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ABSTRACT

The éharacteristics of a scintillation counter - neon flash
tube telescope have been investigated. The response of the
scintillation counter and the efficiency of the neon flash tube
trays for relativistic muons was measured., The equivalent
characteristics for relativistic ie and %e quarks were evaluated
from the above data. The efficiency of the telescope for
detecting relativistic %e and %e quarks was thus obtained.

The telescope was operated in a search for e and %e guarks
in cosmic rays at sea~level, The telescope was sensitive to 3Je
quarks in the [ range O.4 to 1.0 and to %e quarks in the B range
0.8 to 1.0, In the running time obtained no guarks were detected.
The rate of relativistic quarks is given with 90% confidence as:

. -1 - -1 -1 :
(1.2 x 10 0 cm 2 sterad sec for ze quarks

and <8.0 «x 10711 on 2 sterad_1 sec-1 for %e.quarks.
From these rates the upper limit of the production cross-section
for guarks as a function of yuark mass was evaluated and compared
with theoretical predictions,.

The characteristics of a glass plate spark chamber and a

stack of neon flash tubes operated in the localised discharge

regime were investigated.




PREFACE

This thesis describes the work performed by the author in
the Physics Deﬁartment of the University of Durham while he was
a Research Student under the supervision of Dr. F. Ashton.

An experiment to investigate the existance of quarks in
cosmic rays at sea-~level has been performed. The development,
building and day-to-day running was the author's responsibility

with assistance from Mr. G.N. Kelly.



CHAPTER 1

INTRODUCTION

1.1 Symmetry in elementary particles

Fundamental physics hys been based in the past on the analytical
notion that a system is best undgfstood by reducing it to its
component parts. Prior to 1930, most physical phenomena could be
exgained by the classical concept of three elementary particles, the
proton, the electron, and the photon, interacting through two basic
types of force, electromagnetic and gravitational. In the realm of
the nucleus, however, with a large repulsive coulomb force between
protons, a strong nuclear force was postulated by Yukawa (1935) to
account for the stability of nuélei. The forces between particles
can best be expressed as an exchange of intermediate 'virtual'
particles between the colliding particles., Based on the range of the
nuclear force Yukawa predicted the m meson as the intermediary. This
particle was subsequently found by‘Lattes etal. (1947) in nuclear
emulsions exposed to coémic rays at mountain altitudes. #with the
development of ;ccelerators and the advent of bubble chambers a whole
range of new particles, both sub-nuclear and heavier than the proton
(baryons) have been aiscovered in bewildering profusion. The under-

standing and classification of this wide spectrum of particles is
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one of the major problems of fundamental physics today.

Progress in classif'ication has been made by studying the
conservation laws which govern particle interactions and it is
found that particles can be divided into groups; spin O mesons,
spin % and g baryons for instance. In the strong interactions of
the baryon group three conseryation laws are obeyed; the conservation
of electric charge (this is thought to be absolute), the conservation
of baryonic charge (to account for the stability and abundance of
the proton), and the conservation of hypercharge: (to account for
the association of positive and neutral kaons with Aand X baryons
produced in m-N collisions).

The most successful model to explain these observed regulatitiss
isvbased on the theories of unitary symmetry and the existence of
three {because of the three types of charge) sub-nuclear particles
as proposed by Gell-Mann (1964) and indepéndantly by Zweig (1964).
The name 'quark' for these particles was given‘by Gell-Mann and is
now in general use. The guantum numbers (charges) and general
characteristics are given in Table 1.1 for the three quarks p, n,
and A . The mass of A\is 146 MeV heavier than p and n to account
for the regular increases in mass of the heavier baryons.

Unitary symmetry requires the quark content of any system to

be conserved (excepting the production and annihilation of quark-

antiquark pairs) but given any dynamical situation involving p, n,



Table 1.1  Characteristicsof yuarks p, n and A

Symbolf & [ S| B }spin mass decay schemes and lifetime

2 1 several
p +s¢| O 1| & oV stable
n -lej O} $| % ditto Sq(+Ze)+ e + ;é ~mins
, - - -1
N e 13 % o 1§ salsze ) ~10" %560

+146 MeV

@ = electric charge
S = strangeness
B = baryon charge

S +B = hypercharge

and 3\, a new dynamically possible situation is obtained by re-
arranging the initial combinations. Thus quarks can be regarded
as the 'building blockd for baryons and thus define their properties

~ and conservation laws. The octet and decuplet groups of baryons

respectively are shown with their constituent

NN

with spin % and
quarks in Figuren1.1. Strangeness and mass increase from one line

to the one acove. From this model it was possivle to predict the
existence of the i~ particle, its electric charge, hypercharge, and
masse. Another success of the model, based on the sub-integral charge

of constituént quarks, was the prediction of the magnetic moment

ratio of neutron to proton. The predicted value is =-0.667 compared
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with the experimental value of -0.685.

Thus unitary symmetry and the gquark model have brought an order
to the previous chaos of elementary particles and is proving a
very useful tool in the theory of elementary particles and their
interactions, However, the question remains whether the quark
actually e;ists as a sub-nuclear element which could be detected as

such, or whether it is just a convenient mathematical device.

1.2 Searching for uwuarks

Since the theory of gquarks was first produced many experiments
have been performed to look for fractionally charged and heavy mass
particles. Accelerator experiments carried out at CERN and
Brookhaven failed to substantiate the theoretical prediction for the
production of uarks. Recentl& Schiff (1966) has suggested that a
selection rule on the interaction of ‘quarks such as requiring the
charge (electric or baryonic) of a cluster of yuarks to be an
integral number would restrict yuarks to the nucleus such that they
would not be detected. However the negative results of accelerator
experiments could be due to the heavy mass of the gquark. With
present machines giving protons of energy 30 GeV, the energy in the
C.M. system of colliding nucleons is ~4 GeV. This figure gives,
therefore, the lower limit of the quark mass.

For proton energiesiin excess of 30 GeV workers have turned to

cosmic rays. The primary cosmic rays consist of 85-88/% protons and



the differential energy spectrum is shown in Figure 1.2, although
there is a wide range of energy the rate decreases as E-2'5 where E

is the kinetic energy in GeV and thus if quarks aie produced in
proton~air nuclei collisions the majority will be produced close to

the threshold energy. The protons diff'use through the atmosphere
reaching sea-level after ~5 interactions with -~ .05 times their primary
energy with a sea-level spectrum shown in Ffigure 1.2. The majority

of secondary particles in the proton-air nuclel interactions are

pions and these decay such that the intensity of particles at sea-
level contains 70/% muons with the spectrum shown in Figure 1.2, the
median energy for muons is ~2 GeV. In a manner similar to protons,
quarks if produced will also diifuse through the atmosphere losing
energy and eventually being absorbed in an air or earth nucleus.

The production and propagation of guarks in the atmosphere is con-
sidered in Chapter 4.,

The cosmic ray experiments have been performed at sea-level,
at mountain altitudes, and deep underground. They have all with
one exception been scintillation counter telescopes, with minor
differences, used in the search for fractionally ocharged particles.
However, up to the start of the presgnt experiment no results
had been published for a telescope employing a visual detector for

identifying the track of the incident particle. As well as

experiments designed to detect incident yuarks, experiments have been

-5 -
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performed to search for quarks absorbed in the nuclei of material
on the earth's surface including the atmosphere and also in the
sun's periphery. The effect of guark production by primary protons
on the production of other secondaries has also been studied. A

fuller analysis of other experiments is given in Chapter 5.

1.3 The scintillation counter - neon flash tube Elescope

The telescope is designed to detect + Ze and + %e quarks on
their eguivalent energy loss in a scintillation counter (i.e. gE and

&E'where E is the most probable energy loss of a relativistic chargee

9
particle, measured by selecting relativistic muons). Six plastic
scintillation counters (140 x 75 x 5 cmB) are arranged in a vertical
stack of aperture 0.47 m2 steradtf. Pulses from each counter are
displayed on a cathode ray oscilloscope which'is photogra?hed. "Nine
trays of neon flash tubes are arranéed orthogonally in the stack to
give a three dimensional picture of the track of the incident
particle and for each selected event both views are photographed
separately. The telescope is described in more detail in Chapter 2.
The expected pulse height distributioné for quarks in a scintillation
counter and hence the efficiency of detection isoconsidered in
Chapter 3. The results are analysed in Chg ter 6 and a summary is
given in Chépter 7.

Work performed on a glass plate spark chamber and the localised

discharge in neon flash tubes is discussed in Appendices A and B

respectively.
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(a) The large counter. The rectangles mark the positions
of the small telescope in the measurement of the
response of the counter as a function of position.

20cm
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(b) The anticoincidence counter.

Figure 2.2 Scale diagram of the sointillation counters.




area is in contact'with the support to facilitate a more efficient
" transmission of light by total interal reflection.

The six photomultipliers are five Mullard 53 AVP and one 56 AVP,
the resistance chains for the dynode voltage supply were chosen for
a high gain and are shown in Figure 2.5, A poéitive supply voltage
is épplied to the photomultipliers and the output is taken from
the anode., This is a negative pulse with a decay time of 100 n sec.
The three outputs from one side are fed together into an emitter
follower which in turn feeds a 501 system of electronic units
designed by the Rutherford High Energy Physics Laboratory (RL 2000
series). "

Because of the possibility of Cerenkov radiation in the light
guides, two anticoincidence counters (70 x 30 x 5 cm) were placed
in line with the light guides as shown in Figure 2.1, labelled

V1 and V The design of these counters is also shown in Figure 2.2.

2.
They have trapezoid light guides at the 30 cm edge and each is
viewed by two 53 AVP photomultipliers with the same resistance
chain as those in the large counter. Each oﬁtput is fed into an

emitter follower which in turn feeds the selection system.

2.1.3 The neon flash tube trays

The flash tubes are of glass painted black except for the
. viewing end, with an internal diameter of 1.5 cm and are filled with
commercial grade neon to 60 cm of mercury pressure. gach

tray consists of four layers of flash tubes
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which are staggered to ensure maximum track efficiency. The
operational a;ea of the trays is the same as that of the phosphor
(140 x 75 cm2). The flash tubes are supported in a blockboard
frame, the top and bottom areas being covered with aluminium foil,
these acted as earth plates. The pulsed electrode is an aluminium
sheet between the second and third layers of flash tubes.

The 140 cm length of the phosphor is referred to as the front
and five trays (Fa - Fe in Figure 2.1) with 77 to 78 tubes per layer
are in this view., The 75 cm length of the phosphor is referred to
as the side and four trays (F1 - 4) with 43 to 44 tubes per layer
are in this view. For each event a separate photogreph is taken

of each view, to aid correlation in scanning a clock is incorporated
in each.

The pulsing unit for the flash tubes consists of an 8 kV°
hydrogen thyratron, a pulse transformer and then an enclosed spark
gap (Irigatron CV85) which discharges a bank of condensers through
a pulse transformef. The resulting high voltage pulse of magnitude
12 kv; rise time 2 msec and duration 5}*sec is applied to the central
electrode of the nine flash tube trays. A delay of 5/Asec was
incorporated before the flash tubes were triggered to avoid pick up
on the trace of the cathode ray oscilloscope (C.R.0.) displaying

the scintillation counter pulses,




2.2 The selection, display and recording system

To select particles on their energy loss in the scintillation
counter, pulses from a counter are accepted if they lie within a
certain pulse height region, the system then demands a coincidence
from & given number of counters of such pulse heights. Thus basically
the system is comprised of discriminators set at. given levels
followed by a coincidence unit.

The quark search was divided into two parts. The first was a
search for %e guarks only and this was called the T series. The
second was a search for the Je and e quarks and this was called
the Q series. The logic diagrams for the electronic selection
system are shown in Figures 2.4 and 2.5 for the T and y series
respectively. In the T series the selection demanded a five-fold
coincidence of counters A B D kE F with pulse heights in the range
0.20E to 0.85E. The resolving time of the coincidence circuit was
20 n sec. In the iy series the %e quark selection was a six-fold
coincidence of pulse heightsin the range 0.05£ to 0.30E and the
%e quark selection was a five-fold coincidence of counters AB D E ¥
in the range 0.30E to 0.85E in coincidence with a pulse in
counter ¢ > 0.30E. The resolving time of the coincidence in the §
series was 10 n sec. Counter C was independant of the selection in
the %e quark acceptance so that the distribution of the pulse heights
obtained could be compared with those of other counters for a check
on possible bias in the selection system.

As well as the output pulse feeding the selection system the

pulse was also fed into the display circuit. In the case of the T

- 10 -



°9 xd?Smm« ut naonm eT m.umso._...ﬁo.w JI933TW 8yl .uo.w a.m.mwa.n.c 3TNOJITO 9Yyg
seTIas J ey ut cowvomﬂmm 03 Ewumw.nc oT807 #°2 eang g
008} oozt 0oL %.V. - oog 0
4 B a o 8 V¥
2¥SU NI S¥IINNGD Yod AVI3d

: : . | . amm.
e ) et ,aﬁnfwlm_ s o s < s

A-V smuem 9x AV ..vamhm mmﬂﬂoho =g D ..

S

JenoTro}

lﬁuw.a T_ dov E

2933w = gem’

PO
S¥3IANNGD 3D NITIINIOD - 1INV, 2

A¥130 _l_ 251 I dwy T_ Ly T._ aav M ,. o |

NOLLY z_z_uom_a vumma

. ) 1
-,|._><4moI uw.f M "osg v wslc:ou

Wnd 0.2,53,. e x

A

hv3a}—{os1a ] .n_z.ﬂrl__ Ly [ awy _Jllw —{ Nva T:«

MWQ&( samunes  § x Zo..r(z;z.w\uw.n MM\}OJ




AvT3)

S

e e

.u,wcr._zlqrmma.
WIALSAS AV3q

wexFerp o901 Gz oandig

o&s&ow. 25U 00y

. - 049 i '
Lrwg} [l w7k 109

| | Moof -
wva }{ aov _d (%o E S+Ps . -
. - oA S

Wi |- {RE 29

VIddN
IJ1adiw

WAM0T

NelLYWIISIg




series the pulses from each éounter, A - F, were delayed in increasing
steps of 300 n sec and then mixed together. The pulses could

thus be displayed on a single trace of a C.R.0., which had been
triggered by the coincidence pulse from the selection system, In
the ¢ series, because of a larger range in possible pulse heights,
the six pulses were observed directly as in the T series and then
were amplified and delayed and displayed again. Typical tréces

fér events in the T and Q series are shown in Figure 2.6, the values
v and =/v %afe defined in paragraph 2.35.5. The C,R.0., also
incorporated a watch so that the film could be easily correlated

to the two flash tube films.

As well as triggering the C.R,0. the coincidence pulse is delayed
5/Asec and triggers the flash tube pulsing unit. The pulse also
triggers a cycling system which illuminates the fiducial bulbs and
clocks in the front and side flash tube views and the watch in the
C.R.0. and finally winds on the cameras in preparation for the next
event.

For the acceptance of muons in a C run, described in detail in
paragraph 2.3.5, the 0.85E wveto is removed from the %e quark
selection. As the rate of muons passing through the telescope is
~ 30 s,ec-1 the cycling system operates a wveto on the C,R.0. trigger
and the flash tube pulsing circuit so that only one event per frame

is obtained.,

- 11 -
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Fig‘uré-’ 26 C.R, 0. display pulse forms for T and { series




Because of the long sensitive time of the flash tubes it is
an advantage to have a knowledge of previous particle within that
tiﬁe. This is discussed in detail in paragraph 2.4.2. For the
latter half of the § series a coincidence between a ZOansec pulse
triggered by a six-fold event ( > 0.05E) delayed by : 200 n sec
and an accepted event illuminated & bulb in the front flash tube
view. This indicated that a particle had traversed the telescope
in the ZOQﬂxsec before the accepted event. The previous particle
indicator is shown in relation to the selection system in Figure 2.5.
‘The circuit was designed by Mr. T. Takahashi and is shown in

Appendix C.

2.3 The scintillation counter

2.3.1 Introduction

In an experiment of this type where the selection depends on
the output pulse height from a scintillation counter the most
impbrtant parameter is the resolution of the counter. For
relativistic muons traversing a counter the output pulse héights will
form a distribution. The resolution of the counter is defined as
the full width at half height of the distribution expressed as a
percentage of its most probable pulse height. The resolution depends
on four variables:-

1) the fluctuations im the energy loss of the incident particle

in the .counter,

- 12 =




.2) the response of the counter as a function of the position
of' the incident particle,

3) the fluctuations in the number of photoelectrons produced in
a photomultiplier as the result of a given number of photons collected,

&) the fluétuations in gain of the photomultiplier due to the
statistical nature of the electron multiplication process.

This is analysed in Chapter 3 to give the expected distributions
for %e and. %e guarks. In this chapter the experimental data obtained
in the study of the scintillation counter and the photomultipliers

is presented.

