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ABSTRACT

A.large-flash tube chamber has beeﬁ-used at Durham to search
for e/3 chafged particles (quarks) 1n,extensive air showers
where the local electron density is greater than 4Qm-2. The
response éf the detector to relativistic muané wés measurad
and the equivalent characteristics for relativistic e/3 quarks
" calculated. The response for the horé energetic muons in air '
shower; was also meagured. In a running time of 2,5?6 hours
no definite quark tracks have been detected and the limit on
the charge e/3 quark flux was set ass

1< 8.0 107 en™ sec”t st7l,
"No non relétivistiq heavy m#ss particles, irrespective of their
charge, were detected in the chamber from measurements on two
body elastic collisions of EAS particles with essentially

free protonse.
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PREFACE

This thesis describes the work performed by the author
. in fhe physics aepartment of the ﬁniversity of Dufham while
he was a research-student under the supervision of Dr. F. Ashton.
An experiment was performed to detect the e/3 chafge particle
(quark) in extensive air showers at sea level. .Da§-to-day
running of the apparatus, analysis and the interpretation of
the data have Eéeh thé~responsiﬁility of the auther, with the
assistance of Mr, D.A, Cooper and Mr. A. Parvaresh. The .
preliminary result of a search fer e/3'quarks has been published

in J. Phys. A, (Ashton et al. 1673).



CHAPTER _ONE

INTRODUCT ION

1.1 The elementary garticles'and the quark model .

Before 1930 all physicaljphenomena, ignoring the structure. of
'atomic'nucléi, wéré explained in terms of'three elémentary particies;
the p*oton, electrcon and photon, interacting thr ough two ba51c types

~ of force, electromagnetic and gravitational. In 1932 the neutron
was discgvered and in order to account for the mass to charge rat;o'
of the nuclei it was assumed they were composed of apprdximately |
gqﬁél numbers of protons-and neutrons. The above picture wes not
complete because no .explanation was given of how ﬁhe protons and
neutrons bind togethér inside atomic nucléi. To explain the
stability of nuélei Yukawa in 1935, postulated the existence of a
new nuclear for&e acting between nucleons in the nucleus which must
be of a short-range,.and be some hundred tiﬁes greater in strength
than the CoulomB force to overcoﬁe the large Coulomb repulsioa
‘between protons. From the.range of this force (4'10'13cm) he
deduced that it was due to the virtual exchange of a particle
bétween the nucleons which had a mass §1200 times that of the
electron. This particle was subsequently discovered, the Tmeson,
by Lattes et al. 1947; in ﬁuélear emulsion exposed to cosmic rays
at ﬁbuntain altitude. |

Cosmic rafs and later high energy aeceleraters soon showed
_a large number of pa'tlcles to exlst.  The understanding and
c1a551f1cat10n of these partlcles has become one of the maJor

problems of nuclear physics.
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Considerablé advances in cl%ssifi;ation have been made by
studying the conservation laws which govern paTticle interactions.

It has been found that the strong interaction particles (hadrons)
are distinéuished by two groups. Those with spin O,l42...eetc in
units of h and those with half-odd-integral spin-%,%,..a. etcy the
former are called ﬁesons and the latter barydns. .

In the strong iﬁteractions'of the baryon gr&up, for e%ample,

- three conservation laws are obeyedz |

The first: the cohsefvation-of electric charge 'Q', which is

thought to be absolute.

fhe second: the conservation of baryonic charge 'B', to account

for the abundance and stability of fhe protone.

The third: the conservation of hypercharge 'Y*, to accounf

for the associated production of the K-meson
~with A or €hyprons in strong interactions.

The most successful model to explain these observad reqularitieé
:is based on the theories of unifary symmetry (su(3) etc) and the pqssiblgl

existence of three fundamental particles (p,n,X)as proposed by )
Gell-Mann (1964) and by Zweig (1964). - |

These particles are called "quafks“ (q) and this name was
given by Gell;Mann and is now in general use. In this model three
quarks make-baryons (qqq) and a quark and antiquark make mesons
(éa), each will haQé'baryon‘nuﬁber (charge) B = % and spin %. |

“The hypercharge Eas'ﬁeéh defined by Y = S+B, Y = % fof p and
n partic}es, and -% for A particle.

| ~ From tﬁe Gell-Mann, Nishijima relétion:
_ o 81 o ¢

Q=Ty+ 55~ Tyt
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the charge carried by these hypothetical particles (quarks) is
deduced, the quantum numbers of quarks being given in table 1.1,

The corresponding anﬁiquarks have quantum numbers of opposite

sign.
Iable 1.1 uantum numbers of quarks
Iriplet particle I B S Y=BtS Q=T +¥/2 Spin - Mass
P ¥ 3 o R Hh oM
n + § o ¥ ket M
A 0 ¥ -1 e 3h M+l46MeV/(:-2
where M
' - several GeV/c2
P -+ 45 0 -3 e h M
n ¥ % 0 % e zh M
x o - +1 3 e g—h . M$146 Me_V/c2-
where: T, is the third component of isospin
B 1is the baryon number
s is the strangeness
Y 1is the hypercharge
Q 1is the electric chargeo.
The values of the charge of pymAare + g% ; - %3 "%' Of these,

the + %g is expected to be stable while the ie/3 compdnents are

' expected.to have lifetimes of the 6;der of minutes and about 10-1Os§c. .:
fespebtively against decay into the stable quarke According to Adair
et al. (1964) the expected decay schemes: are:
' n-parti&le q(-e/3)-+ q("*--2e 3) + e +fsef$ minutese
; A -particle q(fe/3)4>"q(+2a/35 + 17 1010,
It should be noted that although the simplest.interpretétion of the -

SU3 symmetry is that the fundamentél triplet particles should carry
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fractional charge it is possible that the basic triplet particleé
could havé intggral chérgé. In this case the predicted properties
of the triolet particle is not uniéUe and there are several possible
.representations, Lee (1965). -Bacry et al. (1964).proposed'the
existence of two sets of triplét particles, t - trions and @ - trions,
whe£é-all membefs have baryon numker 1 and integral charge. The two’
friplets are distinquished by a new additive quantum number D and
a.- generalisation of the Gell-Mann, Nishijima formula is requited,
Q=T, +3Y +4D
Then t-trions and Q -trions are all possible triplets with charge
0, + 1 such that D> Oe - '
. However, the qﬁesti&n remains whether the quark-actually
exists or whether it is just a useful ﬁathematical modeles The full
details of the model ‘are still not completely understood, Kokkedee (1969)s
1.2 §g§;ch for cuarks inlgggmic Rays . I
Since the theory of the quark Was.first produced a large number
of experiments have been pe:formed to search for quarks in cosmic rays . 3
;nd the progress made has begn reviéwed by Jones (1970, 1971) and Sitte
(1570). A1l experifents which have attempted to detect the quark have
so far been-uhsuccéssful, and the_flux limit obtained on the‘unacchpanied'
(slm-z) quark flux érriving at sea level by a number of workers is
<10-10cm_2sec-lst-l._ . ' )
Exberiments to search for éuarks in air showers are 1es§ nﬁméreus
and #q farlhave préduced.cpnflicting resﬁlts.
Some experiments have reported positive results from quark searéhés I
and these deserve careful attention. The Sdeeylgroup (Cai:ﬂs et al.
. 1969;.McCuéker et al. 1969) havé reported evidénée fer- quarks with |
charge-2e/3 beiné present close fo the cores 6f_exténsivé air showers.

o
initiated by primary cosmic rays of energy:>4.101“eV. The detectors
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usad, by this'group were four delayed-expansion cloud chambers each
of 30 cm diameter and illuminated depth 5¢me Three of the chambers
were shielded by iScm lead while tne fourth was unshielded. Air
showers were selected by the c01nc1dence of three small geiger counterse.
Four lightly ionising tracks were reported by Cairns et al (1969)
after one years running time and a fifth 1lightly ionising track by
McCusker et al (1569). The five qnark candidates were obtained" |
from the observation of n20,000 showets which were selected by
.a local electron density,reouirenent of >154m-2. The flux of 2é/3
quarks obtained in this work was N5 .10_]'0cm-2secmlst-l at sea level.

