash tubes are relatively

inexpensive, it is conceivable that a very largc area (~ 10 m2) ci

naniber
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could be built, perhaps undergrourd. Only in this way can intensities
of the necessary order be investigated,
(b) It has been shown that the technique of measuring cascade widtihs
below thick absorbers is a valid method of measuring the energy spectra
of hadrons., Flazh tubes again have an advantage over more conventional
detectors in that large areas can be readily covered. The energy. spectra
of nuclear-active particles measured cloze to EAS cores have been used
to derive information about strong interactions at very high energies.

'At present, the experiment measuring the energy spectrum of
unacconipanied hadrons ip the near-vertical direction is continuing, in
order that the cnergy of the "kink" found by .Bayuch et.al. (1973) may
be investigated, enabling the measurements of Baruch c¢t.al. to be checked.

In the longer term, a small air shower array is being consiructed
2t Durham around the flash tube chamber and M.A.H.S5., the s91lid iron
muon spectrograph (e.g. Ayre ct.al. 1972 a,b). When this is completed,
shower size and core distance information will be available for each event,
This will allow a more detailed study of hadrons in air showers to be
made, As the chamber was primarily designed for use as. a quark detector,
several improvements could be made for the study of hadrons. Crossed
flash tubes in the part of the chamber where charge determination is made
Qould improve the resolution of neutral particle bursts. 1In addition,
vhile the fluctuations associated with individual energy determinations
are large with the present experimental arrangement (~100%), this
is due mainly to the uncertainty in determining the depth of interaction
of the incident particle., Thus a more suitable arrangement would be ito
‘have many layers of iron or lead with perhaps iwo layers of f{lash tubes
below each layer of absorber, The cenergy should then be resolvable to

better than 50 if the width is measured btelow each layer of absorber,

i
-
ok

A feature which emerges from the operation of the flash tubes, using
a long time delay before applying the high voltage pulse, is that multiple

bursis which could not be resolved with the normal mode cf operaticn of
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the flash tube, can be seen as sevarate bursts at these long time delavs
(for example, see Plate 6.4.). This could be useful in resolving bursts
in the core of a shower, perhaps counting the total number of flash tubes
which flash over a certain number of layers rather than defining a width
to determine their energy.

Another application which presents itself is in the detection of
highly ionising particles such as magnetic monopcles o¥ chk's sub-
nuclear particles (see Chapter 3). The paths of these particles shculd
be seen as high efficiency tracks at these long time delays, whereas
normal tracks due to charge e particles will not be seen.

Finally, with the information provided by the air shower array,
M.A.R.S., and flash tube chamber, it may be possible to make measuresments
on the fluctuations of the various components. This could provide
information on the prim:ry mass composition. In additicen, fast timing
measurements would allow the time delay spectrum of hadrons to he measured,

providing an aid to particle identification.



AFPPENDIX A

THE DISTRIBUTION QOF Nf FOR BACKGROUND MUONS TRAVERS ING

THE FLASH TUBE CHAMBER

In order to calculate the muon tackground in the quark search, it is
pecessary to know how the numbexr of flashes along a muon track (Nf) varies
as a function of the time interval between the muon traversing the chamber and
an air shower triggering the chamser.

Aésuming muons traversing the chamber arrive randomly in time, the
probability that a muon traversing the chamber a time TD before the
master trigger has Nf flashes along it's track can be obtained from the
efficiency - time delay curve of Figure 2,10, The distribution predicted
is shown in Figure Al. The curve has been normalised such that the {otal
probability between N ¢ = 2?2 and 77 is wnity, N, = 22 being the minimum
nunber of flashes for a track to be recognised efficiently against the
background of spurious {lashes, and Nf = TT being the maximum theoretical
value,

In order to compare tﬁe form of this curve with experiment, the 1,046
events obtained in the single muon calibration'run (section 2.5.1) were
scanned, the in~geomet;y background itracks being measured. Now since the
piobability of two coherent muons causing a trigger is low it was assumed
that in all events containing at least th in-geomeiry tracks with an
angular separation of >5 degrees, the track with an Nf value furthest
from the mean of the single particle distribution for TD = 20 us
-(ﬁf = T4.77 + 0.14) was a background irack,