2.3.2 Matching the photomultipliers

- Before proceeding to measure the response of the scintillation
counter it is necessary to match the six photomultipliers of each
counter so that the average gain of each photomultiplier is equal.
Mismatching would, of course, lead to an increase in the width of
the distribution from the counter. This was achieved by placing each
photomultiplier in turn (prior to fixing in the scintillation counter)
in a iight tight box and measuring the output pulse height at
different supply voltages due to a fixed source of light. The
source of light was a spark generated in the arc discharge of a
mercury-wetted relay (Kerns et al. (1959)). The light pulse has a

decay time of 3 n sec, the same as that for the phosphor.

_13_
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It was found that although thé tuves had differing gains, the
variation of gain as a function of supply voltage was the same for
the same type of photomultiplier such that the output pulse height
in volts H, fits the relation:

H = av"™
where A is a constant, V is the supply voltage in kilovolts and
n is 8 and 14 for a 53 AVP and 56 AVP respectively. Typical curves
for a 53 AVP and 56 AVP photomultiplier are shown in Figure 2.7.
Thus ffom these response curves the supply voltage necessary such
that all photomultipliers had the same gain could be found.

An important point to note is that over the output pulse height
range measured (0.1 to 5.0 volts) the curve shows no saturation
effect, From the calibration of the electronics the most probable
pulse height from the scintillation counter of a muons distribution
would come on this plot at 650 mV and thus over the range of
possible pulse heights in a muon distribution, the photomultiplier
gives a linear response.

After the photomultipliers were cemented to the light guides
and the supply voltages adjusted for egual gain a further check on
gain was achieved by selecting particles incident through the telescope
by means of a geiger coincidence telescope positioned as shown in
Figure 2.1. fhe coincidence pulse triggered a C.R.,0. on which the
pulses from each photomultiplier were displayed and their heights

recorded. The distributions obtained in this way verified that the

- Yy -



photomultipliers had equal gain,

2+3.3 The number of photo electrons collected in each counter for
the passage of a single relativistic muon

As mentioned eariier the response of a counter depends on the
total number of photoelectrons collected. The number collected by
a counter for the traversal of a single relativistic muon can be
estimated in two ways.

The first method depends on the efficiency of the phosphor
‘and the geometrical response of the scintillation counter, From the
analysis discussed in 2.3.4 the average fraction of light collected
by the six photomultipliers in a counter is 0.05. For & relativistic
muon with energy loss in the counter of 9 MeV and an efficiency
of the phosphor of 200 eV/photon (Currie et al. (1961)) the number
of photons reaching the six photocathodes is 2250, For & conversion
efficiency of photons to photoelectrons of 10% (Barnaby et~al. (1960))
the number of photoelectrons produced is 225.

The second method depends on the output pulse height of a-
photomultiplier for a single electron emitted from the photocathode.
This pulse height can then be compared with the output pulse height
of a counter for the traversal of a relativistic muon and thus give
the number of photoelectrons collected. The noise distribution of
a photomultiplief in the dark is due to the emission of' thermal
electrons from the photocathode and to a lesser extent the emission

of electrons from the dynodes. The average output pulse height of
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the noise distribution should, therefore, give the pulse height
due to a single electron emitted from the photocathode.

This was measured in the following way. A 53 AVP photomultiplier
was placed in a light tight box., The output was fed into an emitter
follower of one of the telescope counters. The outputs of two 9f
the counters photomultipliers remained connected although their
voltage supply was disconnected. The output system of the photo-
multiplier under investigation was thus the same as any photomultiplier
in the telescope. The photomultiplier was operated at 1.75 kV and

the output pulses from the emitter follower were fed through a
discriminator to a scaler. An integral pulse height distribution
was obtained and is shown in Figure 2.5 plotted as a function of
pulse height at the -input to the emitter follower,

To obtain the differential of this distribution the rate was
assumed to tend to a value of 105 sec-1 for pulse heights below
10-4 volts. The mean bf the differential distribution was calculated
to be 4.25 mV, The value for the photomultipliers at the gain
operated in the scintillation counters is 3.0 mV. Since the electronic
system is unchanged the output pulse from the counter for the

collection of one photoelectron will also be 3.0 mV, The average
output pulée height from the six counters is 650 mV and hence the

number of photoelectrons collected is 217. The efrors on the velue

of 4.25 mV are difficult to estimate but the numoer of photoelectrons

- 16 -




is in good agreement with the previous value., In Chapter 3 a
value of 220 is used to evaluate the expected distributions of e
and %e relativistic quarks.

2.3.4 Linearity of the scintillation counter

An important factor in the accepténce of particles is the
linearity of the counter. This was studied for one counter, the
response of the three photomultipliers at one end being measured as
a function of the position of particles traversing the counter.
This was achieved by selecting muons with a scintillation counter
telescope comprising of two plastic scintillation counters of area
15 x 10 cm2. The coincidence pulse was used to frigger a C,R.0,
and the pulse from the counter was observed and the height measured.
.Pulse height distributions were obtained for muons incident along
the centre line and a line 25 cm from the centre for the positions
shown in Figure 2.2. The telescope was also positioned above the
light guide nearest to the detecting end and the r esponse due to
Cerenkov light in the perspex was obtained.

The results for the centre line are shown in Figure 2.9 compared
with the result published by Ashton et al. (1965). The response
for the line 25 cm from the centre line was found to be within 10%
of thét for the centre. The total response of the counter is the
sum of the curve shown in Figure 2.9 and its mirror image about the

centre point. The maximum non-unif'ormity for a counter is defined

as: R -
: Ry
== x 100%

By
-17 -
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where RO is the total response at the nearest point in the phosphor

to the photomultipliers and RM is the total response in the middle

of the counter. From the above result the maximum non-uniformity for
the counter is 20% compared with 30% for the counter of Ashton et al.
Two possible explanations for this are that the quality of the
phosphor is improved gnd the geometry of the light guides is different.

The Cerenkov light is seen fo -be  down by a factor -~ 36
on the average response of the counter. Hence Cerenkov light
should not eifect the selection in the quark runs. However, the
anticoincidence counters still serve a useful function in reducing
the number of events due to photonrelectron showers.

A theoretical analysis of the response of a counter is possible
by considering the amount of light collected by one photomultiplier
as a function of position along the counter. The light collected
is direct and that total internally reflected off the four sides
(other than the photomultiplier edges) of the counter. Hence the cone
of possible light f'or collection is limited by the refractive index
of the perspex and phosphor (1.58) to an angle of 48° to the line
between the point and the photomultiplier. The.photomultipliers
cover the whole depth (5 cm) of the counter and hence the greater
proportion of light collected will be due to reflections on the large
area (140 x 75 cmz) surfaces.

"If the area of the photomultipliers is A cm2 and the depth of

the counter d cm; the solid angle subtended at a distance x cm due

- 18 -



to direct light is:

A
!10 = -z

&

for the first reflected image:

N, = A _ 5 X
1. V4
x° 4 a° (x2 + d2) 2
th .
and for the n  reflected image:
A x

% 4 (nd)2 * (x2 + (nd)zyzz

a, =

The absorption of light by the phosphor and perspex will effectively

reduce this solid angle by a factor:
2 2\z
e‘(50 + (nd)" )%/ N

in the light guide7where >‘LG is the absorption length of the light
guide, )
and e'((X-30)2 + (nd)2)§/xp

in the phosphor,where >\p is the absorption length of the phosphor.
The response from a given point will be the sum.of the solid

angles over all possible reflections. This was done for >\LG = 100 cm

(Brini et al. 1955) and >WJ= 200 cm and the result is shown in

Figure 2.9 normalised to the best fit of the experimental points

at 5 cm (2.0 arbitrary units = 0.15 steradians). The average amount

of light collected by six photomultipliers is 0.6 steradians and hence

the fraction of light collected in the counter is O.6/4TT= 0.05.

- 19 -




e

*AmOg) Jo xemoTToJ Jo33Twe 8yjz o3 ndur eyy 3®

3ugtey ostnd ® 03 spyodsaxaod Oz TOUUBUY) °PIPP® USq PeYy
‘s3ndino yjoq Js3Je POUTEBIQO UOTINQTIFSTP 2Y3 ST (O
JIBMOTTOJ J933TWS YOBd WOIJ SUOTINQTIFSTP ox8 (q) ¥ de
*JI93UN0d UOT3EBITTIUIOS B JO SUOTINQTIISTIP *Y°H'd  0)°2 oanIrd

o<omom uo Jaqumu .ﬁmgco | ,. ..f. |
O _0f 0z Oy O O%" 0f 02 __0p O O% 0f 02 0 0 o
= CEE : H T 0Lx¢ . .
5 : : |
T () i () T (=) 20 .
\ LA
“ 2 :
! E
: o
a z : L m N
SEiss = =IC mln = =4 222 SSSSEsT = = SEESSESSES «Or . y _....«M
- S m.
= = = = : m s = | 5 .
= : | N L
\ ‘“.OP m- B
i o
1 : . ,
= S . : (Obg
5.

L



count in 5 min. running time
-t
)

: -} anticoincidence
counter .

4

10
0 . 20 40
channel number on P.,H.A.

Figure 2,11 P.H.A. distribution of the anticoincidence
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2.345 Muon distributions in the scintillation counter

Three types of muon distributions were obtained. The first
was with the use of a pulse height analyser, (P.H.A.). In this case
the distributions were obtained by feeding the output from the
emitter follower directly into the P,H.A. without any gating
selection so that a distribution of incident particles of all
possible energies, angles and position in the counter was obtained.
The distribution from the two emitter followers of a counter was
obtained separatély and also the distribution after the outputs‘

of the emitter followers had been added. This was done for all

six counters and the result for one counter is shown in Figure 2.10.
It is seen that the distributions from each emitter follower have the
same shape with a width at half height ~ 180%. The distribution

of the sum of both shows an expected increase in the most probable
pulsé height of a factor ‘l:wo and a width at half heigh;:- of 55%. The
distributions from the anticoincidence counters were obtained with
the emitter follower outputs at each end added and the result for
one;counter is shown in Figure 2.11,

The second'£ype of distribution was obtained by selecting
muons incident through the stack by removing the veto on the %e quark
selection, i.e. demanding a six-fold coincidence of pulse heights
> 0.30E in the case of the ¢ selection. This is called a C run and

was used throughout the T and ¢ series as a calibration of the

- 20 -




counters to obtain the value of E, that is the most probable
pulse height at the input of the emitter follower due to a
relativistic muon traversing the counter.

As in the T and ¢ series the pulses from the six counters were
displayed on a C.R.0. and photographed. After processing the film
was scanned and the heights of the pulses measured in volts.
Distributions of the pulse heights obtained vere plotted for each
counter and the medians found. Using the pulse generator calibration
from the input of the emitter foilower to the output on the C.R.0.
for each counter these pulse heights and the median velues are
converted to pulse heights in volts at the input of the emitter
follower., The median values obtained are used to normalise the
response of counters B to F to that of counter A. Thus distributions
are obtained of the output pulse height in volts for each counter.
These distributions can be added (because of the normalisation) to
give a distribution for all six counters, this has the advantage
of having better statistics.

The pulse height distributions from the counters are skew
becaguse of the nature of the energy loss processes in the counter.
The most probable pulse height E is less than the median value EM’
from the distribution for all six counters the.following relation

is obtained:

E, = (1.92 & 02)E

This is used to find the most probable pulse height for the single

- 21 -
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counter distributions and the pulse height distributions at the
input to the emitter follower are finally given in terms of E. Such
a distribution for one counter is shown in Figure 2,12, the other
counters have the same shape with resolution within 40 + 3%.

Besides computing the pulse heights, X, for counters n = A-F,
the mean of the six pulse heights ;; the standard error on the mean

and the value x/V /ewere calculated where:

Because the single counter distribution is skew, the mean of
the six counter distributions will show an increase iﬁ the most probable
pulse height. The distribution of the mean is compared with that for
a single counter in Figure 2.12, the most probable height of the mean
distribution is 1.2E comﬁared with E for a single counter. In
Chapter 3 the expected distributions for %e and %e guarks for a
single counter are derived. These are more Gaussian in shape because
of the photomultiplier fluctuations and the mean of these distributions
shows no such increase in the most probable pulse height. Hence the
expected most probable value of ¥ for ie and Se relativistic quarks
is 0.11E and O.44E., The value % /V /4is a measure of the width of a
particle distribution and is used in the analysis of the quark o
candidates as a measure of the singularity of the éix counter pulse
heights. A distribution of o/V % for muons obtained in a C run

is shown in Figure 2.13, the most probable value is ~7% and only 3%
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of muons have ¥/V > 20j.

As the C run muons are used to define E for relativistic
particles a check on any possible effect due to lower energy particles
was investigated. This was done by using the third type of muon
distribution. Muons were selected by a geiger coincidence positioned
as shown in Figure 2.1. A4Above the bottom geiger tray was placed 5 cm
of lead. Together with the material in the stack, this would cut
out muons with B < 0.96 and so all muons would have minimum ionisation
to within 3%. This type of acceptance was called a G run. Pulse
heights in volts were measured at the C.R.0. for all counters and
figure 2.12 shows the distribution obtained from all six counters with
the pulse heights given in terms of E. The width of the G distribu-
tion for all six counters is 25% compared with the width of the C
distribution for all six counters of 40%. The most probable pulse
height for the C distribution is up by a factor 1.1 on that for the
G distribution. This could be due to the effect of non-relativistic
particles, however two other factors also have an effect. _These are
due to selection of the runs, in the G run muons are selected in the
centre of the counter where the response is a minimum and they are
also restricted in angle. In the C distribution, muoﬁs are incident
over the whole area of a counterleading to a higher response and they
are also incident over larger angles. Comparing the response at the
centre of the counter with the average response gives a factor

1.08 + .01, For a C and G run the distribution of angle in the front
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view was measured and the ratio of the medians was 1.05 + .01,
If these are subtracted in gquadrature from the difference between
the C and G runs the effect of non-relativistic muons is 5.53'%%

and so the C distribution can be taken to present relativistic

muons.

2.4 The neon-flash tubes

2.4.1 Efficiency of the neon flash tubes

The two important factors in the use of the visual technique
are the efficiency of the flash tubes for e and e quarks and the
efficiency for charge e particles as a function of time delay
between the passage of the incident particle and the application of
the field, i.e. the sensitive time of the flash tube, This latter
parameter leads to tracks due to previous particles appearing in
accepted events, this is studied in greater detail in the next
section.

The efficiency as a function of time delay can be measured and
with a knowledge of the diffusion and absorption of the electrons
produced by the ionising particle the probability of producing a
flash can be found and thus the efficiency for e and %e quarks
predicted. |

Lloyd (1960) has applied a theoretical treatment to the produc-
tion and recombination of the discharge electrons and gives the
expected efficiency as a function of time delay for an adjustable

parameter, afq, where a is the internal radius of the flash tube,
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f is the probability of one electron in the tube

initiating a discharge,
and q 1is the probability of producing a free electron per cm.

Muons were selected as in a C run and photographs of the front
and side flash tube views obtained for delay times between the
incident particle and application of the field in the range 5 to
250/*sec. The layer efficiency of the tracks was obtained and
this was converted to the internal efficiency of the flash tube and
the results plotted as a function of time delay compared with the
theoretical curves of Lloyd for afg values of 8, 10 and 12 in
Figure 2.14.,

The value of afq = 12 was assumed to represent the character-
istics of the flash tubes used in the stack. Since, for a given set
of flash tubes, the only variable.parameter is q and q =« (ze)z, the
values for e and e quarks are 5.3 and 1.3 respectively. The
theoretical curves for these values are shown in Figure 2.15 in terms
of layer efficiency. At the delay time of 5/usec used in the T and
Q series the layer efficiency for muons and %e quarks is ~ 80% and
' for Je quarks is ~60%. Thus in the detection of quarks the flash
‘tubes should indicate a well defined track.

2.4.2 Previous particle tracks in the flash tubes

From the efficiency-time delay curve shown in Figure 2,14
the time for the efficiency to fall to the minimum definition of a

 track (i.e. 3 flashes in a straight line in different layers) is
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,v170/usec. For the rate of muons through the telescope of 30 sec-1,
the number of triggered events for a previous particle track will be
~200. For an experimental verification of this value the field was
applied to the flash tube trays at random and the front and side
flash tube views were photographed. The film was scanned for a
track (as defined above) in geometry in both the front and side views.
From the 1148 frames obtained the number of tracks was 8., The flash
tube diagrams for these tracks are shown in Figure 2.19 to 2.22 at
the end of the chapter. From this data the number of frames per
previous particle track is 144 + 51.

As previously mentioned, a previous particle indicator was
incorporated in the selection system for the latter half of the
series. In the Q lower selection 8 previous particles were indicated
in 1391 events, i.e. the number of frames per previous particle
track is 174 + 62. The flash tube diagrams for these track events
are shown in figures 2.23 to 2.26.