The claim of the Syqney group that the etents observed were |
genuine quarks was criticised by a number of authors (Wilson, 1970;
Kiraly and Wolfendale} 1970; Adaér and Kasha, 1969, Rahm and
Sternheimer, 1969: Rahm and Louttit, 1970; Frauenfelder et al, 1970).
The main point or.criticism was that the Sydney group had not adequately
denonstrated that the five events were well separated in ionisation.
density from the distribution due to plateau or minimum.icnising
tharge e particles.. |

Chu et al (1970) cla-imed.that from the observation of cosmic
ray tracks occurring randomly in a bubkle chamber, one track had
a low ionisation asbexpected for a charge 2¢/3 particle if the
particle mass was <6.5 G.eV/c'2 or a-charge e/3 particle of mass
(8.0 + 3.0) GeV/c2. However, this result has been criticised bf
Allison et al (1970). | | |

. Other’ searches. in air shoner cores-depend on the fact that the
'large mass of the quark w1ll cause 1t to be delayed by some nanoseconds
w1th respect to the bulk cf the shower partlcles. Exper:ments have

been performed to search for delayed partlcles 'in air showers amrd



6
interesting results have been reported by Dardo et al {1972) workirg
at 70mwe underground and Tonwar et al (1971) working at 2,150m above
sea level. ,

Both groups find evidence which ma& oe tnterpreted as iddicating
.that a massive particle (10-20 GeV/cz) has been detected and they
claim definite signals at flux levels of 10 Sand 107 e 2sec st
respectively. If this interesting result is substantiated by.
further work that the signals observed are 1ndeed due to heavy mass
delayed partlcles it would seem certaln the{ will be found to Have
rntegral charge and therefore they .may p0551b1y correspond to integral
charge fundamental triplet particles. .

1.3 TIhe search for e/3 quarks close to the c-xtenslve air shower cores

An experiment has been constructed with=the.object of searching
for relativistic e/3 quarks in'extensive_air showers (EAS)s The
principle of this-experiment is essentially'to'select an air sﬂower
with core close to a flash tube chamber and to look forthe track
efflclency which cox responds to the e/3 charged partlcle. This
experiment has the advantage over other visual detectors, ror example
cloud chamber, of having a considerably iarger sensitive volume.

The design of the experimeht and the properties'of necn flash
~ tubes which have been used are given in chapter 2 and the quark

search itself is discussed in chapter 3.
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CHADPTER TWO

THE NEON FIASH TUBE CHANBER .

2.1 The Quark telescope
2.1.1 Desian of the telescope

A large array of neon flash tubes has been constructed and used
. to search for guarks in extensive air showsrse

Any sgarch for quarks produced in eitensive air showe:s.(EAS)
is influenced by the propertiéé peculiar:to-quarks, namely the very
high rest mass e*pectéd, and tﬂe fractional charge, predicted by
theorye. - |

To look for gquarks in (EAS) one éust be able to distinquish
the quark Qf chargé e/3 f:om.charge_e particles and select air
showers with cores near'tﬁe bhamber and to absorb ohf'fhe-electronic
component of EAS but allow muonss quérks et?. to penetraté and be
observede The chamber uses 10,478 flash tubes distributed in 124
Llayérs, and shielded abqve with_iScm:of lead absorber.- Three
1icjuid éciht—'il_latdr.s i.e. North (N), Middle (M), South (S), were
uséd to select air showers énd were placed above the lead as shown.
in figure 2.1. Two plastic scintillatoré A and B were positioned
inside the chamﬁér and were used to ;éléct single-ianherent pafticles
for Qalibfatién-purposes. The éhémber ig situated in a tunnel_df
recténéulaf,cross-section”with.30cm thick barytes cohcrete-ﬁélls. Aiso |
15 cm of iron absérﬁer was placed near the.top pf-the chamber to assisti,
in_recoghizing penetréting particles énd.aléo for indicaﬁing neutral
huglear'active'particleso |
' 201.2  The heoﬁ flash tubes -

. The chamber uses fla;h tubes of internal diameter 1.,58cm,
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external diaheter-l.?Scm each filied with gas (98% Ne, 2% He) to a
pressure of 60cm mercury and every flash tuke is covered with

a black polythene sleeves Alternately' y the layers contain 84
and 85 tubes stacked side by eide and between every.tWD layers
there is a sheet of aluminium (0.122 cm thick)e .Thie covers the;

- whole of the tubes.

| The front view contains six hlocks of tcbes, F1A (8 layers)
F1B (6llayefs), éz (52 layers), F3 (44 layers),'F4A.(6 layers) and
. F4B ( 8layers). There is a brism'in:front of each of FlA, F1B and
F4B. The. dexlnlng layers Fl and F4 are made shorter by 15cm at the
front and back than in the blocks F2 and F3. The electrodes

" are connected alternately - *o earth and to a high voltzge pulsing'
unite The pulsing unit“consistsdof a manst;ble and a thyristor

to trigger a Sperk gap as shcwn in figure 202.11.'_The capacitance -
of the flash tube stack Wé$'090866pFo' .

2.1.3 The plastic scintillators '

The plastic SGintillation ccgnterslA and B (figure 2.1).weie
each of area 1.05m2 and were used to select singlé muons traversing
the chamber by a two fold coincidence. The phoshhqr of each counter
was a large slab'of'éinch thick NE 162A° The photomultipliefs
(Mullard 53 AVP) viewed the phosphor by. light guides of solid perspex.

A 9031t1ve high tension was applled to each p50uomult1pller and

nega+1ve outpu+ pulses were taken from the anodes The output pulses '

from each side of the phosphor were fed ihto an emlutec follower, .
the outputs from. these emltter followers were then addad for each

. counter before feeding into the selection elactronics figure 2.2.i.

b —— ——



1tuer follower F. O

Key: EF = em = Fan out
A = Am p11f1e1' G = 1 minute delay generator
D = Discriminator ‘C.S = ¢ycling system.
Co = Coincidence M/S = mono stable
TH = Thyristor Unit P.Ge= pulse genarator
- F/T= Flash tube chamber

EF in —p

o

EF

' Cod

F.0 —)

Il__ |

EF o _ - (1)

- Ws p—] TH -1 P.G }—» F/T
o o
‘ (i1)
EF o
North ~ dd JA }— D =
EF}—I . '
EF
Middle Add fmed A | D= : Co. F.O
_ _ GS
. N EF . .l .. - ‘.
soith ~ _—Jdd ] A fed Dl
EF_[—‘J. - = . (1i1)
Fi_gﬁre 2.2 Block diagram of the électronic's’ used .in

the flash tube chamber._

(1) two fold cotncidence. (plastic sc1ntlllators)
ii) High voltage pulsing unita

(111) Three fold coincicence (liquid sclntlllators).
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2.1.4 The Liguid Scintillators

Three large arzi (1.24m2) liqﬁid scintillators were used to
selact extensive air showers. The construction of these counters
has been described by Ashton eﬁ al 1965, Each scintillator empleyed
two pﬁotomultipliers (EMI §583B) viewing the phogphgr through
rectangular holes in the light quide ﬁirrorse A bo$itive high tension
was applied to each photomultiplier ;nd negative pulsés were -taken
from the anode and were each fed into a separate emitter follower-
-Head'unito The output pulses from these head Uﬁits were then adAed ,
for each countar before feeding into the selection electronics -
figure 2.2.1110
2.2 Efficiengy of the Neon Flash Tube
2.2.1 Single particle trigger

A single muon can be selected by a two-fold coincidence between )
the plastic scintillatorsA and Be The rate of the single particles
-thpough the telescope was measured to be (11.5;:,0.4)sec-1 compared
with 12 sec-l calculated frpm.l.Q5 m2 scihtillafor area and the
250 cm distance 'between. the centre of A and B. Due to this high
-rate, an anti!coinciden;e gate was used which basigally paralysad
the elepfronics fof'éoo méec after one particle had passed the
telescope;_ Theipulse from the coincidence between'A and B was
fed firstly through the antichincidencg-géte_and then gliowed to
tfigge: the spark géb applying the high voltage pulse to the flash .
tube; and to étartuthe cyéliné sy;temm' In the ﬁeén time.the . |
paralysed;electfpnics gave time to'wind qh the camera and.ailows
the high.yqltagg.gapacito; to_get'cﬁérgeda Approximately this