The number of background tracks found was 16, to te compared with
the expected number of 15.7. To comﬁare the theoretical distribution of
Nf with this measured distribution, it is necessary to fold the width of

‘the distribution of N, into the curve. The width {ON;) was evaluvated

-y,
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distribution being included for comparison. It can be seen that ihe
shapes of the distributions have approximatlely the same form, and agree

within the statistical errors.
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APFENDIX B

INVESTIGATION OF SOME PROFERTIES QF

A "TRIGATRON" SPARK GAP

The operation of the triggering system for the flash tubes was
 described in section 2.2.2, Figures 2,4 and 2.5 show respectively the
H.T. pulsing uﬁit and the circuitry of the lumped delay line feeding
the trigatron spark gap. A scale diagram of the spaerk gap itself is
sh§wn in Figure B.l.

It was found initially that in opgration the voltage working range
of the svark gap (that is the voltage range over which the gap could be
triggered efficiently while at the same time not breaking down spontanecusly)
was narrow, and that after a short time in continuous cperation the small
changes in field due td slight pitting of the electrodes were sufficient
to make the gap unstable. An attempt was thus made itc extend the voltage
working range of the spark gap.

A 5 volt square pulse was used tc trigger the thyristcr of Figure
2.4, 1Initially the transformer at the outputl of this stage gave a
negative pulse tc be fed onto the trigger pin of the spark gap, but it

"was arranged that trigger pulses of both polarities could be used,

The srontanecus treakdown potential for different separations of
the main electrodes was measured; and is shown in Figure RB.2. The
triggering efficiency of the spark gap as a function of voltage was-:
obtained next, by repeatedly applying a trigger pulse and determining
the percentage of "successful" triggers. Results ébtained with trigger
pulses of both polarities are shown in Figure B.B(a). These results
indicate the importance of the trigyer pulse polarity,
presumably due to the retsrding field it produces. It can be seen from
this figure, however, that for positive ﬁulses there is a large range

over which the spaerk gap trigrers with reduced efficiency. This is due
P4 X ot J
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to variaiions in the rosition along the trigger electrode at which the
trigger svark occurs,

It was found that the gep triggered most efficiently when the
trigger spark occurred at the end of the electrcde. This can be
explained in terms of the photcelectrons produced by irradiation of
the cathode. If the spark occurs inside the anode, ﬁhe U.V. photons
will be seen by the cathode with reduced intensity. 1In addition, Sletten
and Lewis (1956) sugsest that the ejection of a region of hot, low
density gas into the main gap after the trigger spark has océurred is
important in causing the main gav to break down. This would again be
inhibited if the spark does not occur at the ernd of the trigger electrode,

To ensure that the .spark did occur at the front of the trigger
electrode, this electrcde was shaped tczproduce a.slight]y conical form
such that the. largest cross-section was at the front, thus procducing
a shérter distance between the electrode and the anode at this peint.
With this arrangement a marked improvement was obitzined. The result
is shown in Figure B.3{b) |

It was found that with the modification, and using a positive trigger
pulse, the stability of the spark gap was greatly improved and could be

" used in continuous operation for longperiods of time.
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APPENDIX C

MULTIPLE SCATTERIHG MEASUREMEMTS ON

COSMIC LAY JMUON TRACKS

C.1 TIntroduction

When charged particles pass through matter, small deflections occur
due to electromagnetic interactions with the atoms of the medium,
Because of the many deflections which occur in a small distance, the
'process can be considered to be continuous., The scatiering probability
is a function of the mass and velocity of the particle hence if a mass
is assumed for the scattering particle the momentum can be estimated,
or conversely, if the momentum and range is known the mass can be
estimated. The effect has been investiéated by studying the tracks of
5283% unaccomnanied muons traversing the {lash tube chamber. Initially,
1046 events were obtained (as described in secticn 2.5.1) in connection
with the quark search, but this was later increased to the present

nuniber to study the properties of these muon tracks.