An important parameter used later in the analysis of the quark
candidates is the merit factor N/M for a track, where N is the
total number of flashes in the track and ¥ is the number of background
flashes. For a layer efficiency of 80%, N =16 in the front view
and N =13 in the side view. For any trigger of the flash tube stack
there will be a number of background events due to the remaiﬁing

ionisation of previous ionising particles. The mean value of the -
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background flashes in the front and side views is 3.4 and 2.6
respectively and therefore the mean values of N/M should be 4.7
and 5.0 respectively. However since the variation in the number
of background flashes is large, this will be shown in the values
of N/M. For muons accepted in the @ series the values of N/M were
measured for the front and side views and the result is shown in
Figure 2.16 as a frequency distribution of N/M. In the front view
4.5% of events have N/M € 2.0 and in the side view 6.1% of the events
have N/M € 2.0 and hence 90% of muons have tracks with N/M ) 2.0.
Since the efficiency of the flash tubes for %e and ie quarks relative
to that for muons is 1.0 and 0.75 respectively, the 90% limit of
N/M will be 2.0 and 1.5 respectively.

The N/M values for the 16previous particle tracks shown in
Figures 2.19 to 2.26 are calculated and are shown on a scatter plot
in Figure 2.17. This plot is used in Chapter 6 to distinguish previous

particle tracks in the quark candidatés.

2.5 Running checks during the T and { series

As mentioned previously the pulse heights measured in scanning
are converted to pulse heights at the input of the emitter follower
in terms of E and thus a calibration for E and the electronic system

is needed. The electronics were calibrated by feeding a pulse

generator pulse of 100 n sec width into the emitter follower of each

counter and measuring the output on the C.R.0. This calibration was
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checked before every run, The value of E for each counter was

obtained with a C run as described previously, this was done every
fortnight.

As'a further check on the response of the counters and
discrimination levels, the counting rates of all the counters above
all the levels were measured before every run together with the six-
fold, six—fold with anticoincidence‘and anticoincident rates,

The six-fold rates showed fluctuations but these are seen to be

due to the barometric effect. A sample of the six-fold variation

is shown in Figure 2.18 for the lower and upper levels in the ¢ series
together with the variation in atmospheric pressure. The barometric
coefficient is a decrease of 3.5% in rate for an increase of 1 cm of
mercury in atmospheric pressure. The average rate in the lower selec-
tion is 1870 min-'1 and the average atmosvheric pressure 76 cm of
mercury. The barometric coefficient variations are calculated for
these values and the r esult plotted in Figure 2,18 and gives good
agreement with the measured rate. The rates are a sensitive check

on the stability of the response of the scintillation counters and
the calibration and setting of the electronics.

The actual values of the discrimination levels are found from
the results obtained during a run. The pulse height of all the

events selected in a particular selection were plotted and the limits

of the distribution taken as the discrimination levels. These Weré
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then used with the expected distributions to calculate the
eff'iciency of selection' (effective running time) for $e quarks and
e quarks as a function of P. In the £e selection a number of
'leak through' muons will be accepted. These not only give a good
value of the upper discrimination level but also are a good check
on‘the value of E and the electronic calibration. By the nature of
their tracks a running check is availeble on the efficiency of the -

neon flash tubes,
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Figures 2.19 to 2.22

Flash tube diagrams for the 8 events with a track
obtained in the random pulsing run with the merit
factor for each track, N/M (where N is the number
of flashes in the track and M is the number of
background). The 8 events were observed in 1148

random triggers of the apparatus.

Figures 2,23 to 2.26

Flash tube diagrams for the 8 events in the @
lower series (GL 50-97) where a previous particle
was indicated. Pulse height information and values
of N/M for each track are given. The 8 events
-were observed in a sample of 1391 triggers of the

apparatus.
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CHAPTER

ENERGY LOSS DISTRIBUTIONS IN THE T&LESCOPE

3.1 Energy loss in the scintillation counter

A charged particle moving through matter loses energy by
several mechanisms; collisions with the atomic electrons of the
medium, direct pair production, bremsstraﬁlung, Cerenkov radiation
and nuclear interactions.

In the telescope the energy loss is measured in a relatively
thin scintillation counter which sets limitations on what can be
measured. High energy losses, for example, direct pair production
and fast knock-on electrons, cannot be measuréd because the
electrons may have a rénge greater than the thickness of the counter.
This means that the average energy loss cannot be measured by a
fhin counter. What is measured is the most probable energy loss
which is due té the more frequent low energy transfer collisions
of the charged particle with the atomic electrons of the medium,
i.e. the excitation and ionisation of the electrons of the medium.
It is the excitation energy which is converted into scintillation
light and Birks (1951) shows that the light output per unit length,

%% is related to the energy loss per unit length, %% © by:

&IE
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For the energy loss of a single particle in the present counter

i, dB

E'x-o(d_x'o
The most probable energy loss E  for a charge ze particle of

b
momentum p and mass /w-is given by Sternheimer (1952, 1953, 1956),
as:
At
2
p

where the constants have the following values for NE 102 phosphor:

| | At 2
B = { B+ 1.06 + 21n SE;) + 1n (};b) -pB - S }

ze2 2 2 -1 2
A=2 Nf(——2 m,¢ = 0.0833 MeV gn  em” for z = 1.0,
me
f is the ratio of the atomic number to atomic weight,
B = 18.69,
and t = 5.16 gm cm < for the present counter.

8 is the density correction which effectively cancels out the
relativistic increase in energy loss
- (2.
8_21n\/Ac)+c ,
this is applicable for pé/Ac > 100,

C = -3.13

for 0.1 < géM ¢ €100 an.. extra term
' } 2.595

0.514 { 2 - log, (& is included.

o)

A plot of most probable energy loss of a muon in the scintillation
counter as a flunction of mogentum and F is given in Figure 3.1
Particles of a given kind and incident energy do not lose the
same amount of energy in traversing a given-thickness of material
because the collisions which are responsible for the energy loss

are independant. Landau (1944) obtained a distribution of energy
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‘ counter as a function of momentum. The corresponding

values of p are also given., -
k]
Vs 2




loss for a thin absorber where the mean energy loss was small
compared with the initial energy. Symom (1948) has worked out e
complete solution of the probability of energy loss for thick and

thin absorbers. Rossi (1952) plot$: Symoms result for a thin

-

" absorber as .
Aow o o= 'E'A
T against

0

.where E and EA are the most probablg and actual energy loss
respectivély, WdE is the probability of energy loss in the range

E to E+dE, Al = A’L:b/f;2 and is related to the resolution Rw of the
distribution, b and F are peemrame’cersx given in graphical form by
Rossi as a function of maximum transf‘erabie energy, En'1 and B .

The Landau curves are shown in Figure 3.2 for different values of
the parameter, A This parameter:, related to the asymmetry of

the distribution is also given graphically by Rossi as a function
of EII'I and F . The relevant parameters are given in Figure 3.2.

For 1! 350 MeV, A , b, and F approachan: asymptotic. linit and
therefore the shape of the distribution is independant of the energy
of an inéident particle. Ffor n}n'l {50 MeV the high energy tail of
the distribution will become less extended and the resolution,

i.e. the width at half height expressed as a percentage cﬁ’ the most
probable energy loss will decrease. In this region the maximum

transferable energy is given by:

En"l = Zmecz ﬁ2 ’
1?
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(8 - B, V&,

K- EH'l(MeV) )N f b Ao(Mev) Rio
Ool{- .16 0-50 . 0398 001+5 0022 903
0.6 A9 0.50 0.95 0.75 0.37 1340
0.8 | 1.7 1,00 | 0.8 | 130 | 0.3 |13.0
0499 9 148 | 0.66 | 1.8 0.72 | 17.5

Figure 3.2

Results of Symon%stheonylof thé fluctuations in the

collision loss.The vabious curves refer to different
values of A. The table gives the values of the
parameters for the counter 'in the present experiment.
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Figure 3.5

v

1.6
output pulse height in terms of E.

4

The Landau distribution for relativistic muons

“traversing the counter given in terms of £,
‘the most probable pulse height.,



?

where the mass of the incident particle is >}n%- Hence the Landau
curve is only depenégff on P.

Por relativistic muons traversing the counter E = 9.1 MeV and
all other parameters have their asymptotic values, the resultant
curve is given in Figure 3.3, with the actual energy loss given in
terms of the most probable value.

Qualitatively thepeak éf the distribution is due to losses
by excitation and the long tail to knock-on electrons. For knock-
on energies much less than the meximum transferable energy the

Rutherford formula gives the probability of energy E to E + dE as
2C m 02 22
e

S =

where ze@ is the charge on the incident particle.

This predicts that the Landau tail should fall as E-Z. If the most
probable energy is taken as a zero point this is found to be the
case for the curve A = 1.48.

For an incident particle of charge zg.when z 1,0 the most
probabie energy loss decreases by a factor z2 (z appears in the
term A of Sternheimers formula, a term ln(At/‘gz) appears inside
the bracket but this is small comparéd with the other terms). In
the Landau curve A.0 contains the term A and hence the width of the
distribution will also decrease by a factor z2, the width as a

percentage of the most probable value will be the same as that for

-33-



. & muon. In the tail of the distribution, the probability of
producing a knock-on electron of energy E to E + d& is also

2
reduced by a factor z . Thus the shape of the Landau curve for

” . Il 4
and se quarks is the same as that for muons with the same value

(,(%_x

of f. The Landau curve for relativistic particles ( A= 1.48) is
used to predict the expected pulse height distributions for %e and
%e relativistic quarks in the scintillation counter.

Many workers have obtained the expected %e and %e yuark pulse
height distributions by looking at muons with the photomultipliers
masked such that only a fraction z2 of the light incident on the
photomultiplier reached the photocathode., This method also depends

on the Landau curve for guarks being the same as that for muons,

3.2 Expected pulse height distributions f'or a single counter

As well as the fluctuations of the energy loss in the counter
the observed distribution will include fluctuations due to the
photomultiplier in the number of photo-electrons produced and the
variation in the gain and due to the response of the counter to
particle position and the variation in track length (angle of
incident parficle).

The fluctuations in the total number of photo-electrons
produced in the photocathode is found to be Foisson so that the
standard deviationo = fﬁ—where N is the mean number of photo--
electrons emitted and therefore:

(& )?

= B

..31+_.
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For the fluctuation in the gain of the photomultiplier a
comparable analysis was performed by Wilkinson (1950) who found
that for large values of gain the fluctuationé were only dependent
on N and, in fact, were Poisson so that the total photomultiplier

fluctuations are given by:

>~ 2 2
(T %au = §

In Chapter 2 the value of N was céalculated to be 220, thus for a

2e quark N, = 96 and for a 4e quark 'N; = 24, therefore:
3

K

o (2 2 o a2 2 o
(;)_g:é‘é‘, (\7)%=0.1M+and(7)%=z, (V)=0’289
Similarly for a charge e particle:
o (2 2 ov
(5 ) =535, (F)=0.09%.

These fluctuations must be combined with the Landau distribution
to give the‘expected distributions from the scintillation counter.
This was done by dividing the Landau distribution into ten equal
areas and then replacing the area by a Gaussian distribution of
the same érea and required value of 0v, with the mean at the median
point of the area. These Gaussian distributions were then added to
give the resulting distribution. This in fact was only done for
nine of the areas, the shape of the tail was left unchanged. This
is a reasonable approximation since the teil is relatively flat and
would not be altered by such fluctuations.

The resulting distribution for a charge e particle is shown

in Figure 3.4. This in fact should correspond to a G run distribution

- 35'-



150 |

120 ;

100 ¢

[0
o

o\
o

frequency

N
40 %

1

expected curve normalised
to the G run distribution

Q_

G run distribution

Y

Figure43.5

‘ ‘«o'gém, 1‘2
output:pulse height in terms of E

The output pulse height distribution for a G run
(described in 2.3.5) compared with the expected
distribution. The expected distribution is
normalised to’fit the G distribution over the - -
range 0.66 to 2.0 of the most probable pulse
height . ’ -



where there are comparatively no fluctuations in position in the
counter and in the angle of the incident particle. The expected
distribution was normalised to the G run distribution over the
range 0.66 to 2.0 of the most probable pulse height and the
result is shown in Figure 3.5. The reasonable agreement indicates
the reliability of the method and thus the expected e and Ze quark
distributions should lead to a good estimate of the acceptance of
the telescope.

The fluctuations in position and angle of the incident particle
are in fact the cause of the difference between the G and C run.
The width of a C run is 40% and of a G run 25%. This can be regarded

as an increase in % /V of :

Nim

51.—3- {(.40)2 - (.25)2j= 0.1k
where 2,3 is the conversion factor of width at half height to o~
for a Gaussian distribution. On the assumption that quarks have
the same angular distribution as muons this can be added in gquadrature
to the above values of ®/% . For these values the above procedure
was followed to give the expected distributions for 3e and %e gquarks
which are shown in Figures 3.6 and 3.7 respectively. From these [
distributions the percentage above and below values of pulse height
in terms of E were calculated and the result is shown in Figure 3.8.
On this basis the acceptance of $e quarks within the range 0.05E to
0.30E is 96.5% and for e quarks within the range 0.30E to 0.85E is
92,
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3.3 Expected distributions of Vand ¥ % for accepted quarks in the
6 counters

In the final analysis, events are plotted as a function of v
and the acceptance is on the value of X/v %. For this reason the
distributions of Y and ¥V % were calculated from the expected
distributions of e and %e quarks.

For the %e quark distributions the expected pulse height
distribution between 0.05E and 0.30E was divided into 20 equal
areas. The medians of these areas were then selected on a random
basis and VY and “/Vz calculated ‘IOLF times, These values are
plotted in Figures 3.9 and 3.10 respectively. Basically the 3e pulse
height distribution for a single counter is Gaussian and has a resolu-
tion of 72.5%. The mean of six such Gaussian distributions would
have a resolution of 72.5/§6% = 29.5%, the resolution of the
computed data is 31%, 90% of the events lie within a pulse height
range of 0.091E to 0.138E. If the mean pulse height distribution
is Gaussian 32% of the events would have™/Y 2 0.31/2.3 = 13.4% and
in fact from the computed data 32% of the data haveX/ ¥ >15.0%. The
percentage of events with values of /v % greater than a certain
value is plotted in Figure 3.11 as a function of /vy %, 90% of the
events have ¥/ ¢ 16k.

For the %e quark distributions a similar procedure of computa-
tion was followed. However, two distributions were used because of

the independance of counter C:- the expected %e distribution between
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0.2E and 0.85E and the %e distribution >0.2E, Five values were
randomly selected from the 0.2E - 0.85E distribution and one from
the » 0.2E distribution and ¥ and %/¥ /calculated., This would give
the expected distributions in the T selection, however only 3% of
the distribution is 0.3k and therefore the distributions for the
¢ selection are not expected to be different. Thé distributions of
v and %/y % are plotted in Figures 3.12 and 3.13 respectively. As
the resolution of the Ze distribution is 45% compared with that
of the C distribution of muons of 40.0% the distribution of %/¥ %
for muons with pulse height < 2.0E should be the same as that for
%e quarks in the experimental selection. A distribution of %X/v %
for such muons is also plotted in Figure 3.13 and is in reasonable
agreement with the expected distribution. The percentage of events
with values of =/ v % greater than a certain value is plotted in

Figure 3.11, 90% of the events have %/ v € 12.5%.

3.4 Interactions of quarks in the telescope

Besides the acceptance of quarks depending on the pulse height
distribution of a single particle relative to the selection, the
possible interaction of quarks in the telescope will 1limit the
acceptance, This is because the production of secondary particles
-will give pulse heights which will not be accepted by the selection.

Kasha et al. (1967b and c¢) and Lamb et al. (1966) have

assumed an interaction length of 80 gm cm-2 for the quark and have
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corrected their rates according to the expected interactions in
their respective telescopes. For the present telescope with a
depth of 60 gm cm—z, the probability of interacting is 0.47. Thus
~ 50% of yuarks passing through the stack will interact and thus
will not be accepted.

However, because the interaction length is still a matter for
;onjecture and the ma jority of workers have gquoted results without
teking into account possible interactions, the final results of

this experiment are also quoted without teking interactions into

account.,

3.5 Selection and percentage acceptances for quarks

The initial selection of quark candidates reguired a track in
geometny in all counters in the front and side flash tube views
and a value of /v £ 20%. In the final aﬁalysis the tracks are
accepted if the merit factor N/M lies within the 907 limit and the
pulse height data iF X/¥ % also lies within the 90% limit, i.e.
</ = 16.0% for %e quarks and */y = 12.5% for %e quarks. Thus the
effective running time of the telescope for e and Ze quarks is

reduced by a factor 0.81 by the analysis criteria.
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CHAPTER

PRODUCTION OF QUARKS IN COSMIC RAYS

4.1 Introduction

The paramount importance of energy in revealing new phenomena
in the interactioh of elementary particles gives cosmic rays the
advantage over .accelerator physics since cosmic rays are available
up to bractically infinite energy. Thus, if quarks exist, they
should be produced by ;osmic rays of adequate energy in the atmosphere
and the detection of such particles in the lower atmosphere should
be feasible.

Estimates of the quark flux in cosmic rays at sea level depend
on the following factors: the energy spectrum of primary protons,
the interaction probability of the protons with the air nuclei,
the cross-section or fraction of gquarks produced in an interaction
and the subsequent energy loss processes of quarks in their propaga-
tion through the atmosphere.