.cycle takes 7 seconds to make the experiment sensitive againe
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2.2.2 The meégurement of the efficiency-time. delay curve

" As with.many particle detectofs the flash-tube relies for its
operation on the iénisation left by an ionising particle. In view
of the fact that its sensitivity to the iénisétidnféan be varied
by varying thé time delay between the passage of ‘the particle
'and theiapplication of the hiéh volfage pulse to thé chamber. The
most iﬁportant characteristic for the present application is the .
. efficiency-time delay va;iation. The efficiency is measured;iﬁ
praptice_by counting the number of tubes-flashed'in successive . .
layers along thé length of the tracke Measqfemenfs of the number-
of fiasheg along the tra;k in F21F3 were taken for various
‘time delays and are shown in figure 2.3. The means of these
‘distribﬁtidhs were piotted on the efficieﬁcy-time delay curve
Figure 2.4,

The tiﬁe delay used to opérate tﬁenchamber was 26&5, because
"it gave a good separation between the distribution of the number -
of flashes on a track for e and §/3 particles respeétively."
22,3 Ihe theory of the efficiencx of neon flash tubes

Lloyd (1960) has produced universal curves for the expected

variation of efficiency with time delay ;/g% ~in terms of the

paramster alel, whare D, is the diffusion coefficient of a thermal

elecfron in neon at the releQent pressure, a is the tuﬁe radius,

£ ié the average probabiiitylthat'é singleAelebtron is capable of
producing a flagh when a high yoltage pulse is épplied and Q is the
avefage number_of initial eiectrons:prodﬁced per unit length in the
neon éas;: | . o . .

o - L E . o :
. Hée gives a plot of expected efficiency against Dt/a‘ where

A\E
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Dt/;z < 0,2 with ang; as parameters

Fo; time delays so long that Df/a2 exceedé 0.2; the efficiency
‘depends only on.alel'exp.(-Bi Dt/ag) and a universal curve has been
produced for al; alel§

A curve with af,Q) = (1) has been found to give the best fit

to the measurements for single muons with chargekafigure Dobe

The fall-off of the efficiency-time delay curve arises from the
loss of the initial electrons by diffusien fo the walls of-the glass
tube in the time interval betwéen the passage of the particle and.the
applicatioﬂ of the high voltage pulse to the chamber.. The procegs
has been studied empirically by Goxell and Wolfendale (1960).

Also shown in figure 2.4 is the efficiency-time aelay curve
expected for e/3 quarkéq This has bzen calculated from the curve

for unit charge using the Lloyd theorys Since f is independent of

1
the nqmber_of electrons present, éo‘that the theory shouid be applicable
to a guark as it is to a muon provided that Q is multiplied by the
>-s§uare of the quark charge e/3. The.expacted efficiengy-timé delay

curve for e/3 quarks having the séme value bfY = E/'izlc2 (Lorentz
fac{or), as the single muons is thus given by Lloyd curve with

af,Q, = (é).x (911),='(1.o +0.1):

2.3 Ihe single particle calibration run

The distribution of the number of tubes flashed along the

, tracg for 1,046 pa;tic;es was measuréd at 20us time delay and ig

" shown in figure 2400 The-mead ﬁumber of flashed tubes.along,fhe
'tiaék'of a single particle (muon).passing thfough the chamber ié

. 74477 £ 0,14 with standard deviation.of the digtributibn of g =4.5,

The mediéﬁ momentum of muons producing calibration t;iggers is‘

201 Ge%/c, at the centre of F2 and 33, Later; another calibration run
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was made so'that.thé total number of single particles observed in

the chamber is 5,283.

2¢4. Ihe Air Shower Run
2.401 The air shower trigger.

Air showers were sélected by a threefold coincidence between
the liguid scintillators, N, Mand s, as shown in figure 2,1. The
dlscrlmlnator threshold .on each scintillator corresponded to an
electron density of greater than 40m 2 &&th this master se1=ctlon,

" the trigger rate was 4.4 showers per hour and the ‘minimum shower
energy to produce a trigger was 3 x 101 eV. |
2.4.2 The position of the core and Size of the shower
;_ The range of the shower -size that trigger the selection system,
..vary frbm small showers whose-axes.fal; closée:  to the chambery to
large showers whése axes fall a long distance aWay. The distributibn
6f shower size and core distance havé 5een calculated for EAS which
pro&uCe local electron deﬁsity of:?40ﬁ-2. The calculations have | '
“been earried out numeriéally using the acceﬁted Qalugs of the ﬁumber
spéctrum and laterél distribution of'electrons“and nucleér active
.Lpérticle at sea level given by Cocconi (1951).
- For muons the analytical expressibn rOr tﬁe'lateral distrikutioen

given by Grelsen (1960) has been us=d,
'y

N 7. .
A, (N ,r) = 18 [‘1‘56] ot (s r/320) 25 72

where N, is the elﬂctrons'51ze"and T is the radial distance in metres.

The result obtalned by Cooper and Parva*esh (prlvate communluatlon).ls _
shown in flgure 2.6 and. ‘1gure 207 Prcm flgure 2.6 and figure 2.7 it
can be seen that the medlan electron shower size produc1ng a local

denblty > 40m =2 is 4.5 105 particles :and the median core dlstance of
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of the shower producing such triggers.is_l2 meter with a median
shower energy 3.5 x 1015eV. |
24,3 ¥ariation of shower rate with_pg;g@g;;ig_gre§§ure

The variation in fhe raﬁé of shéwers of.é éiven size with
barometri§ pressure is §f interest because it affords a measurement
of the attenuation of the showers in the atmosphere. The variation -
is shown in figure 2.8. The solid line is the fit using the weighted
least squares method. ,Tbe.pressure reading'of thé-barometer'used'
"wa;_ systematically 1205mm'Hé higher than the true pressure. The
Valug of thg barpmétric coefficient has been evaluatad as . '
(11.6 + '0.86)%-cm:.ng. from figure 248. ‘The triggering. shower size
has been found approximately to be (10° - 106) particles by using
the relation between the baipmetric coefficient and shower size

which has béen given by Galbraith (1958). .
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 CHAPTER THRE

’ jtn

Extensive air shower experiment to search for quarks

3.1 Introduction

‘Since Gell-Mann (1964) and Zweig (1964) predicted the

.existance of fractionally éhafged pafticlesl(quarks), many
experiments have been carried out in an attempt to detéct these
particles among secondary cqsmic rays. The main area in whi@h-

' the search has taken place are at the accelerators and in thel"
cosmic rédiation, and as yet none has_proved successfule The
flésh tube chamber ﬁhicﬁ'has been descrfbed in chapter two was
used to look for quarks in EAS close to the core. Briefly, a
fractional charge e/3 quark is éxpected td'have significantly
fgwer flashes aléng its track than a charge e particle and this
ﬁroperty is looked for in the quark searche

3.2 Quark results
34201 Analysis of data

Analysis of iﬁdividual events was achieved by projection of

‘the extensive air shower run films on the scanning tables; All
the films have béen scanned carefully.and'the évents classified,
The selection criteria for measurable_events-fiom the film were
based solely'on the flash tube informational

Thg numbe;‘ of'f__lashes.was“ counted for trays F2and F3and the
angle of the track to the vertical was measured and a small scale

_giagfam of each event was drawn. All the ihteresting events

' observed in- the chamber were récorded, drawn.and.studied.' The

'tracks,wiéh F2 + F3§-§0 flash tubes were bnly”measured in the

scanning if they had at least one shower track of iength-greater
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than 60cm in tﬁe chamﬁer"and were parallel to ity to +5° and
produced at least one flash in each of the defining layers-
Fl1 and F4,  All the tracks-Wifh F2 + F3 in the range 20~60 were
measuraed irrespective of the angle they madé to shower tracks
in a pictures |
30202+ Basic experimental data

- The summary of the basic experimental data referring to %he _
EESeriés films measurement is shéWn in table éolo All this data
. was obtained using-a local electron denéiﬁy of 54Qm62.as a

_mester triggero

Film Running - Total no Total number Percentage of Total number
Numbers time (hr) of of measurable photos that of measurable
. , photographs photographs give at least  trackse

| - , ’ one measurable

track (%)

E1-E€9 2,570hrs 12,057 2,753 23% - 44501

Table 3.1 Basic experimental data

The frequency distribution of the number ‘of measurable traeks per
photograph is shoﬁn in table 3,2, .