C.2 The Multinle Scattering Distribution cf Muons

The R..S. projected angle of scattering of a charged particle
"traversing t radiation lengths of material is given by (Rossi, 1952)

Iﬁl/z

1
<P = :
21/2 p Be

where K is a constant equal to 21 HeV, p is the particle momentum

and PBc is the velocity of the particie. Now the multiply-scattered

iracks were observed to approximate well to arcs of circles. Thus it

was possible to define a sagitta d as.the maximum distance between the track
and a chord joining the endé of the track at the top of F2 and=ﬁhe bottoir ¢i
3 (see Figure 2.1). For the 5283 tracks vhotogravhed, the sagitta d

vas measured by projccting the negative of the film obtzined onto a

scamming table. The smallest measurable value of G corresponded (o =
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distance in real space“of 2 cms. 'The distribution of d obtained is

shown in Figure C.l. The dashed histogram in this figzure is the theoretical
prediction. This was obtained by simulatiing the trajectories of muons
through the absorber represented by the 96 iayers of flash tubes (and
associated aluminium electrodes) of F2+F3. The Monte Carlo technique

was used, the sensitive volume bheing divided into thin layers, the svaces
between the glass (mainly neon gas) were allqwed for geometrically, thouzgh
no scattering was considered to take place in the gas. The scatiering
formula given above was used, a constant energy loss heing assumed.

The sagitta distributions were obtained for different muon momenta and
then folded into the momentum spectrum of Hayman and Wolfendale (1962)

for muons at sea-level., The distribution was broadened by including

a meaéuring error of 1.1 cms., the fin@l result being the dashad histo-

gram of Figure C.1. It can be seen that the agreement is good.

C.3 The Mass Distribution of Stopning Pariicles

0f the 5283 tracks recorded, 27 were produced by stopping particles
(presumed to be muons) exhibiting noticeable multiple scattering along
their track, which then decayed with the emission of a decay electiron.
Since the range of these pariicles can be measured, it is possible to
~estimate their mass.
Consider the R.1.,S. scattering angle to be given by the formula

of section C.2. The energy loss of a low energy charged particle is

given by
dE 1
= dx ~ B"Z f(B)
writing E = Me2 (y-1) and integrating, the range is given by
R = A N g(PB) where A is a constant
rea(B) _ _aa()
writing R _ 4 Ae z(B) = ~86 - which is independent
2 2 2
e YBT Mmc

of mass and depends only on 3 .
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Distribution of sagitta measured for
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111.

Figure C.2 shows this dependence, evaluated from the range-energy
tables of Serre (1967) for aluminium (similar to glass in atomic number).
From this curve it can be seen that once R/ppo is known, @ can be eval-

uated and hence the mass of the particle can be found from

2
1'102 = 'ppc .(_]"__:_B_).

To evaluate pfc for the 27 stopping particles, it was assumed
that the trajectories of the muliiply-scattered muons formed arcs of
cirbles, a good approximation until close to the end of their range.

Then, using the notation of section C.2

- Thus by measuring d, 1 and the corresponding value of { for a rert
of the track in F24F3, and identifying @ with € , it was possible using
the- formula of seciion C.2 to obtain the pfc vazlue for the middle of the
arc tezken., Then, measuring the range from this point to the stopping
point of the track, it was possible to obtain a mass estimate as aboye.
The 27 points obtained are shown on a scatier tioit in Figure C.3%. Also
shown are predicted curves for different particles. It can be seen that
most of the stopping particles lie close to the muon curve, as expected,
although three events with apparent mass less ihan 10 electron masses
were obtained. ™These could be interpreted as pions, in which a large
angle nuclear scatier is superimposed on the continuous multiple
scattering, causing an underestimate of pfc and hence a spuriously low
mass value., The maximum value of p c measurable in F2+F3 was 710 HMeV.

The curve in Figure C3 labelled 10 I“p corresponds to the expected
position for a massive pnarticle of ten proton messes., It guggests that
the method, with modifications, might be used in a search for massive
particles. Possibly alternate layers of absorber and flash tubes could

be used to extend the range of p fBc that can he investigated.




' Rlp{&c (gem=2 Mev-!)

A

1 1 )
b .5 6 7 .8 9 10
ﬁFigEre Ce2 R/pBc =B curve calculated for aluminium,

The. curve is valid for any particle rest mass
and is also closely valid for glass,which-

has a similar average 7 and A ito aluminium,
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