The intensity of the primary cosmic ray spectrum is now fairly

well established as:

2.5 "2 -1

8 . =1 -1
dEp m ~ day sterad GeV

= 08 10 E-
N(Ep) d.Ep 3.8 x N

where E_ is the energy of the primary nucleon in GeV. The total

cross-section per nucleon is 30 mbar at 30 GeV, equivalent to an

-2 . .
interaction length ~80 gm cm ~ in air.
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The cross-section for the production of quarks will depend on
the number of possibvle channels and the probability for each
channel. The most probable reactions are:

pP+N> N+N+g+gq
and p+N> N + qq + 4y + q3
where N represeﬁts the nucleon, q and q the quark and antiquark and
9 9 and q3 are the three constituent quarks of the proton.
Above threshold energy,channels including pions and nucleon-
antinucleon pairs are possible. For the mass of the quark much
greater than that of the proton the first reaction will be the most
probable and will have a lower threshold energy. By analogy with
proton-antiproton production the cross-section can be approximated
to:
o~ = Tr(H/M 0)2
q
where Mq is the mass of the quark, for Mq = 10 GeV, O = 10"29 cm2.

The energy of the quarks will be moderated by their interactions
with nucleons in the atmosphere and through ionisation loss. As
there are three quarks in a proton, it might be expected that the
guark interaction length in air is ~ 240 gm cm-z; however, the value

~,

80 gm cm © is more generally used.

4.2 Production of guarks

Data on meny aspects of high energy collisions is still quite
inadequate, however the following simple picture gives a possible

interpretation and is shown schematically in Figure &4.1.
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A collision between two nucleons can be regarded as a collision
between the surrounding pion fields. As a result of the disturbance
the nucleons proceed in their original direction in a 'bare'
state and radiate mesons in the reconstruction of their field. The
original meson fields have interacted and move with a lower
velocity in the C.M. system. These 'fireballs' will radiate mesons
and pairs including quark-antiquark pairs if they exist. The
large number of energetic nuclear active particles found in air
showers requires that if only 25% of created particles are non-pions,
an important fraction would have to be nucleon-antinucleon pairs.
Koba (1965) has presented a calculation in which a statistical
equilibrium inside the fireball volumg could lead to such a
nucleon to pion ratio if one introauced real or imaginary quark
states in the first stage of the fireball disintegration.

The cross-sectionlfor guarks in any particu;ar production
channel will rise immediately from the threshold energy as the phase
space increasés, the cross-section then reaches a maximum and then
decreases as new channels are opened. However, if these new channels
contain quarks the probability of quark production does not decrease,
but would continue to increase slowly with energy.

Fermi (1950) formulated a statistical model for computing high
energy collisons of protons with multiple production of particles.

The model assumes a strong interaction between nucleons and mesons
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and the probabilities of formation of various possible numbers of
particles are determined by the statistical weights of the various
possibilities., Fermi assumes that the nucleons produced in the
interaction are classical and thst the pions are relativistic and
neglects the spin of the particles. This theory has been adopted
to predict the production cross-section of guarks of various masses
in the reaction:
P+N=>N+N+gq+q+ (n-1)(NN)

where quarks are considered classical and the nucleons relativistic.

The theory assumes that when two nucleons collide with large
enérgy in the C.M. system, the energy will be dumped in a volume
., This would normally by a sphere of radius Hi/mc where /uis
the pion mass, however due to the Lorentz contraction the volume

becomes energy dependant according to the relationship:

oM
i

(B e ),

VT

JL = Ilo where 110 =

W is the total energy of the colliding system and M is the nucleon
mass. This volume is the only adjustable parameter in the theory
and Fermi states that it is clearly arbitrary and so as suggested

previously, the total gquark production cross-section is taken to be:
; 2
o = ‘!T('H/ch) .
The production cross-section for &’ gquark of mass 2 GeV accompanied

by (n-1) nucleon pairs (for n = 1 to 6) is shown in Figure 4.2.
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together with the total cross-section. The total cross-section

for quarks of different mass is given in Figure 4.3. The cross-

sections were evaluated by Mr. T. Takahashi (privaﬁe communication).
Numerous other models for quark production have been used by

different authors with a wide range of values for the cross~section.
Adair end Price (1965), by analogy with proton pair production

where‘the cross-section rises to a maximum at an energy -~ four

times the threshold energy use the following relationships:

»

i __1_2 ] m D
2= % (B/3 Epgy $)° for Boy <E < bl

. 2 .
n, = TT(E/ch) for E > bBp

andc\T
where ETH is the threshold energy and E the energy of the incident

proton, Assuming the relationship:
By = § 21 +Mq/Mp)2- 1}1\@ o2
p

where M_ is the mass of the proton, these relationships give
reasonable agreement with the Fermi theory. In their presented
results an asymptotic value of o, = 10—300m2 is used. With the
total proton-nucleon cross-section as 30 mb, this is equivalent to
a rate of production of quarks of 2¢rd/30 mb % 1074 per proton
interaction,

Chilton.et al. (1966) have calculated the production cross-section
of guark-antiquark pairs in proton-nucleon collisions using an

peripheral model. On this model it is found that the cross-section

is smoothly dependant on the mass of the quark, such that above the
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threshold energy o x.Mq—z. However, near threshold energies,

where the model is not so reliable, an exponential dependance on

M_is obtained. For this reason, the authors suggest that experimental
searches for quarks can only be reliably interpreted away from
threshold energies. The results of Chilton et al. are shown in

Figure L.4.

Domokos end Fulton (1966) have used the Lendau statistical
model to calculate the cross-section. As with the Fermi model the
reaction is assumed to take place in a volume L, where L is the
mean free path of pions in the pion cloud. From this an effective
reaction temperature T is obtained, where T = %/A where Y is the
mass of the pion. This particle gas is cold as far as quarks are
concerned. This model gives a cross-section dependant on the
quark mass as an exponential. This cross-section is compared with
the other estimates as a function of quark mass in Figure 4.5.

Because of the steeply falling primary spectrum of cosmic
rays the main production of quarks will take very close to the
threshold energy and the statistical model is unlikely to be relevant
.at these energies as far as the total cross-section is concerned.
Peters (1965) suggests that, since accelerator experiments have
revealed that the emission oi' groups of hadrons of low energy cannot

be satisfactorily described as the evaporation of an amorphous liquid,

an intermediate state resembling a crystal many be a better analogy.
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Despite these uncertain theoretical predictions it is importént
that the search for quarks should be performed to give the best
possible limit on the production cross-section.

Besides the production cross-section it is necessary to meke
assumptioné concerning the angular and pomentum dependance of gquark
production. Most models assume the production will be in the forward
direction in the laboratory system. Since the incident flux is
isotropic, small deviations from production in the forward direction
will be irrelevant. Adair and Price assume that the momentum of' the
guark at threshold is half the momentum of the incident proton.
Other workers, Sunjar et al, (1964) and Delise and Bowen (1965)
assume that all quafks produced in the atmosphere are close to

minimum ionisation loss at the energy at which they are produced.

4.3 Propagation through the atmosphere

Once produced, yuarks will proceed through the atmosphere and
lose energy by nuclear collisions with nuclei and ionisation loss.
For high energies, nuclear collision energy loss is the mést
predominant. Cocconi (1965) suggests that if the interaction of
guarks with nucleons is characterized by a four momentum transfer
of ~1 GeV, they should lose only a few per cent of their energy in
each collision and consequently behave more like muons than nucleons.

If the inelasticity is taken to be 0.5 M p/Mq, a quark of mass 10 GeV

will lose only 5% of its energy in a collision.
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Adair and Price use a model of propagation on the basis that
cbllisionscan be described as a change in momentum transfer g,
where t = q2 = pf - (E/c)2 » and p_ is the momentum in the direction
along the beam. The probability of a change q is proportional to
exp(~ 1t I.Az,/qo) where q is taken as 0.4 GeV. The model assumes
that the nature of the interaction is the same as that described
previously for a nucleon-nucleon interaction. Thus the energy of
the interacting (uark will be lost in two ways:

i) the formation of fireballs and,
ii) the radiation of mesons by the bare guark and nucleon.

-1.67 cm'-2 sec_1

Assuming a primary spectrum of N( )E) = 1.4 E
st.erad_1 with E in GeV, incident protons are selected and assuming
the cross-section previously described the produced quarks were
followed through a series of random collisions for an interaction
length of 80 gm cm_2 and en inelasticity as prescribed to obtain
the momentum at sea~level. The history of each proton was also
followed and the probability of producing a quark at the next
collision evaluated etc. until.the proton energy dropped below
threshold for quark production. The intensity of quarks at sea-
level as a function of mass is given in Figure 4.6 for F >0.7.
The expected rate of guarks for the present experiment estimated

from the results of Adair and Price and Domokos and Fulton is given

in Table 4.1,
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Table 4.1 Expected rate of guarks in the present experiment

-1 . -1
Mass of quark Rate hr , according Rate hr , according

GeV to Adair and Price tc Domokos and Fulton
5.0 g x10™" 5 107"
6.0 5 x10™" 3107
7.0 b <107 5 x1072
9.0 2 x107" 5 <107/

Estimates by Sunjar et al. (1964) and Delise and Bowen (1965)
give an expected rate of quarks of the same order as Adair et al.

if the same produciion cross-section and attenuation is used.

4.4 Velocity distribution of quarks at sea-level

In the present experiment the rate of e quarks in the velocity
range O.4 <P< 1.0 and Ze quarks in the velocity range 0.8 < F <1.0
is estimated and therefore the expected velocity distribution at sea-
level is calculated in the following manner.

Ashton (1965) assumes that quarks are produced in the process:

P+N=>p+N+g+g
and gives the threshold proton energy for production of quarks of
mass Mq as: ) )
Lot +m )" -1 f o,
In the region of threshold energy the quarks will have low kinetic

energy in the C.M. system and the kinetic energy of the quarks in the
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laboratory system, E‘q is given by:

=
-

{L (LP/M c +1)]2 -1 im ¢ ax (--‘l--,.)

2M ¢©)? p
(21 6)

The primary proton spectrum is taken as:

N(E ) aB —KE-‘xdE er m? day ster. GeV
P P P P P v ' ’

where ¥ = 2.5 and K = 3.8 x 108 and thus the integral yuark production

spectrum is given by:
2 3 2(¥-1)

Mec :
N()E) = JX |4 __ g ~2¥-1)

where f is the fraction of p-N collisions that yield quarks.

This quark production spectrum with £ = 1,0 is used with a
Monte-Carlo calculation to give the velocity distribution at sea-level
for a mean interaction length of 80 gnm cm—2 and an inelasticity of
O.SMP/Mq. The production of quarks by the 2nd to 10th generation

3,

of protons is also considered. The proton spectrum for the ntn

generation is:
we) e = —S—  (E_ )l
PR ()t () P

the inelasticity ¥] is taken as 0.5 (Brooke et al., 1965) and the

mean interaction length 80 gm cm-z. From this the equivalent spectrum
f'or the nth generation of quarks is calculated and thé quarks again.
treated as above,

This procedure was followed for a quark df mass 5 and 10 GeV,

considering the energy loss due to ionisation of the %e quark and
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the resulting'velocity distribution is shown in Figure 4.7. The
computer programme was compiled by G.N. Kelly (private communication).
The result shows a rapid decrease in rate as $ decreases., For e
guarks the decrease will be more steep. Thus the majority of quarks
incident in the vertical direction at sea-level will have ﬁ > 0.9.

6

The rate of quarks of mass 5 GeV for F 2 0.8 is 1.25 x 10 m-2

-1
day sterad , this is for f = 1.0, For a production cross-section
-ty - R -1
of 1/Aban5 f =3%.3%x10 > and thus the rate will be 42 m 2 day
-1
sterad . This is in good agreement with the rate given by Adair

- -1 -1 ‘
and Price at 41 n 2 day sterad . Similarly, for quarks of mass

2

10 GeV and a production cross-section of 1fAbanb the rate is 6.4 m

-1 - -1
day  sterad compared with 6.6 m 2 day sterad given by Adair

and Price.
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CHAPTER 5

SURVEY OF OTHER EXPERIMENTS

5.1 Introduction

If quarks exist as elementary particles they will be produced
in the interaction of a proton with a nucleon:
p+N 2 p+N+§+§(+nTr)
and Pp+N > N+q1+q2+q3 (+ nrv)
The interaction will produce either a guark and its anti-particle or
the three constituent quarks of the proton as well as possible pions
and maybe K mesons.

It should, therefore, be possible to detect stable guarks in
machine experiments by scanning the secondary beam after the
interaction of the proton beam with a target. Similarly‘primany
protons in cosmic rays will interact in the atmosphere and, as
well as the usual secondary particles detected, will produce quarks
which can be detected assuming they are not absorbed by intervening
matter,

If the quarks are absorbed by matter, the 'quarked' atoms will
still-display the peculiarity of quark charge and an individual atomic
spectrum and thus form a basis for detection.

Production of gquarks in cosmic rays will effect the production
of the 'usual' secondary particles and a search for a discontinuity

in the energy spectrum of such particles will lead to an indication
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#  Where the limit is quoted as a total cross-section the mass of the

quark is taken as

. Table 5,1

2Gev,

Results of machine experiments,

, MOMENTUM OQF RANGE OF NUMBER OF | UPPER LIMIT}
WORKERS PROTON BEAM; DETECTOR | CHARGE & TRACKS WITH 90% o
Gev/e MASS ANALYSED | CONFIDENCE !
Morrs Hydrogen 5 0. 10 cm
1922“1 2445 Bubble -0.2 to 10 o o Lhx1073
Chamber ! -0.7 * cm
Bingham iHeavy—liquid -0.2 to 6
et al. 21.0  |bubble Loy | 1-2xt0 5x107%
1964 chamber ) cm?
(i) 7 'o’.’
Leipuner Scintilla-~ 3x10'stoT 10-34 2
et al. 28.0 tion - (i1) 9 cm !
1964 counters 2 10 :
Hagiopian Hydrogen +0.25 to 13; 6 x10° 1 in 6x10° T
et al. 31,0 bubble :
1964 chamber ¥0.75 2,3 x105 1 ta 31:105 T
SO e o ernsn o e s - < iy i 5 i st ..%.____-_ . m“__v,w__________;.f'
Blum Hydrogen -0.2 to | ¢ 55 2.
et al. 27.5 Bubble 1 1.5%10° o107 cn”
-007 {
1964 Chamber i :
Franzine time of - (De : 8
et al. 30.0 flight and 3 v 5x10 Qquark ¢ 44 3
1965 magnet for | 2.5 to - NT3 N i
e mass i 5.5 GeV ! P 3
ge%g‘gtlon ; :
2 : 2. ~36 .
o | s Be | ol
. * ditto 3.0 to i 2x10° dadp
1965 7.0 GeV i Cnlsfn.rad-'cllv .




of quark production.

5.2 The results of machine experiments

Machine experiments have been divided into a search for
particles of sub-integral charge and for particles of mass » 3 GeV.
In the former case, detection is by tracks of corresponding bubble
density in a hydrogen buoble chamber and by pulses of corresponding
height in the case of counters., Heavy particles are‘detected by a
momentum measurement and time of flight technique.

The results of machine experiments are shown in Table 5.1.

Both Morrison (1964) and Bingham et al. (1964) made a study
of 0ld photographs of hydrogen bubble chamber tracks with the results
as shown., However, as the experiment was not planned to study
low density tracks, difficulty arose in distinguishing between
apparent quark tracks and previous tracks (1<t < 2 m sec). The
efficiency of scanning %e quark tracks, ~ 12 bubbles cm-1 and e
quark tracks, ~ 3 bubbles cm—1 was unknown.

Leipuner et al. (196L4) performed their counter experiment in
two parts. The first part was based on the assumption that the
guark would be weakly interacting. In the first part, absorber of
thickness 1.6 x 103 gmn cm-2 was placed between the target and the
counters. The experiment detected 3 x 107 muons, equivalent to 1010
pions emitted from the target aﬁd.nd guarks were detected. The

e . 2
expected number based on weak interaction production- is 5 x 107,

therefore quarks are not produced in nucleon-nucleon interactions
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with cross-section > 1072% om if their mass is £ 2 GeV. In the
second part of the experiment the counter was placed in a negative
pion beam and no quarks were detected in 2 x 109 pions giving the
limit for quark production as: cross-section ¢ 10-jh cm2 for a mass
€ 2 GeV,

Hagiopian et al, (1964) performed an experiment designed for
detecting positively charged particles in the range + 0.25e to
+ 0.75e in a hydrogen bubble chamber. To eliminate contamination
due to earlier particles an electronic gate was devised such that
if' a particle entered the chamber in 10 to 1 m sec before its
expansion the illumination was vetoed and no photograph was taken.
However the upper limit obtained was only 1 in 3 x 105 pions for

5

Ze quarks and 1 in 6 x 10” pions for e guarks.