The- frequency distribution of the number of flashes in F2 + F3
for 4501 measured tracks in the chamber is shown in figuie 3ol° The . .
mean number of flashes'a;ong the track fpr-shower particles pagsipg
through the chamber is 78,11 + 0,07 and the standard deviation on
the distribution is 4,73, The éxpected ﬁumber of flashes for minimum
‘and plateau ‘ionizing dhérgeze parfidleé and quarks of charge e/3 and
2e/3 are shown in figure 3.1 by arrows, the small bars indicate.the
uncertaiﬁty'in.the position of the arréw and tﬂe large bars the -
. éxpeéfediéféhdard deviation of theidistiibﬁtipn. 1t is clear from
this figure that the chamber.should register the passage of du;rks

with charge e/3 but those with charge 2e/3 will not be distinguished
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from charge e pérticles and the quarks are expected to have élvalue

of F2 + F3 in the range 28-50 flashes." As can be seen from figure
3.1, 20 tracks with F2 + F3 in the region 28—50 were observed during
the running time 2,570 hours. A small scale diagram for each of these
20 evénts is ghown'in figure 3.2 (a-e). No events-were observea with

F2 + F3 in the range 20-26.

Number of measurable =~ Number. of photographé, N ‘Nxn
tracks per photograph,n ' . - :

1 1604 1604
2 758 - . 1516
3 254 762
4 84 336
5 . 42 ' _ 210
6 7 42
7 3 21
8 0 0
9 0 - o}
10 1 10
SUM 2,753 - 4501

Table 3.2: The frequency distribution.of.

of tfiggeré N having n measurable tracks.

393_.Examinafion of the Quark Candidates. .
3.3.1 BackgrSQnd.efﬁegt_ B '
-From thé:meaSUréd efficiency-time delay curvé shown in figuré_
2.4 the tracks with F2 + F3-in the range 28 = 50 could be produced *
. by incoherent muons which traversed thg_chambef ip-the,périod 103u$.
to 144ys préceding_the air.shﬁwér'trigger, Aléo'frbm the same curve.
it can be shown that the distribution of F2 + F3 for incoherent muon

tracks should be flat over the range 28 - 50 flashes. The rate



Figure 3.2 (a-e) Flash tube diagrams of the 20

quark candidate events observed
in EAS runs (El - E69).

Each event is indicated by the

film (E) and event number.
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of the inqoherenﬁ muons through the chamber sénsitiveé volgme was
104.2 sec-1 and the total time available for ineohenenf muon tracks
to simulate quarks is 0.154 sec. Thus the expected number of the
incohergnt‘muons simulating quarks with F2 + F3 in the range 28-50
was calculated as lé6. ,This should be compared with the obserﬁed
number of tracks of 20 with F2 + F3 in the range 28-30 indicating 
rough agreement, which may not rule out the presence of a few
genuine quarkse .
3.3.2 The angular ségarationjof tracks |

An experimental test was done.on these quark candidates iﬁ
which to identifylthe poésible quarkse It was assumed that tﬁe
qgquark tracks should be essentially'parallel to shower tracks and
a limit of # 5° has Eeep imposede The 20 tracks-which have been -
observed with F2 + F3 in the range 20~50 reduced to 6.0.and,this
should be compared with an expected number of incoherent muons of
2.2 o Figure 3.3 shows the same distribution whicﬁ has-been produced
in figure 3.1 except thaf’only tracks with F2 + F3 ih the range
20 - 60 are plotted if they are parallel to shower tracks within
i-50.

‘3303 The knock-on electren.test;

The second experimental test that can beléppiied is an
examination_of'thé number of knock;on elecfrons ( G;fays)'produced
by the particless- The 6'trag£s, quark cah&idates, have been

.examined carefully and in detail for the occﬁrrenCe of extra flashes
due to knock;on electronsy. a knock-on being"deﬁned as two adjacent’
fIaéhes'dcéurring in one'léyér'of flash tubes. The ﬁedn number of
knock-on electrons (KO's) on the 14 non parallel quark candidate

tracks which were taken to be due fo incoherent muons was found to
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be 1.79 aﬁd three of these tfacks had no KO's along it. . We
expected fhe quatk with charge e/3 would produce 1/9th thé number
of KO's that a charge particle e muon.wbuid produce. According
to this the.quafk t;ack éhould be virtuall? free of knock-on
electrons. 6f the 6 quark-candidates, two have no observable’
KO's. _The_exp9cted number of the' incoherent muons simulating
quarksy will be 2.2 X %Z = 0.47.

. This should be compared With the observed number of two tracks
which satisfy all aBove eriferia.. The basic information of these
6 events is given in table 3.3. The éveht E19-45 which shows a
possible e/3 quark track is shown in plate 3.1l - |
3.4 Discqssiog

This experiment is therefore quite capable of détectihg e/3
charge particles (but ﬁot.quarks with 2e/3 charge) close to air
shower cores and in observing 12,057 of these showers, two tracks
weie observed in the expected quark region and both were consistent
with zerb knock-on electron ‘flashes associated with thems The most
likely interpretation is that they are background incoherent muon
tracks but it is possible that they are genuine guarkse - The
probability offobserving two pseudoquatks is therefore 8%. Baged
on two possible events the upper limit to the flux of e/3 qugrks in

. : - =1
air showers wnhere the electron density is>40m ~ is less than 1.4 10 11

l1.-1

cm-g sec st e This.limit is caLculatéd using an aperture éf .

1.57m25t (defined b& the middle of F1B and the middle of F4A shown

in figure 21) and neglects the loss of quark due to inelastic interacti&@s
in the chahbér-material;'3ASsuming.d'duark-nucleon inelastic cross |
section of % the nucleon-nﬁcleon inelastic cross sec$ioh, the-probability

of a quark traversing the chamber without interacting has been calculated
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to be 0-165;' Taking this effect into'acbopntlraises the upper

- N -11 -2 -1 =1
limit quoted above to <8.0: 10 "“cm Tsec st "o

3.5 The Elastic Collision of Extensive Air Shower .Particles
3.5.1 Introduction '

The main interest in thi; problem is concerned with the equation
of the existance of fundamental triplet particlés carrying integral
--chgrge énd a new.quantum numbe r Bacfy et al. 1964,5 Han and'Nambﬁ:'
1965, Lee, T.D.y 1965, The eXperiméntal problem of detecting heavy
. mass ( 3CMp) integral chafge particlés is more difficult thaﬁ .
‘detecting particles with fractional éhardge as their ionising power
is no 1qngér-a ﬁniqﬂé'signature fpr thems Ih fact it is necessar?
to méaéure their mass in some way‘td ﬁniquely identify them énd the
method discussed belgw,p;ovidés one poésibie way of doing this.

A collision between two particles in which eneigy'and mome ntum
are conserved i% called elastic collision. Consider a particle of
mass M‘scatfered fhrough‘an ahgle © ih aﬁ ¢lastic collision with
a proton (Mass Mp) and suppose the protoh recoils making an angle'
£ with respect to the incident pérticle direction. In the non-.
,relativistig approximation the ratio M/Mp depénds'only on @ and ¢

-and is given bys- . :

Wi, = 2 [ms"-‘e'*c@sﬁ-:. mléJ 24 ]

sin © sin 6 sin ©
Thus if non-rélativistic élastic_cOllisioﬁ;'éf extenéive éir shower
parﬁicles on protons ére detected eXperimeﬁtally,'the above equatipn'-
provides a me%hgd ;f determining théir-mass'digtributiono
3.5.2 The Basic results |

Scanning the films has re?ealed_84'events sﬁoﬁing EASJpartigles
.scatteredlthrough an anéle;>4° in elastic cqllisions with_#rotbns.
It is believed that thesé cbliisioné represent essentially free -

collisiens with peripheral protons in glass nuclei (mainly Si28 and
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616) as no evidence fcr low energy'evaporatioh protons is Seén at the
scatfering-vértex.-'Thé analysis wes cgrried outlusing the expression
given in section 3.5.1 assuming thé smallest anglée corresponds to the
scattering particles and the Jlargest anglé”to the recoil protbn. The
value of M/Mp was evaluated for each event and £he frequency distribut;bh
of these évents is shown, figure 3.4. It is seen that it has a-most
probable value 1,35'1\';/1\1p suggesting that most of the collisions obse'rire;di '
are proton-protoq at such an energy ('“6OOMEV).that the non relativisticé:
appréXimétion is beginning to breakdown. The type of collision is show@-_
in plate 3:2s This event E50-<18 shows two successive elastic scatters
for a parti¢le emerging from a locazl interection in leads The mass rafig
caléulated in the fifrst collision and the second are l.9, lod respectiveﬂye
The scatter plot of gpening_angle (& + ¢) as a function of M/Mp'is shown .
in figure 3.5, and it is seen that® + @)is close te 90° for M/Mplclosé.
to 1.0 as is expected for p-p collisions.
The relation between the scattering angle é and the recoil angle
@ was plotted for différent'primary energies, and recoil energies using
the Oxford Kinematical Tables (Volumes 1 and 2, 196;). The fitting of
tﬁe measured @ and £ on the above plots.is shown in figure 3.6 for pp.
collisions and figure 3°7Ifof1Tp-cdilisions. The solid curves shows the
different primary énergies and.the dashed line shows the different
fecoil energiess In bp collision the maximum scattering angle is 450
-but the curves for different primary-energies (see figure 3.6) havé-beef
_;eveéséd Bniy-for é'ané 5. .It-can be seen from figufe.é;é'aISO that l
all the measured points fittéd well and the points outside the 100 MeV
primgryagnergy'cuive have a Low.mass_ratio ana these might be due té .i
Up.oi.ﬂp eoilisions. .
It could be expléined that the increase in the Width of the mass

distribution shéwn in figure 3.4 for high mass ratiés is due to
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relativistic primary pérticles which begin to break doﬁn the non-
relativistic approximation. The.relation between the mass ratio
(M/Mp).and-the Kinetic energy‘of the primary particle for pp collision |
and Tp collision is shown in figurev3.8 and figuie 3.9

-'It shows tﬁaf.M/Mp iﬁcreases rapidly with the increase of thé‘
Primary energye.

A single event E50*23.at high apparent masé, M/Mp = 1l.1,
was observed as a heavy mass candidate particle. The most likely
intérpretaﬁion,is that;it is dué to 5 primery proton having.énergy'

AQO GeV and sgaftéring-thropéh a sma1l anglef This is shown in plate
3.3, It could also be explaihediﬁhaf'the increase in the width of

the mass distribution is due to the errcr involved in using projecied
angles rather than true spatial éngles. .The heavy mass eandidate has

a geometry such that the plane of the scattered particle and recoil
proton could bé at a maximim angle of 70° to the axis of the flash tubes.
Taking this to be -so means that the spatial.valﬂe.of ® and ﬁ are N3

times Ehg measured ﬁrojectéd value. Using these extremeé. values to

find M/Mb gives M/Mp = 1,15 which 1is cpnsistént with a pp:collision.'
3.5.3 Conglision. '

Obviously the measurements should be repeated using'a chamber
constructed of alternate layers of crdséed flash tubes so thattrué _
spatial angle of e}astic scattefs can be measured. In this case ﬁhe
tesﬁ tﬁai the incident tr§ck,.éc§ttereq track and recoil proton 411
lie in one.plane could be us;d as an additional identifisatién:tést for o
- elastic 'scatters on essentially free protons. -

. Basing the result on onglpossiblg_gvent“the:presenffresult_%hqws :
thatthe flux of heavy mass particles (irrespeéﬁiVe of their charge). :-:'

with B<0.8 in regions of EAS of .electron density > a0m2 is <3.3 10712

cmbzsec‘lst-lo This limit refers to'particles capable of penetrating
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15cm of lead, 1lZcm of:iroq and preducing elastic collision on proton
inm~ 15cm glasse |
3.6 Mass determination of stopping ‘cosmic ray particles in EAS
3.6.1 Introduction ' | | |

'This method provides another poésible way to measure the mass -
of heavy particles having integfal charge and is discussed’ below.

Suppose the measured root mean square (rms) angle of scaftering
of a particle with residual range R is <.9> .. If the rms angle of
scaﬁtering is determined from samplihg the scattering in elements  of
path of leng£h t radiation lengths (t<< R),'pBg.can-be found froé
(Rossi 1952). : . | |

<@ = -%i , where K = 21 MeV

The rest -mass of a particle can be determined frcm the residual range
measurement R and the ch-determination. |

Low energy particles lose kinetic energy only by ionisstion in
travelling to the end of their range fcr.which

~E = 1 £(8)
dx BZ

This equation is independent of the mass of the ionising.barticle.

Writing E = Mc2(r=1) and integrating, the Tange of a particle of rest
D ks ' . .

mass Mc™ can be shown to be R = AMcZF(B),'mhere A is a constant, Using

these results giﬁes '

R _ AMCzF'i‘B) ‘= ﬁ (B)

p?c : Y Mc?B 2
This exprescion is indepeﬁdeﬁt of the particle mgss and depends-only‘
on B, _ |
- 30602 Eﬁgerimenfa; technique
The trajectory of all-the sﬁopping particies is-obseivea'to be -

elesely circular .except very close to the end of its range. For a

ey
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chord of length & (% is the line joining the ‘points where the
trajectory started in a circular péth to the stopping point.)
the angular deflection of thé trajectery is related to the sagitta
by A= /8 6. Where A is the maximum perpendicular distance
from the chord to the scattered trajectéry. By measuriﬁg A
and £ experimentally the value of © is found. |

-Using the maximum track length availablé to do this the
_resulting value of © is identified with <> and p Bc was found

froms i

2
<@ = —i= K t* (K = 21 MeV)

_where t = 3.28, the ﬁméunt of material contained in F2 and F3 in
radiation lengths. The factor 1/ ¥2 accounts for the fact that
projected angles réther thén spafial anéles are measured. The
residual Tange associated with this Valué of p Bc is taken ffom.the
mid point of the trajecfory over which the sagitta is measured to the
stoppiné point. Using the measured value of the range R and the
momentum ﬁBc the value of B can be found from the universal curve
shown in figure 3.10 which'is-independent of the mass of the particle.;
This curve.hastbeen'éalculated fbr.ah aluminium-absorber, (note that I
the cﬁrve is closely valid for glass @hich h;s a similar average

Z and A to aluminium), using the range - -energy tables of Sérre

(1967). 1
Once B is measured, the ‘mass can be found
_ . ok :
‘QB H =g !2
, Mc?-=. < 21 :

3 6. 3 The results .
The types of decay events which have been observed in regions
of ektenéive air showers of a local electrdn,dehsity' >4(-3m-2 are

shown in plates 3.4,'3.5 and 3.6 and their frequency of aoccurrence
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in the sample of 12,057 photh is shown in table 3.4. The sdattér
plot of.the range ﬁ:as a function‘of'thé.momentum ch»is shown,
figure 3.11. The curves of muons, pions, kaons'and protons are
calculated from Serre tables (1967). fﬁe‘curves for 10 electron
masseé and 10 proton masses are'calcuiated from, Rossi (1952)5 It
can be seen, from figure-3el;-that the maximum valde.of p Bc_-
measurable in this work was 710 MeV-and. this corresponds to a sagitta
(A) cm measurement (precisioq'; cm) for the trajeetory.ffom tﬁe top

of F2 to the bottom of F3.