In a similar experiment Blum et al. (1964) for each bubble
chamber picture obtained a photogrgph of an oscilloscope trace
giving the time relation between the light flash, the chamber pressure
curve and the counter pulse for particles entering the chamber.
They found that.&ll low density tracks detected (19 in ~ 154000)
corresponded to a previous particle and vice versa so that the
efficiency of detection of low density tracks is 100%.

The search for massive particles (mass »2 GeV) was motivated

by the suggestion of Gursay et al. (1964) that triplets would have

integral charge and heavy mass.

-53_




Franzini et al. (13965) using a system of magnets and
scintillation and Cerenkov counters in a time of flight technique
were sensitive for charge - ) (£)e for the mass range 2.5 to 5.5 GeV.
The upper limit for the observation of a heavy particle in the beam
is 1 in 5 x 108 pions.

Dorfan et al. (1965) in a similar experiment puts the upper
limit for -%e quarks of mass 4.5 GeV as 1 in 2 10'0 pions.

The negative result of these machine experiments suggests that
if the quark exists in either integral or sub-integral charged
form the mass is ) 4.0 GeV. This has lead workers to search for
quarks in cosmic rays where incident protons are available with

energy above that available in present machines.

5.3 The resultsof cosmic ray experiments

A series of experiments have been performed for the search of
quarks in cosmic rays, the majority in the last two years, 1966 and
1967. A summary of the cosmic ray experiments and their results is
given in Table 5.2.

A1l the experiments, excepting Kasha et al. (1967c), are
basically a scintillation telescope where the gquark is detected as
a particle with non-integral charge -ie, +3e, + %e, having energy loss
%, %-and %?-that of a charge e particle traversing the counter,
Because the selection is on energy loss in the counter, and in the

-%e and +3e cases the upper selection is < E, events accompanied by

another particle will be rejected. Kasha et al, (19672 and b) and
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Table 5.2 Results of Previous Cosmic Ray Experiments

ACCEPTANCE RATE
WORKERS DETECTOR T D Q 2 a2 a1
cm ster sec|{cm ster sec
Sunjar 7 plastic scin- 1000} -8
etial tillation 37% | sea-| 3 - < 4.3x10
A9k | counters . _ .\ . _ [levell . ___ -
Delise 6 liquid 760 % 9.4x108 <8.7x1o’9+
et al. scintillation 48 fmoun-| ., 8 , -8
1965 counters taian. 3 J4x10 $1.8x10 "4
]
Massam 6 plastic 1o0p | 8
et al. scintillation | 32.5% i % - <5 x 10 °4
1965 counters ; .
B;hleij ditto with = 3.5x107 | <1.5x1077 4
roglin | gddition of 2 | 30.5% dittol » 9 -9
Buller- ditto. 790gm cm-2 N _+7f
.Broglin | of iron above ditto {dtto; 3 - 51.619.8 10
et al.1967! telescope !
Lamb * layer of propor- f % 2.5x1010 < ‘|.2x‘|Om9+
et al. tional counters |60 _ {1000 10 y
1966 6 _scintillation comters | = 2.5x10~ 1< b 2x10°7 4
Kasha 16 scintillation i 3 5.9x10° 2.6:%E;x16'5
et al.: counters 0 {1000 | . K -9
19621 2 00! 2 2.x10° 2.1 +8x10 9
Kasha 7 scintillation 9 | +‘
et al.(&.)| counters 50 {1000 | £ 4.3x10 <2.0x1077
1967 ,
Kasha hodoscope of 10 10+
et al.(‘bi) 48 scintillation| 50 |1000| £ [3.25x10 {2.7x10”
1967 counters
Kasha scintillation counlers selec- 7 <2.8x10-8.+
et al.(‘e )| spark chamber - 4000 jtionon(7.8x10 ' for 5 Gev
‘ 1967 | m&g%g§m spectro- mass : 5¢ B< .175.
Gomez et |6 trays of 1} 1.8x1000 ¢1,7x107 10
al. June |scintillation - 1000 ) e -10 -104
1 967 8ﬁalln&§-g£g 2 Sparl.c S e+ e pspp -3v1—-vw'°-='1 . 8X1 O T~ ’.S } .L'x1 O ‘
Barton 6 scintillation | ,. 4 OOmwe | » 10 -10
1967 counters %102 under-| 3 2.95x10 §(3.9x10
: ground, :

T
€

% .estimated by present author

+ quote with 90% confidence limits.

= Thickness of telescope gm cm-z, D is depth in atmwsphere gnm cm ’
is charge acceptance.




Lamb et al. (1966) have taken into account the possible interaction
of the quark in the telescope and its subsequent rejection assuming
an interaction length of 80 gm cm-z. The rates given in Table 5.2
for these authors includec this effect.

A1l authors except Buhler-Broglin et al. (1966) and (1967)
and Gomez et al. (1967) had no visual detector to supplement their
analysis. Thus the elimination of background showers simulating
quarks in these cases is dependant on a strict analysis of the data
relying upon the expected pulse height distributions. These
distributions for gquarks have becen obtained by masking the photo-
multipliers in each counter such that the fraction of light
collected is equivalent to that obtained by the energy loss of a
sub-integral charge particle. This assumes that the widths of the
distributions is entirely dependant on the number of photons collected
by thé photomultipliers and that the observed Landau energy loss
distribution is the same shape for e, 3e and e particles.

The main workers in this field have been the Kasha
group at Brookhaven and the Massam and Buhler-Broglin group at CERN
being an extension from previous workers on machines. The work of
these two groups is presented first in more detail and then interesting
points in the work of other authors is compared.

Kasha et al. (1966) have used a telescope or six scintil-
1ation counters with an acceptance of 650 cm2 steradian. In

(1967a), an extra counter was included to give an acceptance of
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2
600 cm~ steradian. The positive result of the first experiment for

-
|

(gm

and

1

guarks was reduced to an upper limit for %e quarks by the
second. In neither experiment was there any device to reject weak
photon-electron shower3simulating quarks. In (1967b) a hodoscope
of 48 seintillationccounters arranged in 8 trays was used. The

6 counters in a layer were positioned orthoganally, layer by layer.
The output of the 6 counters were added for analysis, however for
selection a set of counters had to define a straight line thus
eliminating much of the background. The acceptance of this array
is 1.0 m2 sterad and the result effectively lowered the limit for
2e quarks.

Kasha et al. in these three experiments have assumed that there
would be a strong and well defined correlation between the pulse
heights from the scintillation counters in their stack and that
background events such as weak showers would have little correlation
since their pulse heights would be distributed at random throdghout

the acceptance region. They define the quantity:

2 2
¢ = 2 (h,-h D.h /h
Z (g - 1,,)/(jhy/n)
where hj is the normalised pulse height in counter j, hav is the
weighted average of pulse heights for all the counters, hq is the
pulse height for a fractionally charged particle and Dj is the

standard deviation of the pulse heights of such a fractionally charged

particle in counter j. Events with € < 4,0 were selected comprising

45% of all possible quarks.
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In the same notation the acceptance for the present

experiment would be:

- 2, 2, ‘
2 (b= )% <2 (%5 <204)
J :

hy

The essential difference is the factor Hi and is 0,20 for

o . q
e quarks and 0.32 for %e guarks, If this factor is included to

make the acceptance similar to that of Kasha et al., the limits
would be:
C < 30 for e quarks
'C <12 for %e quarks
Thus the present selection is much wider fhan that of Kasha et al.
An important'parameter when the pulse height distribution cannot
be defined precisely.
The Kasha group have proceeded {1967c) to build a momentum
spectrometer at 1 50 to the horizontal (= 4000 gm cm-z) comprising
of scintillation counters, spark chambers and bending magnet.
It is expecte& that at such depths the majority of quarks will be
‘non-relativistic. The particles are identified by their momentum,
charge, and time of flight through the apparatus. Preliminary
investigations give a limit of 2.8 1072 on™? sterad 'sec” at
90% confidence for particles with mass > 5 GeV an@: 0.50 < P < 0.75.
.The Massam and Buhler-Broglin group have published three papers.

The first, Massam et al. (1965) is a search for £e quarks using a

telescope of six scintillation counters., The analysis was based
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on the pulse heights from the six counters alone. In a search for
3e and %e quarks, Buhler-Broglin et al. (1966), two spark chambers,
each with four 8 mm gaps were incorporated in the initial telescope.
They were filled with a 3:7 helium-neon mixture and operated at zero
clearing field when their sensitive time was 60/»sec. The estimated
gap efficiency for %e quarks was 60%. If a particle was
incideng in the 1OO/Asec before an accepted event, its existence
was recorded. This eradicated possible events where previous
particles could simulate quark tracks.

All events were rejected on either pulse height date or on
an inadequate track in the spark chambers with the result as shown
in the Table 5.2, The validity of this experiment as with the
present experiment, depends largely upon the value of 60/ given as
the gap efficiency for 4e quarks. In the case of flash tubes the
sensitive time was 100 /usec and this as explained in Chapter 2 is
equivalent to an efficiency of 60% after a delay of 5/msec. This
is comparable with the data on the spark chambers.

The third paper Buhler-Broglin et al. (1967) is concerned
with the search for gquarks of charge %e. This is regarded as a
combination of two %e quarks. The combination is expected to
have a lower mass than a single gquark and hence be more readily
produced in proton-nucleon interactions.

The experimental set-up is the same as the previous paper

with the main difference that it was covered with 80 cm of iron
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(mean thickness for cosmic ray muons ~ 790 gm cm_z). This
reduced the cosmic ray flux by 30%. Because of the long tail of
the energy loss distribution, the rate of singly charged particles
will restrict the detectable upper limit of % e quarks. The iron
also means that any quarks detected would be leptonic in character.
The 1limit was taken up to the expected background with the result

as shown in Table 5.2.
Sunjar et al. (1964) operated a telescope of seven cylindrical
scintillation counters with an anticoincidence counter entirely

surrounding the telescope at half height in a search for e guarks.

5

During the running time of 1 month ( = 3.5 x 10 muons), 1 event

within the selection criteria was detectzd. This event had pulses

in two counters with height twice that expected and the probability
N

of this being due to a single quark is given as 4 x 10 .

5

muons, this

- - - -1
is equivalent to a rate of { 4.3 x 10 8 cm 2 sterad sec .

Accordingly, the rate of quarks is given as {1 in 10

The experiment of Delise and Bowen (1965) in a search for 3e
and %e'quarks is significant because it was performed at mountain
altitude at an atmospheric pressure of 760 gm cmcz. The thickness
of the telescope is quoted at 48 gm cm-2 although no allowance is
made for possible nuclear interaction in the final rates. Because
of the absence of a visual detector, certain events could not be
rejected so that the result is nominally positive as in the paper

of Kashe et al. (1966). The quoted upper limit in an order above
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that for experiments performed at sea-level.

The telescope of Lamb et al. (1966) consisted of six
scintillation counters and & single layer of proportional counters
and was used in a search for e and %e quarks. For the analysis
of the scintillation counter p.ilses a similar function to that used
by Kasha et al., is defined:

¢ o= Zny- by )/(8; b, )2
where Sj is the percentage half width at half heignt of the pulse
height distribution (3e, %e, or e) for counter j. For a Gaussian

. . . D.
distribution S. = 1.15 hJ x 100%

! q

A further selection incorporates the proportional counters where

: h - hav 2
D = C+ (R—27)

Sp hav
and Sp is equivalent to Sj for the proportional counter. Events
are selected for C < 6 and then D { 9.

As well as reducing the acceptea background daﬁa by the increase
from six~fold to seven-fold coincidence, the proportional counter
has the advantage of being more sensitive to gamma radiation than
the scintillation counter and therefore the background, especially
in the Ze region, will be further reduced. The selection gave one
event in the %e region and ten events in the Ze region (the latter
being mainly in the beginning of the muon distribution). The rates

are given in Figure 5.2 and include the probebility of & quark

2

interacting in the 60 gn cm™? of the telescope and the 20 gm cm
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of the roof immediately above.

The telescope of Gomez et al. (1967) was used in a search for
%e and 5e quarks. The stack comprised of twelve scintillation
counters arranged in six layers and two four-gap spark chambers.

A system was included to indicate the passage of a previous particle
in the sensitive time of the spark chambers. The spark chambers
were assumed to be 100% efficient for both %e and %e yuarks.
Preliminary measurements suggested that fhe efficiency was above
90%. The minimum definition of a track was two sparks in one
chamber and three in the other chamber in line ( i.e. a track
efficiency of 62.5%). Tracks were not accepted if "extra particle"
lights occurred in the chamber, this is equivalent to rejecting
particles that were preceded by another within 10'ﬁﬂsec or followed
by one within 1/Asec. %ith this assumption the upper limits

with 90% confidence are given as 1.7 x 10-10 and 3.4 x 10-10 cm-2
sterad-1 sss:c-1 for 4e and e quarks respectively.

Finally, the experiment of Barton (1967) was performed at a
depth of 60 metres water equivalent below sea level with a stack
comprising of six ligquid scintillation counters. The stack was
originally designed to measure the rate of muons penetrating
to that depth, the gain of the photomultipliers was increased to
make the telescope sensitive to particles of %e charge. This
experiment like that of Buhler-Broglin et al. (1967) is based on

the possibility that quarks may be weakly interacting. The rate
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of £e quarks is quoted as not greater than 3.9 x 10-10 cm_2 ster

-1
sec .

1

These experiments lead to a flux of quarks at sea-level of

-10 =2

<1.7x10° " em 0

4 -1
‘ster  sec  for charge ze and £ 2.7 x 10
- -
om @ ster” | sec  for charge %e both quoted with 90% confidence.
Bxperiments at mountain altitude have only given limits of +$ 10-'8

with 90% confidence for e and 5e quarks.

5.4 The search for gquarks by indirect methods

A search has been made for negative quarks which have been
proguced in the atmosphere, thermalised and then absorbed into
the nucleus of some atom. This has the initial advantage that
although the flux of guarks in cosmic rays is < 10_9 cm-2 ster.«a.d.-1
sec-1 the collection time for quarks will be the life of the earth
~ 5 109 years., If the rate of cosmic rays is assumed constant

- -1
over this time the total flux would be 1.63<108 cm 2 sterad .

This would lead to a concentration of quarks of.v10-18 per atom
assuming all quarks are evenly absorbed in the first 1000 gm of
the earth's surface. "

Nir (1967) has worked out a merit factor, M for the concentra-
tion of quarks in various materials based on the following factors:

1 The depth intensity of quarks in cosmic rays.

2 The length of the irradiation time of the sample.

3 The enrichment in the collection of the sample.

The dilution of the quark material by other material.

=
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5

Typical values of M are 10 forsea water, 3x10” for aerosols in the
troposphere, 3x109 for aerosols in the stratosphere and 108 for
rmeteorites.

McDowell and Hasted (1967) consider the case of negative quarks
absorbed into the oxygen nucleus in the oceans. Capture will
cause dissociation of the water molecule and the quarked oxygen
will eventﬁally leave the ocean and be carried to a height of 50 km
by the vertical component of the atmospheric electric field. The
authors suggest that collection of air in 104 gm of charcoal at
this height andvsubsequent analysis by mass-spectrometric methods
should give for a negative result an upper limit of 10-12 crn-'2 sec:‘;1
for the quark flux.

In the treatment of samples it is important to ensure that the
chemical procedures in processing the sample do not in fact remove
the object of the search. For this reason previous Millikan oil

drop experiments and the experiment of Hillas and Cranshaw (1959)
are insensitive to quarks.

Chupka et al. (1967) have exploited this technique for the
search of negative gquarks in the air at ground level, sea water
and iron meteorites. Samples in a gaseous form were passed through
a strong eléctric field and negatively charged atoms would be
collected at the anode. The collection plate was then placed in
a positive field and the negative atoms accelerated onto the first

dynode of an electron mutliplier. The number of output pulses was:

~ 6% -




recorded as a function of time. For the sample of iron meteorites
positive and negetive particles were also observed in a mass
spectrometer, in this case all masses observed could be identified
with known atoms and molecules but the limits for quark concentra-
tion were not taken very low. The results of the counting experiment
are shown in Table 5.3,

The result for iron meteorities is not a reduction on the
upper level of the quark flux given by direct measurement b the
results for air end sea water appear to give a much loper level.
However, McDowell and Hastéd have pointed out that owing to the
atmospheric electric field no quarks will be expected in the air
at ground level, (Nir did not take this into account when
calculating the merit féctors).‘ Also the authors admit idiosyncrasies
in the results of the air sampling data. In the case of the sea
water results the most important factor is the irradiation time
of the sample. Nir assumes that the guark will be preferentially
absorbed by the heavier elements such as aluminium and iron and
gives a time of 10.j years so that the concentration for guarks
would be ~ 10-26 per atom. If the assumption of McDowell and Hasted
is correct the concentration will be even less than this.

This method therefore, although basically simple in concept
introduces many unknown factors into the determination of the rate
of quarks without giving an increase in the sensitivity of detection
except possibly for samples from the stratosphere.

A different approach to captured gquarks in matter was adopted
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air

water

MEDIUM

iron
meteorites
aig

25°C

200°¢

dusg
200°C

wager"
25°C

200°¢ i

' !
L

# calculated assuming irradiation time of 10 days

%% calculated assuming irradiation time of 10

Nis the number of molecules sampled

N

10'?

33

3 10
3 10°3

10°
7 10%
7 10%

' NUMBER OF ' CONCENTRATION' MASS OF
' COUNTS

104

102

10

106

102

5x10

L

t

1

PER NUCLEON  GUARK

- - . A

10-17

1072

10-30 10 Gev¥

3 10727

5 1072/

3 4072k 50 Gev*
-

9 years

Table 5.3 Results of the e xperiment of Chupka et al. (1966)




by Sinanoglu et al. (1966). Their search for negative ie quarks
was directed to the 'quarked' atoms of carbon, nitrogen and oxygen
in the sun. These atoms should exhibit distinct electronic spectré
in the ultra-violet region. Lines were credicted and a search made
in the solar spectrum., Although certain lines were found to be
correlated for the carbon and nitrogen atoms, the overall result
was negative, and the upper limit for the concentration per nucleon
of 'quarked' atoms.was less than 10-4. |

In cosmic reys, an indirect method was adopted by Ashton and
Coats (1967). The aim was to search for a discontinuity in the
,energy.spectrum of neutrons at sea level, If the fraction of
nucleon collisions above threshold in which a nucleon dissoéiates
into quarks if f, then the fraction of nucleons reaching sea level
is C1—f)5 for 5 nuclear collisions in the atmosphere. Thus above
threshold (equated to sea level energy) the spectrum should
exhibit a downward displacement. For a guark mass of 10 GeV, the
discontinuity at sea level is expected at 90 GeV. For f = 0.1
the displacement would be ~ 50/%. The results of the experiment
would nominally substantiate these figures which would, of course,
produce a notabl: flux of guarks at sea le&el. The sources of this
discrepancy in the experiment could lie in the assumption of the
incident proton spectrum having a constant exponent and the
estimation of the neutron energy by measuring the size of the burst

produced by the nuclear interaction of the particle in iron placed
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9
immediately above a scintillation counter, This experiment is to
continue with a larger acceptance and a more refined technique for

the detection and energy estimation of neutrons.

5.5 Summary

The machine experiments have put a lower limit of the mass of
the quark as 4 GeV for quarks of charge: -3e, -ie, ie, Ze and e.
The results of cosmic ray experiments to date give the upper limit

of the rate with 90% confidence:as:

-1 - -1 -1 .
<1.7x10 0 cm 2 sterad sec  for e quarks

-1 - -1 -1
and € 2.7 x 10 0 em © sterad sec for e quarks.

Indirect experiments have been unable to reduce these values.
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CHAPTER 6

RESULTS OF THi ToLESCOPE sXPERIMENT

6.1 Selection criteria and effective running time

The selection criteria, counting rates and running time for all
runs is shown in Table 2.1. The experiment was performed in two
parts. The first, called the T series, was a search for relativis-
tic %e quarks, the selection would also permit non-relativistic e
and %e quarks over a certain range of velocities to be accepted.
The second, called the Q series, was a search for relativistic ze
- quarks in the lower selection and relativistic %e guarks in the
upper selection, again non-relativistic e and %e quafks would be
accepted over certain velocity ranges.

To.select particles of sub-integral charge on their energy
loss in a counter it would be sufficient to discriminate against
particles of incident charge. In practise, however, it is also
necessary to employ a discriminator below the energy loss range of
the sub-integral particle to eliminate low energy background events.

In the T series, the required condition for acceptance was a
5-f'old coincidence of pulses from the counters A B D E F in the
range O;ZOE to 0.85E. In the first three runs the lower discriminator
was set at 0.05E, but due to weak electron-photon showers incident
on the sides of the telescope, the rate of events was intolerably
high and so the level was increased to 0.20E for the remainder of

the run.
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In this selection as in the selection ofhée quarks in the y
series, there will be a considerable number of muons from the
section € 0.85F of the muon pulse height distribution. To distinguish
between quark candidates and muons in the final analysis the upper
limit of ¥ for gquark candidates is taken as 0.65E. From the expected
¥ distribution of relativistic Ze quarks ) 99% will have v <

0.65E., If the lower portion of the muon distribution is assumed

0.40
2-3

standard deviations from the most probable pulse height. The

to be Gaussian, 0> = = 0.174, and therefore 0.65E lies at two

fraction below 0.65E is thus 2,3 x 10-2 and for a six-fold coinci-
dence the fraction will be 1.5 x 10-10. The six-fold rate of muons
is ~ 30 sec-'1 and hence in 1000 hours with ~—108 muons, the number
with ¥ < 0.654 will be ~ 1.5 x 1072, This level of 0.65E
puts a lower limit of F = 0,8 on the acceptance of non-relativistic
%e quarks and correspondingly of P= 0.4 on Je guarks,

In the § series the lower acceptance for relativistic
%e guarks was a six-fold coincidence of pulse heights in the
range 0,058 to 0.30E and the upper acceptance for relativistic
Ze quarké and non-relativistic e quarks was a five-fold coincidence
ABDEF of pulse heights in the range 0.30E to 0.85£ in coincidence
with a pulse of height > 0.30& from countef C.

Slight fluctuations in the discriminator settings can

be expected. For every run, therefore, the pulse heights in terms

of & for all events were plotted for each counter. This gave an
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experimental value of the acceptance range for each counter.

From the expected e quark and %e quark pulse height distribu-
tions for a single counter the fraction of incident quarks accepted
in such a pulse height range can be calculated. These values for
the six counters can be multiplied together to give the total fraction
of relativistic quarks accepted. For the acceptance of non-
relativistic quarks, the most probable energy loss given by
Sternheimer is proportional toF”2 (Chapter %), thus the pulse
height distribution for relativistic %e quarks is also that for
%e quarks with P = 0.5, and the ffaction accepted will be the same,
For the acceptance within this range of F the actual discriminator
value was multiplied.by’Fz and the fraction found from the
relativistic distributions. As mentioned in Chapter 3 the Landau
curve for non-relativistic particles has a shorter high energy tail
and hence this method will -give :: a slight under-estimate of
the actual fraction.

As stated above the limit in the T series is f = 0.8 for Ze
guarks and ﬁ = 0.4 for e quarks. In the § series the resolving
time (10n sec) of the coincidence system increases the lower level

for je quarks to P = 0.5,

6.2 Procedure in analysis

For all events the cathode ray oscilloscope (C.x.0.) film and
the front flash-tube film was scanned. The six pulse heights on the

C.R.0. were measured and the data was then computed to give the
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output pulse height from each counter in terms of & and the mean
¥V, the standard error on the mean oK, and </y % were calculated.
If the front flash tube view had a track (i.e. three flashes in
different trays in a straight line) the side flash tube film for that
event .as scanned.to see if the track was reproduced.

The data was divided into events witho/y £ 20% and «</v D
20% and into events with a track in both flash tube views and events
with no correlation (n/c) in the flash tube views. Quark candidates
were initially accepted for «/v € 20%, V < 0.65&, and a track
in both flash tube views, Similar events with v Y0.655 will be
mainly muons.although some electron-photon showers with the
necessary conditions satisfied will be included. &vents with
</V > 20% with or without a track will be mainly electron-photon
showers although a few muons will be included.

The quark candidates accepted can be one of three possibilities:

1) Genuine quarks such that they fulfill the expected
characteristics; i.e. for relativistic %e quarks, a most probable
</v = 8.0% and 90% of such quarks with </V€12.5%, a mean pulse
height such that 90% lie within the range 0.40E to J.55E, and a
flash tube track efficiency of 805 with a low number of background
flashes; and for relativistic 4e quarks, a most probablee/y =
11.5% and 90% of such quarks with</v < 16%, a mean pulse height
such that 90% lie within the range 0.09E to 0.14E, and a flash tube

track efficiency of 60% also with a low number of background flashes.
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2) A sample of electron-photon showers which would normally
be n/c data and would have a random pulse height distribution in
the accepted range with the corresponding values of «/ ¥ 7.

The track in this case would be expected to be very low in

efficiency with considerable background.

3) Pulse heights from an electron-photon shower with the
characters described in 2) with a track due to a previous muon
(as discussed in Chapter 2 the éxpected rate of these tracks is
~1 in 140). A good track would be observed but the background

would be associated with the actual triggered event.

To distinguish between these types of track in the flash
tubes the merit factor N/M is used, with N and M as defined in
2.4.2. In that section it was shown that J0% of muons have N/M
>2.0 in both flash tube views. The layer efficiency of the flash
tubes for quarks relative to muons is 1.0 and 0.75 for Ze and ie
quarks respectively, therefore 90/ of Ze quarks have N/M > 2.0 and
90% of e quarks have N/M ) 1.5.

The expected distributions of N/M for events of type 2)
and 3) are dirficult to estimate (8 events of type 3) have been
measured and the N/M values are plotted in Figure 2.17) however the
-following éualitative picture will show the extent to which the
criteria can be usefully applied. £Events of' type 2) and 3) both

contain the flash tube data associated with n/c events which in

both cases is essentially background. Ffrequency distributions of
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the number of flashes in the front and side views for n/c events in
the T,.q upper and g lo.er selections are showm in rigure 6.1. Thus
in the T and y upper selections ~ 504 of events will haverﬁ)1b S0
that even for a track eificiency of 1005, 506 of events will have
N/M < 2.0 and so a comparison with events of type 1) is possible.
In the w lower selection, the most probable number of flashes in
a n/c event is 2 in both views which is the most probable background
for a muon. Hence although events of type 2) will have low N/,
events of type 3) are likely to have similar values of N/M as a
genuine quark candidate and the usefulness of the merit factor is
limited.

In the final énalysis of yuark candidates, events are
accepted if the values of < /V 7% and N/M lie within the 905 limits.
For relativistic e quarks this is equivalent tox/¥V < 12.57% and

N/M > 2.0 and the relativistic ze quarks« /v <16.0% and N/MX1.5.

6.5 The T series analysis of events

The T series consisted of 70 runs over a period of 13 weeks.
With a useful running time of 1255 hours, the effective running
time for relativistic e quarks is 1002 hours and the effective
running time for non-relativistic %e and %e guarks as a function
of pis shown in Figure 6.2,

The total number of events was 2851 and the breakdown of these
events is givén in Table 6.2; The initial analysis gives 13 quark

candidates and their values of Vv, </V %, and N/M values are given
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Total number of

events
2851
r_;_-—-”" i \m.
Number with track in Number with no correlation
both flash tube views in flash tube views
1358
(of these 112 were muons 1493

out of geometry in A or .
F, these were rejected) 7

/

1246 )
N(VSUSE) N(V>-LSE) N(V$ ¢5E) N(V'>- (s€)

1233 1211
~

33 , 282 -
///'1\\\\\ e \\%\\ ,////\\\\H ,/// \5\\\

/v  N($20% ) N(320%) N($20%) N(>20%) N($20%) N(>10’).) N(s207%) N(>20%)

selection 13 20 1191 22 323 888 23 259
t ! T
guark candidates muons using factor 1 in 140 this

figure.. gives the number of
previous particles in the
quark candidates as 2.3+0.8

Table 6.2 Breakdown of events in the T series




— oy ‘ N : N
Number v “9ﬁ7 Z Nfront Mfront Mfront Nside Mside M side

GLRCS LR P S S 57 S R g
T19 0.51E 15.9 3 5 0.60 3 y, 0.33
T48 0.278 16.7 10 16 0.63 4 10 0.40
T4L9 O,56E 19.0 5 17 0.30 8 10 0.80
751 0.618 18.6 8 8 1.00 7 3 2.33
T52i 0.49E 145 10 20 0.50 &4 11 0.37
T52ii  0.33E 18.1 8 30 0.27 & 11 0.37
T53 0.638 16.8 6 2l 0.25 6 1 0443
755 0.22E 12.5 9 17 0.53 5 16 0.31
756 0.49E 19.7 & 8 0.50 6 5 1.20
T611 0.438 13.1 7 12 0.58 7 7 1.00
T61ii  0.34E 9.8 8 26 0.31 12 K 1.09
T61iii  0.,52E "10.3 9 22 041 3 4 0.75

Table 6.5 Values of scintillation counter and flash tube data
for the 13 gquark candidates in the T series




in Table 6.3. The flash tube diagrams for the guark candidates are
shown in Figures 6.135 to 6.13 at the end of the Chapter. In the
13 candidates, 2.3+ 0.8 previous particle tracks are expected.

4 frequency distribution of ¥ for the 13 candidates and the 1191
muons is given in Figure 6.3, this emphasises the sharp decrease of
the lower part of the muon distribution although it .ill include
a few electron-photon shower events. The range of vy for the quark
candidates is virtually over the whole range of possible values
and extends to lower values than those of the expected %e quark mean
pulse height distribution, From this distribution the fraction
with v < 0.40E is 3.5 x 10-Z and hence the five candidates below
this level must be regarded as non-relativistic ze quarks. Also
shown in Figure 6.3 is the frequency distribution of Vv for n/c
events with=</V £ 20%. If these candidetes are notgenuine yuarks
but events of type 2) and 3) the pulse height data should follow
the same distributions as n/c events with=/v § 20. 4 comparison
of“ the distributions in Figure 6.3 shows that the gquark candidates
are a ¥easonable sample of the electron-photon shower data. For a
further comparison of the two sets of data a scatter plot of the mean
pulse height V against =/V 7 for tne quark candidates and n/c data
with «¢/yV € 20% is shown in rigure 6.4. This shows that the frequency
of quark candidates increases with the frequency of n/c data, whereas
90% of 2e quarks should have</¥ <12.5/%. A final comparison

&s shown &n Figure 6.5 where a frc?quency‘ distribution of «/V ; for
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all n/c events in the T series (excludiﬁg thé first three runs whére
the lower discriminator was at 0.05k) is compared‘with'that for
events with a track in both flash tube views;,

- A quantitative comparison of thesé distributions 1s difficult
because of the low number of quark candidates,h6wever such events
display a typical representation of the electfon—photon shower pulse
height characteristics. Ii', indeed, the pulse height information
is a sample of such showers, the flash tube data should be of all
type 2) and 3) where low values of N/Ii compared with the 30 limit
for 4e quarks (i.e. N/M > 2,0) are expected. A plot of N/M for the
front and side views of the 13 guark candidates in the T series is
shown in Figure 6.6. One event has N/N » 2.0 and in the side view
only, this is T5% with %/v¥ = 18.6%.

Three candidates are within the 90% limit of /v /%, they are

755, T61(ii) and T61(iii), none have the required N/M values.

6.4 The ¢ upper series, analysis of events

The § upper series consisted of 89 runs over a period of
20 weeks. The useful running time was 1311 hours and with the
correlation for acceptance the effective running time for reletivistic
%e guarks was 1116 hours. As with the previous selection the lower
limit of P for £e quarks was 0.8, but as explained earlier the lower
limit for e quarks is 0.5. The effective running time for e and

Ze quarks over these ranges of F is shown in Figure 6.7.
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Total number of events

365
/—'- . ’ T .
Number with track in Number with no correlation
both flash tube views in flash tube views
287 ‘ 28
(of these 95 were muons
out of geometry in A or
F, these were rejected) \\
192 N\
N(V <-C5E) N( ¥ >(SE) N(TS-LSE)  N(¥>-U5E)
3 189 - 32 46
N AN AN
/ A / S / N / ‘\q‘
</ v N(€20%) N(*R9/) NE29%) N(>207) N(§20%) N(20%) N(£20%4) N(S20%)
selection 1 22 177 12 13 19 12 34
2 p P
quark candidater  muons using factor 1 in 140 this
figure gives the number of
previous particles in the
quark candidates as
09 + .03
Table 6.4 Breakdown of events in the y upper selection for

runs Y1-49 where the previous particle indicator
was not incorporated.




Total number of

events

586

——

Number with track in -
both flash tube views

487
(of these 62 are muons
out of geometry in A
or ¥, these were rejected)

425

£33

N(¥ K- ¢sE)

N(> -'c;ss)
119

.

</ N(§R9%) N(O29%) N($202) N(>29%)
selection 1 5 407 12

f 1

quark candidate muons

T ——
T ——

Number with ﬁo correlation
in flash tube views

99
A
i .
N(v & (SE) N(¥ >-¢5E)
23 76

A

N(g2%) N(29%) N(s207) N(20%)

12 11 22 54

A A

!

using factor 1-140 this

figure gives the number of
previous partiles in the

quark candidates as .09+ .03
In fact none were indicated by
the previous particle detector.

Breakdown of events in the { upper seléction for
runs §50-97 where the previous particle indicator
was incorporated.