Event - Desc:iptioﬁ’.. Number of (%) of photos
type . : : events - showing events
- . : observed ~ _ type
Multiply scattered - 200 (24) 1.7% (0.2%)
1 " particle produces =
: 1 (or 2)(6r 3) (9) _ . (Q.OB%)
charged secondaries Tota1=233
5 K=+ yu >+ e decay = 2 : 0.C2%
sighature :

Electroproduction of . '
3 a pion by a muon, - 1 0.01%

or decay of a heavy : :

mass particle

Tgbie 3.4 The=obse:ved.frequency of occurrénce of
decay events in a sample of 12,057 photose.

The rest mass of each primary particle was éstimated by measuring
-multiplé-scattering ana';esidual'range and fHe rééﬁlting méss
diétribution'for-2334primary_particiés décayg in the chamber and
produced sécondaries is shown in figure'3912; .In ﬁhis figure also
the mass diétribution of 140 pa;tibles (from 233)‘enteripg.the chamber
" parallel to the shoMér tracks and %hé'maSS'diét:ibutién of 93
lparticles (from 233) emerging ﬁroh a.lccal interaction.in the 15aﬁ-

lead or 15 chi iron absorber.’ The-following’values of density p and
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radiation length x, were used in the calculgtion:
glass (p=2.5g¢g cm-s, X, = 28.4 g cmiz), aluminium (p =2.7 g cm_3,
X, - 26.3 g cm 2).
3.6.4 Discussion
_The -result fromAthé méss distribution shows that most of the
decayé observed in the chamber.. were muoné,'pions'and a few kaonse
"No heavy mags partidle (>10Np) has keen observed using this
.method because the m1n1mum sagltta (A) which can be measured in
this tecbnlque on the chamber is 1 cm and this gives é mass partlcle
'b6>mp) which have a maxlmum pﬁc = 710 MeV in the middle of F2 and F3.
| The low mass valués (<10me) are probably due to n+’mesons which
suf fer nuélear as well as Coulomb scattering and this effect would
undeiestimate p Bc.and give spuriously iow maés.values. The most
, likeiy interpfetation far the events of type 1 (plate 3f4) which
show a single seéondary'chafged decéy particle are eithetr ye or
T4 e decayse The.muon from pion décay at rest has a range 1 flash
tube, this corresponding to 4 MeV muon kinetic energy, and the muocn
would not be resolveds The type 1 eveﬁts showing 2 chargedsecbndarieé
are presumably nct decays but it could be K-ifn-ﬂr-i +A(+> ptT) in .
which.the recoil proton is not observedos The type 1 events showing
3:charged secondaries could be kaon aéca§§, e,é} K;; T i,"‘,"+ with
branching ratio 6%. ' |
Two eVenfs of type 2 (plate 5;5)'were observed and ihese are
cdnsigtent with kaon decay as K+ yv with branching ratio 64%
followed by muén decay as-u;+e\)éh . ‘The'raﬁge of the muon frcm
kaQn.dééay at rést.is.68 g.ﬁ;2;'this corresponding to iSS'MeV
muon kinetic energye ' | -
i‘ Oné event only of type 3 has been found, and this is of particular

interest as such an event signature would be prodﬁced.by Mi’ M2 +m
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where‘Ml and.M2 are heavy mass'particleSo The more likely.explanation_
of this event is electroprodoction;of a pion by a muon (upau nn-+).
It can be seen from the event (plate 3.6) tﬁat the pion stopped in
the chamber after-undergoing multiple scattering "and the oecay
electron from muon decay is observed tc cross the cﬁamber ﬁorizontaIl&. ’
As explained above the muon fromTudecay at rest would not be-observed;’
3.7 IThe neutral Qar;igles in.EAS |

The decay and interaction of a number of neutral partiéles in
regions of EAS have been obsetved and an attempt has been made to
interpret the observarions in terms of known elementary particles.
Scanning the filits showed 65 events in whicb a neutral primary partiéle
produced.two_charged secondary particles. This type of evént is shown
in plate 3.7, toe Qirection of the,neutral particle being parallel-to
the shower direction. . | |

The visibie kinetic energies &f the secOHdary particleswere
calculated assuming their ionisation loss was 2 MeV/g cm-z. The
scatter plot of- the opening angle between the two charged secondary
partlcles emerging from neutral particle decay or interaction versus
-the sum of the -visible kinetic_energy of the secomary particleshas been
~shown in figure.3ol3.l

The theoretical curves-are drawn for comparison and refer to-the-l
ms angle <& between the .trajectory of a secondary electron (muon)
of energy E' and that of the primary photon of energy E in the electron
(muon) pa1r productlon process where’ <e> ‘1s glven by an expre551on
of the forms | |

<92>’5‘ = q"(E.,E’, z) g_gz 1n ('—E—'-)
. mc
2 .

where mc 1s the mass of the electron (muon) and the functlon

'q (E,E Z) is the order of unity (Rossi, 1952).
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It could be -explained, that the events with opening angle close
to 90° are produced by low energy neutrons (V1 GeV) wbich knock on
a proton which then collides with a proton in the same nucleus so
that two charged secpndaries‘are observed with'the-characteristic
non-relativistic pp elastic scattering opening angle of 90°. However
the events with smaller opening angles may well be‘neutral kaon
decay to two'charged pionse

A comparlson has been made between the prong number xrequenc1es
produced by -low energy (multlple scattered) charged (=ee table 3.4
section 3.6.3)'and_neutral primary particles. Table 3.5 shows the

data obtained from scanning 12,057 photos.

Number of Charged primary Neutral primary

préngs particle _ “hlparticle
1 200 | : Neb measurable
2 24 65
3 - .9 3
4 0 8
5 o 2

‘ Table 3.5, Comparison between the prong number distributions
produced by charged and néutral primary particles.

3.8 ihg_lgﬂ_gne;gy particles in EAS

. From scanningzthe films;_57,low_energy EAS particles were foundu
showing a multiple scattering shape in traversing Eé and F3f£hrough
the chamber in the .same d1rect10n as the ‘other shower tracks. The
sag1tta (A >1 cm) was measured ‘as-a maximum.perpendicular distance
‘-from the:jprd formed by the line joining the pointslwhere'the trajector§'
crossed the top cf;F2 and the bottom-of F3 to the scattered trajectory

figure 3.14..
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Particles of low velocity lose energy by ionisation oﬁly
and the rate of energy loss by a particle of charge (Ze) in material

of atomic number Z can be written as (Rossi, 1952):

2 4 ,4
d _ 20 T G z2 I 4m=-C B |
ey in - [ 2
| 82 | (1-#)? 1 (z)
where I(Z) is the average ionisation potential and C = 0.1350 Z/A_

/.
The number of flashes in F2 and F3 were counted for each_
: multiply . scattered EAS track and the distribution of .the number of -
flashes. in F2 and F3 for 57 tracks .is shown, figure 3.15. -
One can expeét that these might be due to low energy background
- incoherent muons.which are multiply scattered in traversing the
chamber. 12% multiply scatﬁered'trapks.with sagitta (&1 cm) have
been obseree'ffom a sample of 5;2?3 incoherent muons passing
" through the chamber.

Calculation shows that the exbected number of the multiply
scattered background tracks parallel (#5°) to the shower direction
~and in the region F2 + F3 between 60-77 flashes was 16, This figure
is to be compared with observed number of 40 in the same range. ‘Thusl
these results eugéeet that most of the pagticlee in an air shower
core are on the.plateae of the'ionisation curve. Some , however, may
“be on the minimum-ef the curﬁe.'