Table 6.5




oV %A% Neront Yeront R side Msige §o .o
GU18  0.L6E 12.5 14 37 0.38 8 . 14 0.57
QUSL  0.63E 18.9 9 L 2,25 8 8 1.00
WL11  0.13E 19.9 19 5 3.80 13 5 2.60
QL13  0.11E 18.1 5 16 0.31 6 8 0.75
QL14  0.06E 18.9 8 17 0.47 3 9 0.33
QL26  0.16E 11.7 & 7 057 5 6 0.8
QL38  0.18E 13.1 12 18 0.67 6 6 1.00
QLL5  0.11E 15,0 9 '3 3.00 13 5 2.60
GL66  0.168 17.2 9 2l 0.38 &4 5 0.80
QL7% O0.14E 18.0 8 5 1.60 3 0 oo
QL84  0.17E 13.0 8 29 0.28 9 20 0.45
¢L88  0.14E 18.2 10 22 046 9 11 0.82

Table 6,6 Values of scintillation counter and flash tube data
for the 2 quark candidates in the y upper selection
and the 10 quark candidates in the § lower selection




The breakdown of the events is in two parts because of the
inclusion of the previous particle indicator at 450, the breakdowns
of 1-49 and Q50-97 are shown in Tables 6.4 and 6.5 respectively.
The initial analysis give two quark cendidates one in each half and
the expected number of previous particle tracks is ,09 + .03 in
each half. In the runs @50-97 no previous particle was indicated.
The values of Vv, /¥ % and N/M for the candidates are given in
Table 6.6 and the flash tube diagrams in Figure 6.20. The low
number of candidates compared with 13 in the T series is because of
the tighter selection. This emphasises the electron-photon shower
nature of the candidates in the T series.

The results are treated in the same manner as those for the
T series. A fregquency distribution of V for the two candidates
and the 584 muons is given in figure 6.8 together with a frequency
distribution of ¥ for the 59 n/c events with>/V € 20j. A scatter
plot of V against =%/ V % for the two quark candidates and the n/c
data with </V € 20/ is shown in Figure 6.9. The frequency distribu-
tion for all events in the Q upper series is shown in Figure 6.10.

Again the quark candidates exhibit the pulse height character-
istics more general of electron-photon showers than the expected
behaviour for £e quarks.

The N/M values of the two quark candidates are plotted in
Figure 6.6. One event has N/M 2.0, but only in the front view,

‘this is QUS4 with %/V = 18.9%. One candidate is within the 90%

_75_



*saTass P ayyz aog w\momvm Y3TM sjuaad J0J 3udtey asTnd uesw JO UOTINQTIFSTP Lousnbaad 8°9 aamItg

¥ JOo swaag utT 3yiroy esynd ueswm

oo.v 6% 9°0 60 #°0 €0 0
T T ] = . °
¢ I 4 4 0§
oL - 5004
GL - , : saqny Ys®eTJ :ﬂ.o\s yaTa mwsm;m 06

‘suonm ®3g ‘§9%48PTPUBD wm\w Z _ $9838PTPUBD mm\_‘ 0 ]
b . ) — Of
I . : : 5
i a - S . oz
saqny YseTF UT HOBIJ YJFTM SJUSAS
L] (1 (Y Iy Y 1 K} 1. [P 3 Y i S - ::“I.\!‘- ..!...— . {} '} | . - Om
A uot3oetes Joeddn P —~ —¢ U0T30979s .Hmao..n By >

fousnbaag




: -~ o
*saTaes Jaddn B 8yj3 UT S93BPTPUBD Maenb oyy pue SIUSsAS o/u Jo03 b\?uprHmma A Jo 301d 1833809 6°9 2anZTd

% £

0c

‘81 9t 1 4! oy 8 w . 4

4

L T { N ¥ ¥y f 1 ) ) ) e | ¥ ' ;

.S933%PTPUED Nasnb w

* . .
4 - se R ]
-
*
e - .
> o » "' . .
° c e ’ . ]
- [ 4 o L L4
. . . . —. .
. ,

%°0

9°0

8°0

¢*0

O.v.

T Jo swxsg ur qyftey asTnd usow



¥ T ) 1 f 1 1 ) ] g ¥
. duoL T‘-LJ- ]
Q lower series . n/c in flash tubes |
A e ‘
“:t20t , i
16000 ]
80 L i |
-~
0 :
§ 60f ]
o
B
P ]
& "
40 L ]
20 L d
b .—0
. o track in 77 N
0 — — [1 = flgsh tubes
12 i~ Q upper series n/c in flash tubes 1
8L i
4 L d
. ¢
4.0 L —]
f track in flash tubes
. . J R ' ) nl-l' ) nr—rl. N i " 0 IlA~
0T g g~ @ 52 Lo - 48
Figure ‘6,10 Frequency distribution of o(/\'r' % for n/c data

" and events with track in flash tubes with
, V€0.65E for the Q series.” . '

X
v

nO




limit of =/ V %, this is @U18, but it has not the required N/M values.

6.5 The Q lower series, analysis of events

Three important points to note in the ¢ lower selection are:

1) Because of the increased width of the expected pulse height
distribution in a single counter the 90% limit of %/¥ ;6 is increased
to 16%. This means that a greater fraction of q/c events are
capable of simulating quarks.

2) The large number (2273) of n/c events accepted not only
givés &8 further increase ip events simulating quarks but also an
increase in the number of previous particle tracks wnich can appear
as quark candidétes.

3) The low number of flashes in the front and side views in
the n/c data which leads to values of N/M for previous particle

tracks which are similar to those expected for yuark cendidates.

The last two arguments refer only to the runs yl-49 where in
previous particlé indicator was not incorporated in the selection
system.

The  lower series consisted of 95 rums over a period of. 20
weeks. The useful running time was 1646 hours and after correcbionn
for acceptance the effective running time for relativistic se quarks
was 1445 hours. The effective running time for non-relativistic
e quarks as & function of F is.given in Figure 6.7.

The breakdown of events is again done in two parts and shown

in Tables 6.7 and 6.8 for WL1-49 and (L50-97 respectively. In
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Total number of events

893
Number ﬁgih track in Number with Ho correlation
both flash tube views in flash tube views
‘9 88&
/\ - \\\
P y X 3 709 & =
N(Z €72) N(Z>20%) N(= <R97) N(=>20%)
6 3 379 505
guark candidates using factor 1 in 140 this
figure gives the number of
previous particles in the
quark candidates as 2.7+ 1.0
Table 6.7 Breakdown of events in the () lower selection

for runs Yi1-49 where the previous particle
indicator was not incorporated. ’




c——— "

Number with track in
both flash tube views

Total number of events

g —

\T,. - ———— [

20
NES20%) N(E>200)
7 13
/:/‘ \\ -

nunber with number with
no previous previous
particle particle

" 3
1\

quark candidates

Table 6.8

number with
no previous
particle

8

Breakdown of events in the Q lower selection for

1391

TR UM L o ciomes o o
T T

Number with no correlation
in flash tube views

1371
N(S<29/) N2y 20%)
598 775

number witn
previous
particle

5

using factor 1 in 140 this
figure gives the number of
previous particles in the
quark candidates as 4.3+ 1.5
compared with 3 detected.

runs $50-97 where the previous particle indicator

was incorporated.




WL1-49 the initiel analysis gives 6 quark candidates and the
expected number of previous particle tracks among these &:is
2.7 310.9; In @L50-97 the initial analysis gives 7 quark candidates
where 4.3 + 1.5 previous particle tracks are expected. In fact
5 events occurred where a previous particle was indicated and so
these were rejected to leave 4 quarks candidates in @L50-97,
leaving 10 candidates in the whole series. The values of v ,
%/V % and N/M for the 10 quark candidates are given in Table 6.6
and the flash tube diagrams are given in Figures 6.21 to 6.25.
The freguency distribution of V for the 10 quark candidates
is shown in Figure 6.8 together with the frequency distribution of
V for the n/c data with «</V € 20%. The scatter plot of 7. against
</V % for all the data with </ V € 20% is shown in Figure 6.11.
The frequency distribution over all velues of ®/¥ % for the quark
candidates and the n/c data is shown in Pigure 6.10. Here again
thé quark candidates it the overall distributions of the n/c data.
The values of N/M for the 10 candidates are plotted in
Figure 6.6. Three candidates are within the 90% ievel of N/M.
They are events wL11, 45 and 74 with values of %X/V of 19.9% 15.0,
and 18.0% respectively. Of these events @11 and 45 could be due to
previous particle tracks and electron-photon shower pulse heights.
Four events are within the 90; level of X/V 7. They are events L,
26, 38, 45, and 84. The event QL45 is included in both selections.
Since in QL1-49, 2.7 + 0.9 previous particle tracks will occur

in the quark candidates and as explained earlier these tracks have

-77_
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a higher probability of large N/M values the track in event GL45
could be due to a previous particle. Therefore it is important
that the previous particle track events in‘QLT—h9 should be
identified and rejected from the quark canaidates. This is done
in the following way.

The N/M values for the 6 quark candidates from (L1-49 are
compared with those oi the 8 track events from the random pulsing
run and the 8 events in which a previous particle had been indicated
from (L50-97 and shown in a scatter plot in Figure 6.12. All
the previous particle events lie outside the square for N/M = 1.0
and form a distinct group. The 6 quark candidates are divided into
2 distinct groups, a group of 4 with values of N/M 1.0 and the group
of 2 with values similar to the previous particle group. Now the
number of previous particle tracks in QL1-42 is 2.7 +0.9, that is
at least 2 previous particle tracks. Thus the group of 2 guark
candidates, GL11 and 45, must have previous particle tracks and
hence must be rejected from the quark candidates.

This leaves only one event in the (L series with N/M values
within the 90% limit, this is event yL74 and as mentioned earlier

is rejected on its </y % value.

6.6 Upper limit on the rate of guarks

From the 25 quark candidates initially accepted on the basic
track and %/V € 207 criteria, none are accepted on the 907% limits
of */¥ % and N/M. Of these events ~5 can be explained as electron-

photon shwers with a previous particle track. The remainder must
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be regarded as electron~photon showers where the components of the
shower have been sufficient to define a line of flashes which is
taken as a single particle track. The comparison of the candidates
with the n/c data which is typical of low energy electron-photon
showers indicates that this is the case.

For no guark detected the upper limit oi’ the rate with 90ﬂ\
cohfidence is equivalent to 2,3 detected., Ffor an acceptance of 90,0
in values of %/ ¥ % and N/M the effective running time is reduced
by 0.81.

For relativistic %e quarks the effective running time is 1002
hours and 1116 hours for the T and { upper series respectively.

For the final acceptance this becomes 812 hours and 900 hours
respectively. These times are added to give the rate of relativistic
Ze quarks with 90% confidence as:

-11 - -1 ~1
{ 8.0 x 10 cm 2 sterad sec

For relativistic %e guarks the effective running time is 1445 hours,
for the final acceptance this becomes 1175 hours. The rate of
relativistic fe quarks with 90/% confidence is:

- - -1 -1
{1.2x10 10 on2 sterad  sec

¥or non-relativistic fe and %e quarks, the effective running
time as a function of Ff&wm both series was added for all possible
values of f. The upper limit for fe and $e quarks as a function of

$ is obtained and shown in Figure 6.15.
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6.7 Two extraneous events

Throughout the $canning and analysis all events were carefully
scrutinised for possible quarks which were outside the selection
criteria on flash tube or pulse height data. Two such events
occurred, one in T7 and the other in QL6L .,

The pulse height information and flash tube diagram for the
T7 event is shown in Figure 6.19. This event is interesting because
the side flash tube view shows the track out of geometry in counter
A, which is why it was rejected. However, although the output
pulse height from counter A is small (0.20E) compared with other

counters ( ¥ = 0.,458), it is still considerable. This suggests

B-F
that the pulse heights may be associated with an electron-photon
\shower and the track that of a previous particle. The large
number of background in the flash tube views would suggest this
too. The event would also be rejected on its N/M values.
For the QL64 event the pulse height and flash tube data is

given in Table 6.8.

Table 6.8 Values of pulse height and flash tube
data for event WL6L

VA = 0,158 - )
Vg = 0.30E v = 0.15E  </¥ = 22.5%
° ¥igpoyr = 5 = 1+
VD = 0,14E
kn) _ 12 _
Vy = 0.04E Migpe =5 = 6.0
VF = 0.188

This event occurred when the previous particle indicator was

included and in this event no previous particle was indicated.

- 80 -



-~ However it is possible that particle could traverse the telescope
in the time (“’1/use¢) between the last pulse Aisplayed on the
C.R.0. and the application of the pulse on the flash tubes. At
a rate of muons through the telescope of 30 sec—1, the number of
frames for such an event is 3,3 x 104, for runs L50-92 the
number of events was 1391 and hence the probability of such an event
is ~1O-1.

The high value: of %/V 7 is due to the pulses from counters B
and E. 'IfAthe 4e quark pulse height distribution for one counter
is assumed Gaussian such that 6~ = 0,035E, the pulse from B lies at
54 0 and'that from E at 2 ov from the most probable pulse height 0.11&.,
The probability of a pulse height at 20; is 0,02 and at 5.4 o~ is
< 1077 and bence"the probability of the track being due to a
previous particle in the 1 /ASEC is much greater than the pulse
heights being in a %e quark pulse height distribution.

The nine background flashes in the front flash tube view are
all in trays Fa'and Fb with counter B between thém. Tnus the
large pulse in counter B could be associated ..ith these flashes
which could be due to some weak electron-photon shower accompanying

the quark. However this is the limitation of all telescope experiments

in that such events have to be rejected.

6.8 Conclusion
With no events of either e or %e quarks in the P ranges

studied, the 90/ confidence limit for the existence of quarks in
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cosmic rays at sea-level is:

. : -1 - -1 -1
for a relacivistic je quark < 1,2 x 10 lOcm 2ster sec .

, N I
for a relativistic $e quark < 8.0 x 10 cm zster sec .,

for a 3e quark, 0.4 <P<1.0 < 5.2 x 107 % %ster ' sec™.

-1 - - -1
for a e quark, O.8<f<1.0 (2.2 x 10 Ocm 2ster 1sec .

These rates do not include the possibility of the quark
interacting in the stack, in common with other workers. They
represent the lowest limit to date for the flux of quarks in

cosmic rays at sea-level.
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Diagram of relevant data on initial quark candidates. Pulse
heights from each counter are given together with V and «/v %
The flash tube views are shown diagrammatically with the
accepted track. The merit factor for each track N/M (where

N is the number of flash tubes in the track and M is the
number of background) are given for both views.

The candidates in the T selection are shown in Figures 6.13
to 6.19. The final diagram in Figure 6.19 is the extraneous
T7 event discussed in section 6.7.

The candidates in the ¢ upper selection are shown in Figure
6.20,

The céndidates in the Q'lower selection are shown in Figures
6.21 to 6.25.

% indicates that the previous particle indicator was included
in the system and for the particular events shown no previous

particle had been indicated.
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CHAPTER 7
SUMMARY

7.1 Limits on the production cross-section for guarks

For a limit on the production cross-~section for quarks the
expected rate for a fixed production cross-section has to be
compared with the upper limit of the gquark rate obtained in the
telescope experiment,

Because of the rapid decrease in rate with decreasing F the
expected rates given by Adair and Price for F > 0.7 can be comparéd
with the obtained rates for relativistic quarks. Adair and Price
have used an asymptotic cross~section of 1.O/Aban@ Hence the ratio
of the experimental rate of quarks to the expected rate for a given
guark mass gives the value 0@/1.Q/\bany where mh is the upper limit
of the cross-section for the given quark mass. This was obtained
for‘a range of quark mass 5 to 20 GeV and the result is shown in
Pigure 7.1 together with the theoretical predictions of the cross-
section,

Interpretation of these results depends on the particular
model giving the theoretical production cross-section. On the model
of Chilton et al. the upper limit of the guark mass is ~ 20 GeV and

on the model of.Domokos and Fulton the upper limit is ~ 6 GeV.

7.2 Future experiments

The results of the telescope experiment represent the best

value of the upper limit of the quark production cross-section and
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the rate of quarks in cosmic rays at sea-level to date. with no
quarks yet detected the design of future experiments will be
determined by two main facfors:

1) the theoretical estimates of the production cross-section

and _
2) the actual nature of the quark (i.e. integral or non-

integral charge).

If theproduction cross-section shows the rapid exponential
decrease with mass as predicted by Domokos and Fulton, detection
in cosmic rays will prove difficult unless telescopes of
acceptance ﬂv103 m2 sterad.are used.

On the actual nature of the quark, models have been postulated
to fit quarks with integral charge although these have not the
simplicity nor all the successes of the guark model with non-
integral charge. However, searches.have been continued in cosmic
rays (Kasha et al. (1967c)) by measuring the momentum and time of
flight of incident particles. Another method has been proposed by
Ashton (1965). In this the range of incident particles with
F<(O.75 would be measured. These would be selected by a water
Cerenkov counter and their subsequent range in a stack of scintilla-
tion counters, neon flash tube trays and iron would be measured.
Since the range of quarks will be increased by a factor -'mq/Mp
on that of protons they can be identified if they lie within
certain F and range limits., This experiment is at present in

preparation at Durham University.

-8, -




Acknowledgements

The author wishes to thank Professor G.D. Rochester for the
provision of the facilities for this work, and for his interest
and support.

He is grateful to his supérvisor, Dr. #. Ashton, for his
willing guidance and invaluable»help throughout the ﬁork. The
author would also like to thank Professor A.w. wolfendale for
his interest in the work, and for his freely given advice.