3.9 Ihe recoverv time oﬁ_the neon flash tubes

A number of events.were.obee:ved in whicﬁ a dense shower caused’
flashes-in moef cf the tubes and this wes followed-laterlby an event
. showing low erflclency muon trackse |

The 1nterest1ng point in ‘this problem is that the eff1c1enc1esﬂi
of these muons is 51m11ar to the efficiencies whlch can be caused by

fractional charge particles-(quarks)o When a single relativistic
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particle travefses a tube some ion pairs are produced along its .
track and during the applieation-of the high voltage pulse ‘the
electrons are accelerated towards the positive electrode and |
‘multiplication produces breakdowﬁ. Phof&ns cause the discﬁarge
to be propagatec rapidly along the full length of the tube. The
positive ions move more slowly towards the hegative electrode-andgl
if the applied pulse is long enough, some will reach the walle Aftér
the cessation of the pulse thefe will bg mén& electrons and positive
iohs.aﬁhering to the'glass_aﬁd'it,is considered that it is .these which:'
are mainly responsible for a remnant clearing field. The magnitude
of this field will fall with time because of neutralization of
eiectrons by pogitive-neon ions from the gas and condugtion of
electrons along the-inside surface of the glass to neutralize those
poéitive ions which reached the wall during the pulse.

The efficiency of these muons was measured, with the result
shown in figufe'3.l6o In this figure the internal efficiency 011)
is given, that is, tﬁe iayer efficiency (i.e. the hﬁmber of tubes
flashed aloné the length of the track divided by a number of laye¥s)
multiplied by the mean separatién of the tube centres and divided |
by internal diameter. _

The curve for TD= 40us'has been given by Ashton et al (1971),
and a qomparison.is'made between this énd the Qresent e#perimental
data E1-E69 for TD = 20us. .

. It cén be $één fhét fof T5-= 20ﬁs a flash tubéjﬁas a recovery
time to full efficiency of " 3 minutes. The time for each event was
ré@ordgd.éndthe distributiqn of time sepératidn of the shower events
in £ilmé E1-E16 was drawn, figure 3.17. The mean time.'separét'io-n |

t/T

« T was found equal to 17.8 minutes. The
1

is given by y = y_ e
rate of the shower corresponds to the value of (1) is 3.4 hrs

and the straight line was drawn to give a best,fit'to the measured

eventse
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3.10 The angular dis;;ibgqiqn_of accgp;edgpatticlgs

The distribution of the projeéted zgnith angle in thé fronﬁ
view .of the chamber was drawn for all meaéured airlshowér triggéréd
tracks and is shoﬁh in-figure»3.1§- In this case a syﬁmetrical
distribution about Zéerd angle was obtained and a maximum zénith, '
-angle which c;n be measured fotr a track passing thé top of F1B
and the bottom of F4A and produce at least one flééhed tubé iﬁ
‘them is 37°. | B |

A siﬁgle évent‘E38-98 has been observed during the shower
run showing horizon£a1 EAS trigéering the chamber and this madé
an angle about 78° to the vertical.

One can expect an increase in efficieﬁcy for tracks of
igcrqasing zenith.gngle, because of the increased track length

of the particle in the flash tubes, but this effect is small.
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CHAPTER FOUR

The Characteristic Interactions of Incoherent Particles in

Cosmic Rays Observed in the Flash Tube Chamber

4.1. Intrpdgction

The flash tﬁbe:chamber is a powerful visual technique for
studying the properties of cosmic ray_particles. -Ihe types. of
;ﬁteraction when the incoherent component of cosmic rays at séa
léevel traverses the chamber have begnimeasured and studiéd. 'Thé
incoherent muons, muons which arrive-gt tﬁe sea level with né%thér
electronic or muonic aecompanimenﬁ, aré séléctéd by a two-£fold.
coincidence Eetween écintillators A and B with resolQing time Oflﬁs.
As the measured two fold rate was 11;5‘i 0.4 éecﬁ1 a déad time of oné
minute was imboséd between coincidenqés that triggéréd tﬁé chambér.
All the single parficle qaiibration runs, 5,283 singlé barticlé événts
were taken with time delay of.Zoﬁs between thé occufréﬁce of thé singlé

particle and the application of the high voltage pulse to the chamber.

4.2. Classification of the observed events

| The interactions produced by incoherent cosmic ray particlés

traversing the chamber are classified .and théir fréﬁuéncy of occurréncé
given. The different types of evént obsérved are shown in figuxé 4.1 and .
their frequency of occﬁrrence-are.Shown-ih tablé 4.1. It is séén frqﬁ tﬂé
table that the most.frequént iypé Sf evehts'aré recoil éléctroh producti@n
37% aﬁd significant mﬁltiplgjggattgring'in F2 and F3 GZ.The.évént types
shown in figures 4;1.1, 4;}.2 and 4.1.3 have ﬁeep studied -in detail (ﬁgxﬁ-_
sections)'aﬁd'the remaining event types_exceﬁt those shown in.figures 4.1@5-"
4.1.6 and 4.1.12 can be understood in terms of eitﬁer the-elecgrp-

. magnetic interactions of muons of nuclzar active particles. The
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No. cf-

Event Noe of % -of
type . s events photos | photos
(cee Description observed | scanned|{ showing
fi%) _ event
40l type
1 Straight track with recoil electron 388 1,046 37%
of energy >3 MeV (3 flash tubes)
C shaped multiple scattering in 330 5,283 | - 6%
traversing F2 and F3 (3.28 radiation
2 lengths)with sagitta > 2cm :
S shaped multiple scattering in 3 5,283 |Vv0.06%
traversing F2 and F3 with sagittas '
>1 cm
3 Multiply scattered u with decay 27 5,283 0.5%
electron in F4
4 Interaction in flash tubes from which 25 54283 | 0.5%
2 secondaries emerge from same point. '
Penetrating particle which produces 27 5,283 0.5%
single backward secondary of range :
5 > 5 flash tubes ‘
Penetrating particle produces 51ng1e 2 54283 |v0.04%
backward secondary which penetrates
15 cm iron
6 Stopping partlcTe produces 3 charced 0 5,283 -
.secondarlﬂs '
7 Track with close electron accompaniment 4 5,283 |v0.08%
- 8 Nuclear interaction in. flash tubes 13 5,283 0.25%
9 Narrow angle cecscade developing from 017 | 5,283 0.3%
interaction in flash tubes
10 Interaction in iron {15 cm thick) 17 5,283 | 0.3%
11 | Interaction in léad (15 ¢m thick) 7| 5,283 | 0.1%
Two penetrzting particles. These events
include genuine two time coincident
particles (resolv1ng time O. lus) and 18 1.7%-

.12

events in whizh a single mucn produced

- the trigger and a background muon

traversed the chamber in its
sensitive time (n,l50us)

1,046

TABLE 4,1

‘The observed frequency of events

of the type illustrated in figure 4. 1.
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event types shown in figure 4.1.5 are'probably éroduced by ﬁuon
electrOpro&uction gf.a nuclear resonance followed by decay to the
ground state in which a Eackwqrd pion is gmittéd, the oyeralll
reaction being up+ un'n+. 27 events of thie type were observed

“in which the Tange of the secondary'ﬁas .>5 flash tubes. Two events
CQ-lli and C14~95 of this type show that the penetrating particie”
produces a single backward secondary which-pgnetrates 15 cm iron.

No events of the type shown in figure 4.1.6 have been observed
in the present work. Only one event ‘of ‘this type has been observed
in the previous work (J; King, 1970, Ph.D.Thegis) from 1,000 single
particles measurede .This'event shows a stépping part{cle which
produces 3 chargéd secondaries. This type of event is possibly
N S +7 with branching ratio 6%.

Figure 4.1.12 showé two peneﬁrating particles in whicﬁ a single
muon produced the trigge; and a secbnd muon traversgd thé chamber
in its sensitive time“{150us° The track with higher efficiency was
presumably the trigger particle and the less efficient one a back-
ground tracke The mean number of flashed tubes on these 18 tracks
was 69,4 in F2 and F3 ;ompargd with the triggered particies which
have a mean of 74.77 in F2 and F3.