Members of the Cosmic Ray Research Group are thanked for
helpful discussion and especially Mr. G.N. Kelly and Mr. T.
Takahashi aré thanked for their friendly assistance.

The technical staff of the Physics Department, in particular
Mr. W. Leslie, Mr. K. Tindale, Mr. J. Wwebster and Miss P. wallace
are thanked for their willing help.

The author is grateful to Mrs. P. ¥Wilson for her patient
work in typing this thesis.

Finally the research Corporation of New York is thanked for
the provision of a Research Studentship and the Science Research
Council and the National Institute for Research into Nuclear
Science (Rutherford Laboratories) are thanked for providing much

of the equipment.

.- 85 -




REFBRENCES

P.I.C.C.R., : Proceedings of the International Conference on Cosmic
Rays. '

Adair, R.K. and Price, N.J., (1966), Pays. Rev., 142, 8ik.
Ashton, F., (1965), P.I.C.C.R., London, 2, 1108.

Ashton, ¥., Coats, R.B., Holyoak, B., Simpson, D.A., and
Thompson, M.G., (1965a), Nuc. Instrum. and Metheds, 37, 181.

Ashton, F. and Coats, R.B., (1965b), P.I.C.C.R., London, 2, 959.

Ashton, F. and Coats, R.B., (1967), Journal of Physics A (General),
To be published.

Barnaby, C.F. and Barton, J.C., (1960), Proc. Phys. Soc., 76, 745.

Barton, J.C., (1967), Proc. Phys. Soc., 90, 87.

Bingham, H,H., Dickinson, M., Diebold, R., Koch, W., Leith, D.w.G.,
Nikolic, M., Ronne, B., Husdy R,, Husset, P., and Veillet, J.J.,
(1964), Physics Letters, 9, 201.

Birks, J.B., (195%), Proc. Fhys. Soc., A6k, 874.

Blum, ., Brandt, S., Cocconi, V.,T,., Czyzewski, 0., Danysz, dJ.,
Jobes, M., Kellner, G.,, Millér:, D., Morrison, P.R.O.,

Neale, W., and Rushbrooke, J.G., (1964), Phys. Rev. Letters,
13, 353a.

Brini, D., Peli, L., Rimondo, 0., and Veronesi, P., (1955),
I1 Nuovo Cimento, Series X, 2, 1048.

Brooke, G., Hayman, P.J., Kamiya, Y., and wolfendale, A.w., (1964),
Proc. Phys. Soc., 83, 853.

Buhler-Broglin, A., Fortumato, G., Massam, T., Muller, Th., and
Zichichi, A., (1966), I1l.Nuovo Cimento, Series X, 45, 520.

Buhler-Broglin, 4., Fortunato, G., Massam, T., and Zichichi, A.,
(1967), I1 Nuovo Cimento, Series X, 49, 209.

Burnham, J.U., Rogers, I.ii., Thompson, M.G., and wolfendale, A.w.,
(1963), J. Sci. Instrum., 40, 296.

- 86 -




Charpak, G., Massonnet, L., and Favier, J., (1965), Progress in
Nuclear Techniques and Instrumentation, Volume 1, edited by
FoJ.M. Farley, published by the North-Holland Publishing Co.

Chilton, F., Horn, D., and Jabbur, R.J., (1966), Physics Letters,
22, 91,

Chupka, w.A., Schiffer, J.P., and Stevens, C.M., (1966), Phys. Rev.
Letters, 17, 60.

Cocconi, G., (1965), P.I.C.C.R., London, 2, 616.

Currie, W.M., Azuma, R.E., and Lewis, G.M., (1961), Nuc. Instrum,
and Methods, 13, 215,

De-Lise, D.A. and Bowen, T., (1965), Phys. Rev. 140, 2B, 458.
Domokos, G. and Fulton, T., (1966), Physics Letters, 20, 5L46.

Dorfan, D.£., Eades, J., Lederman, L.M., Lee, W., and Ting, C.N.,
(1965), Phys. Rev. Letters, 14, 999.

Fermi, B., (1950}, Prog. of Theoretical Phys., 5, 570.

Franzini, P., Leontic, B., Rahm, D., Samios, N., and Schwartz, M.,
(1965), Phys. Rev. Letters, 14, 196,

Frohlick, A., (1967), Nature, 215, 1362.
Fukui, S., and Miyamotoy S., (1959), Il Nuovo Cimento, 11, 113.
Gell-Mann, M., (1964), Phys. Letters, 8, 214,

Gomez, R., Kobrak, H., Moline, A., Mullins, J., Orth, C., Van Putten,
J., and Zweig, G., (1967), Phys. Rev. Letters, 18, 1022.

Gursey, F., Lee, T.D., and Nauenburg, M., (1964), Phys. Rev., 135B,
L67.

Hagiopian, V., Selove, W., EBhrlich, R., Leboy, E., Lanza, R.,
Rahm, D., and webster, M., (1964), Phys. Rev. Letters, 13, 280.

Hillas, A.M. and Cranshaw, T.E., (1959), Nature, 184, 893.

Kasha, H., Leipuner, L.B., and Adair, R.K., (1966), Phys. Rev.,
150, 1140, 4

- 87 -




Kasha, H., Leipuner, L.B., wangler, T.P., Alspector, J., and
Adair, R.XK., (1967a), Pays. Rev., 15k, 1263.

Kasha, H., Larsen, R.C., Leipuner, L.B., and Adair, R.K., (1967b),
P,I.C.C.R.,, Calgary, To be published.

Kasha, H., Hawkins, C.B.J., and Stefanski, R.J., (1967c), P.I.C.C.R.,
Calgary, To be published.

Kerns, ¢.A., Kirsten, F.A., and Cox, G.C., (1959), Review Sci.
Instrum., 30, 34.

Kobe, Z., (1965), P.I.C.C.R., London, 2, 893.
Landau, L., (1944), J. Phys. U.S.S.R., 8, 201,

Lamb’ R.C.’ L‘mdy, R.A., Novey, T.Bo’ a-tld YOV&HOVitCh, D.D"
(1966), Pnys. Rev. Letters, 17, 1068.

Lattes, C.M.G., Muirhead, H., Occhialini, G.P.S., and Powell, C.f.,
(1947), Nature, 159, 69k.

Leipuner, L.B., Chu, W.T., Larsen, R.C., and Adair, R.K., (1964),
Phys. Rev, Letters, 12, 423.

Lloyd, J.L., (1960), Proc. Phys. Soc., 75, 387.

Massam, T., Muller, Th., and Zichichi, A., (1965), Il Nuovo Cimento,
40, 589.

McDowell, M.R.C., and Hasted, J.B., (1967), Nature, 214, 235.
Morrison, D.R.0., (1964), Physics Letteré, 9, 199.

Nageno, M., and Shibata, S., (1965), Journal of the Physical Society
of Japan, 20, 685.

Nir, 4., (1967), Phys. Rev. Letters, 19, 336.
Peters, B., (1965), P.I.C.C.R., London, 2, 922.

Rossi, B., (1952), High Energy Physics (page 34), published by
Prentice Hall.

Schiff, L.I., (1966), Phys. Rev. Letters, 17, Tk,

Sinanoglu, 0., Skutnik, B., and Tousey, R., (1966), Phys. Rev.
Letters, 17, 785. .

- 88 -




Sternheimer, R.M., (1952), Phys. Rev., 88, 851.
AN,

Sternheimer, R.M., (1953), Phys. Rev., 256.

Sternheimer, R.M., (1956), Phys. Rev., 103, 511.

Sunyar, A.W., Suhwarzschild, A.Z., and Connors, P.I., (1964),
Phys. Rev., 136B, 1157.

Symon, K.R., (1948), Ph.D. Thesis, Harvard University.

Wilkinson, P.H., (1950), Ionisation chambers and counters (pages
144-145), Cembridge Monograph.

Yukawa, H., (1935), Proc. Phys. Math. Soc., Japan, 17, 48.

Zweig, G., (1964), CERN Reports 8182/TH 401 and 8419/TH 412.

-89 -















APPENDIX A

A PARALLEL GLASS PLATE SPARK CHAMBER

A.1 Introduction

Prior to.the guark experiment the characteristics of a
parallel glass plate spark chamber were investigated. These were
designed to study the lateral structure of bursts produced by the
iﬁteraction of relativistic muons and nucleons in an absorber,
such as in the experiment.of'Ashton and Coats (1965). Other
applications such'as the study of the multiple core structure of
extensive air showers are also possible.

Sperk chambers have been extensively employed by accelerator
workers (e.g. Charpak et al., 1965) during the past few years
but the technique has not been widely used in cosmic ray experiments.
The main reason for this is that such experiments require large
area ( > 1,0 m2) chambers in which complex events with many
particles traversing the chamber simuitaneously are accurately
recorded. However, Nagano and Shibata (1965) have shown that
chambers in'which the electrodes are covered with a layer of

3

insulatiﬁg material are capable of recording-~10" particles in a
square metre. The reason for this is that, whereas in a chamber
with bare metal electrodes the fluctuations in the development of
avalanches leads to a low multiple track efficiency, with a high

resistance between the electrodes the field is maintained for

sufficient time for multiple discharges to develop efficiently.
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A.,2 Construction and operation of the spark chambers

The chamber under investigation is shown in plate A.1. It is
a completely enclosed box (30 x 30x 2 cm3) containing neon gas
(98% pure). The two large areas are glass plates of thickness
3 mms and the sides are perspex fixed to the glasé with araldite
epoxy resin., For filling, the chamber was placed in a steel

enclosure and both were evacuated to 10-4

mm of mercury pressure.
They were then filled simultaneously with neon to atmospheric

. pressure then the enclosure was opened and the chamber sealed off.
Throughout this operation the pressure difference across the glass
plates was less than a few cﬁ of mercury, thus avoiding the danger
of cracking, The chambers were able to withstand the normal
chahges in atmospheric pressure.

The upper electrode consists of a framework on which is
strung tinned copper wire (diameter 0,34 mm) in parallel spacings
of 2mm. The advantage of this type of electrode is that tracks
can be viewed through it and if several chambers with similar
electrodes are mounted in a vertical stack, the trajectory of a
particle can be followed through the chambers. This procedure
was used to compare the angle of the spark with the inclined
angle of incident particles. On occasions during the investigation
of the chamber a tin plate electrode and a glass electrode with a

conducting layer of tin oxide were used with no change in performance.

The charactéristics of the chamber were studied by selecting

cosmic ray muons with a scintillation counter telescope. The
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geometrial arrangement of the chamber and the telescope and the

block diagram of the pulsing system is shown in Figure A.1. Two
types of pulsing system were used and these are also shown in

Figure 4.1. The first type was a single spark gap with a variable
.gap distance, the pulse height was varied by varying the supply
voltage and the gap distance. The second was a Marx impulse generatof
with 6 spark gaps. In this case the supply voltage was fixed at

- 10 Kv and the pulse height was varied by tapping off the 120 L2

at different positions. In both cases the decay time constant was

60 n sec and the performance of the chamber was the same for the

same pulse height from each systen.

A.3 Characteristics of the chamber

The chamber was viewed through the electrode (top view) and in
the plane of the electrode (side view). The two views are shown
in Figure A.2 and a typical spark in the chamber in both views is
shown in Plate A.2. In many cases a glow surrounds the spark at
the glass plates due to space charge effects. This could possibly
be improved by having a conducting layer on the inside of the glass
(not in electrical contact with the electrodes) so that space
charge effects could be dispersed. For high fields and pulse
lengths >1 psec the glow spread and seperate discharges occured
throughout the chamber due to the ultra-violet radiation emitted
by the initial discharge causing secondary avalanches. At the

voltages operated normally in the investigation this did not occur.
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However, the width of the discharge varied from 1 to 2 mm in diameter,
although this appeared to be unrelated to the field applied.

The visual efficiency of the chamber was measﬁred by eye,
counting the percentage of visible tracks in the total number of
coincident triggers, This was done for different applied fields and
delay time between the coiniident pulse and application of field.

The results afe shown in Figure A.3. The sensitive time of the

chamber is given as:

(4

JrL (TD) ary

o

where TL(TD> is the efficiency'at.a time delay of TD. For pulse
heights > 14 kV where the éfficiency reaches anasymptotic limit
the sensitive time is 46/&560f This is not a long time for Cosmic
Ray experiments where the background is small and can be overcome
by an electronic device such as that described in Chapter 2.

Many workers since Fukui and Miyamoto (1959) have noted that
for small inclined angles of incident particles the spark appears
to follow the pa£h of the particle. This is because in a spark
chamber the ionisation extends initially along the path of the
incident particle and fhe spark is the result of several electron
avalanches. For a pulse of rise time ~10 n sec, these avalanches
interact and cause a resultant field along the path of the particle
such that the spark tends to follow this path.

This effect was studied with the present counter by viewing

two chambers, one vertically above the other as explained previously.
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A photograph of one event is shown in plate A.3. The displacement
of the two sparks gave the angle of the incident particlef;nd the
;

projected length of the spark gave its inclined angléz the results
are shown in Figure A.4k. The displacement of the results from the
8' = 0 point is due to the fluctuations in the size and shape of
the séark. This could be improved as explained»earlier. The
fluctuations in angle occur because of the initial variation in
jonisation density and the later variation in the spacing and
development. of avalanches. It is suggested that at higher gas
pressures these fluctuations would decrease. v

The results are compared with the best line for thé results
of Burnham et al. (1963) for a 1 cm chamber with bare metal
electrodes. For these results also, tan 8'/tan & < 1.0, but the
authors point out that the ratio increased for decreasing ri§e time
of the applied pulse. Frohlick (1967) using a similar chamber to
Burnham et al. found the maximum inclined angle of track ~ 300
compared with 20° for Burnham et al., The present results show
an improvement upon these values. However, at angles > 500, the
discharge broke into 2 or more separate sparks in the vertical plane

of the incident particle. An example of this effect for a incident

particle passing almost parallel to the electrodes is shown in

Plate AJt.

A4 Conclusions

From these initial investigations the chamber appears to be

a useful device in the study of complex events due to Cosmic Rays.
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Further‘development is necessary if an accurate estimate of the
incident angle of a particle is required. This would take the
form of investigations using a pulse with a shorter rise time,

higher pressure of gas and possibly the effect of the addition of

alcohol.
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APPENDIX B

LOCALISED DISCHARGE IN NEON FLASH TUBES

4 small array of unpainted neon flash tubes was made as shown
in Figure B.1. The tubes had internal diameter 1.5 cm and 1 mm
wall thickness. The tubes were investigated for localised discharge
using the'experimental arrangemgnt as described in Appendix A.
Again the wire electrode was used so that the top view and side
view of the discharge could be photographed.,

In the normal 6pération of flash tubes with applied pulses
of several pMsec the discharge spreads aiong the whole length
of the tube. This is due to the emission of photons by the
initially excited electrons which then start secondary photon-
electron cascades throughout the gas. When a pulse of ~ 100asec
is applied the flash tube behaves like a normal spark chamber
and the discharge is localised around the initial trajectory of
the ionising particle.

However, unlike the parallel plate spark chamber with constant
geometry and constant fiéld, the stack of flash tubes introduces
a varying geometry and the glass of the tube creates a distorted
field within. Thus it was found that the size of the discharges
showed great variation for a fixed applied field. The size varied
from 1 mm in diameter to 5 mm-and sometimes a greater elongation,

generally in the direction of the length of the tube.
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Photography is also made difficult from the perpendicular
direction (top view) because of reflection and scattering of light
in the walls of the ﬁeighbouring tubes. The photograph of an
event showing the discharge in the top and side views is shown
in Plate B.1, and although the side view shows a clear track the
top view shows some distortion. The light in the edge flash tubes
is daylight transmitted along the tube.

Visual efficiency measurements were made as a functién of
applied voltage for a time delay of 2.5/~sec for a single and a
double layer and the results are shown in Figure B.2. The efficiency
of the double layer approximately represents the intermal efficiency
of the flash tube for localised discharge. The single layer
shows a decrease of 75% from the double layer because of the spacing
of the tubes in the single layer cover only 757 of the total area.
The decrease from ~ 95% for the normal operation of flash tubes
may be due to the short time of applied field leading to & weak
discharge which is not visible,

For a fixed field of 12 kv/cm the efficiency of the single and
double layers was investigated as a function of time delay between
the incident particle and the application of the pulse. The result
is shown in Figure B.2. compared with the previous result for a
glass plate spark chamber and the internal efficiency of f'lash
tubes under normal pulsing conditions. Lloyd's theoretical curve
for afg = 12 is shown together with 0.75 afgq and 0.50 afq.

With further development in the control of the applied field
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and on the nature of the flash tube, this technique could be used
as a cheap and convenient method of Yuilding up large areas of

visual detector for cosmic ray experiments.
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Appendix C The two types of emitter follower used in the telescope
' electronics, ; . S
(i) feeds the output from the photomultipliers into the
. 50 system,; " : '
(i) feeds the.-output from the delay line (characteristic
" impedance 1,5k ) into the 50 system.
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