4.3, 'Knogk-cn:elegtrgpg | |

The ‘interaction of u-mesons in the glass of the flash tubes
- producing a. knock=-on e;ectron_With éufficient ehérgygtq'traQerse
into the gas of the-flésh tube Was'observed; It wés asSumed-tha#
the collision takes place in the centre of the_glass which has é
mean thickness 0.32 ¢me -The high engrgy knock-on electron ié
ejected at a very small angle to thelprimary, and iq consequen;e:
‘both the primary and the knock-on éiéctron travel together for.a
relatively large distance. As the energy of the knock-on electron

is reduced its angle of ejection and its scattering increase.
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The differential collision probability for a particle of mass, m; and
spin % has been calculated by Bhabha (1938) and by Massey and Corben

(1939), and is as follows:

' 2 C me 02 dE' l- B?_E_‘l 1 E! | -] 2
¢c011 (EE') gE' = ——5— (27)2 | 1= g7 +z 3| |*° cm”,
oL B - L m +me :

. where C = 0.15 Z/A
B. is the veloc1ty of the incident partlcle of energy E
meez is-the rest mass of the electron

E' is the energy of the recoil electron.

E'mis_the maximum transferable enetgy to the electron
by a primary particle.

The probability of production of a knock-on of kinetié¢ energy in the

range from E* minimum to E* maximum by a muon of energy E is given

o | B (nd® 2 |
. m m_C :
- , E* 2!
coll min _ 62 _ (E')2 E m g
E' . - -
min

The.kinetie energy of knock-cns werelestimatedfby the number of-flash
tubes and electrodes they traversed in.F2 and F3. The plot of rh‘rc’:jec;t:.ed
recoil angle as a functlon of range for a sample of recoil tracks of
range > 3 flash tubes is shown in flgure 44,2 and thé observed range has
been converted into electren energy assumlng an energy loss of 1 MeV
per flash tube and 0.6 MeV per.electrode traversed. In-thls.flgure,
only-the'knpck-ons-qhich have at least 3 flashed_tgbes on knock-on
track are plottedo The expected spatial recoil anglee for_different
electron energies'ca;guleteg‘from the kinematics of uye.collision for
"different muon energies is;also“shown-in.figure 4e2e

If a.is the angle of -emission of the electron with respect to the
primary and E' the electron kinetic energy produced by a muon of .

mome ntum p, (Kannangara and Zivkovic, 1953), then,
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2
2m_p cosza

E' = '
. (m + /p ) -~ p cos a

forva given primary energys E' is a4 maximum when o = O. The maximum
transferable energy for a muon of médian enexgy 2.1 GeV is 300 MeV,

It is.seen in figure 4,2 that about Helf the events are consistent
“with pe collision dynamics but that about half also lie abofe the curve
corresponding to infinite energy muons. This can bé underetood in
terms of the strong multiple scattering of low energy electroﬁs.in:the
'flash tﬁbes. Ae low eheréiee 3-6 Mev; more events lie above the curve
than below it and thls is attributed to low energy electrons recoiling
close-to the forward dlrectlon not being resclvable from the track
itself.

The differential energy spectrum of ail the kiock-cn electron
tracks of energy >3 MeV (3 flash tube) were observed in F2 and F3
on the passage of 1046 muons is eheWn in figure 4.3. The full line

shows a fit corresponding to a law of the form N(E')dE'd:dE'/(E')zo

The histogram of'the'differential.energy speetrum of the 388
- knock-cn electrons ef energy >3 MeV were observed in F2 aed F3.

(93 g cm_2) is shown in figure 4.4. The dotted curve corresponds
tO'fhe fit using the probability of production of a knock-on of a
kinetic energy in the range E' minimum - E' maximum per single
Aparticle tracke |

| ‘A eormali;atiog,to the tﬁeoretical.cufveeﬁas'made at.the tbtal :
number of knock-cn electrcns obse??ed.and it may be seen that the
agreement between experiment'and theory is goode

A typical measured Knock-cn electron ejected by a single charged

particle, muon,it skown in figure 4.1.1 and plate 4.1.
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It was noticed during the single pa.rj:.-'i’c'le calibration run that

6% of the observed 5,283 single calibrat.-ior-xlparticles showed C =
~ shape multiple scattering in tfavérsihg thé chamber (sagitta A>2 cm).

The events measured were of the type shown in figure ..4.1'.2. The.
sagitta A cm wé_s measured as a ﬁaximum perpendicular distance from

-the dord formed by the line joining the points where the trajeétory
crossed the top of F2 ar;d the botfom of 1_’3 to the scattered txfaje'ctorya
_The_ integral scatte.riné_distribut‘.ior_l for 54283 penetrating parti_cles

in the chamber is shown in figure 4.5. The expected multiple _sca‘tteri'ng _
dist—ﬁbuﬂ:ion of single muens was calculated assuming the .rms . projected
angle of scatter gf a_par'ti-:le in tréver-.sing t radiation ieng'th is:'

v 12
£<@>= -1— Kt

sz pe
between the top of F2 and the bottom of F3 then <A> = o/8<e>

s where K = 21 MeV. If £ is the linear distance

and (Rossi 1952),

0) 4 (8) =mmkeexp - (=) an
PRSI TR T s

~ for a particle of a given pB;a'

Identifying p Bc with the value at the tenter of F2 and F3 the
above expression has been weighfed Bver'the momentum-speétrum of muons
in the middle of thé chamber and capable of production coincidences
and the final resuit'whi@h‘bas.Been.broadened for an rms ,errér in

"measuring 4 of 151 cm i's shown élso'in figure 4.5, " Three gvehts |
were observed during the scanning showing S<shape multiple scattering
in traversing:FQ énd'F3-mdth sagiftas_A>'l e These—events-might—be

' &ue'\ﬁo—a—lla.ﬁge_'-ang-l-é.——s-daj:i_é.iiihgj.vy{a-ich;ek.afnged—-‘ehe-d-i-pe-e%—i—e-n—-e-f._,fhe.;

%raéesi»e—ry—of—a—@-sha-pe—mu-l—t-i-p-le—s.caj;te.-ring,ﬁ:,a.r_.tig-l-e-.- )
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4,5 The Mass Estimation of Stopping Incoherent Particles

405.1. Introduction

.:F;om measuring the multiple scattering and residual ranges of.
the particies that stop in a flash tube chamber mass estimétes of
.stopping.particleshave been made. In a éample of 5,283 photographs -
of incoherent cosmic ray particles. traversing the chamber, 27 |
-photographs showed a significantly scattered stopping muon with a
decdy electron produced at the end of its range. The same method
which has begn described in sectidn-3.6 was applied to determine the
.moméntum at the mid pﬁinﬁ'of the'trajectofy and the mass of the
stopping particle.

4.,5.20 The_mass”distribtuion

The scatter piot of the range é as a fUnction of the moméntum
péc for 27 stopping single particle is'éhown in figure 4.6.. The curves K
of muon, pion, kaon, and proten-a;é calculated from‘Sérre (1967)
rangé.-enevrgy'tables. The curves for 10 ‘iﬁe and 1Omp are .cavlculated "
from Rossi (1952). The méximum;yaIUe.of'pﬁc which can be measured -
was 710 MeV and tﬁis_corresponds to a sagitta Adcm meagurgd
(precision 1 cm) fér the t;ajeetoi& from the top of F2 to the bottom
of F3. | | |

Thus once B/ ph is measured B can bé found frem the' curve whiéh
has been shown. in figure 3.10.énd M. (mass) can be founds N

M2 = pBc (1 - PIE/R

"The rass distribution for the'27.scat£ered Eiopping muons in the chémbef o
: With én electron pfodubed at the end of it's range is shown. in figure 4¢7..

A typiéal ﬁ-e decay ' is showh in figure 4.1.3 and plate 4.2.
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4.5.3 Discussion
It is seen from the ﬁass.distribution that the most probable
mass is consistent with fhe muon mass as expeﬁted. Of the 27
events, 4 evehts stopped'af the bottom of F3 or Fza and'tﬁe decay.;
elect?on traversed écintiilatoriB producing the neceésary coincideébe'
and the remaining 23 events sfobﬁed in either scintillétor:B or Fai.
‘It is noticed that fewer decay éﬁents are observed to stop at the i
botfom of F3 or in FAA than in'scintillator B or F4g in spite of
the fact that there is more stopping"mate¥ial at the bottom of F3
and in F4A. The reasoﬁ-is.thét a resoiving time of O.Iﬁs for'thé
‘coincidence time betweeh.A'and B gcintillato:s was used, so only
4,6% of muons stooping at the bottoi of F3 and in F4A produced
a décéy electron iﬁ time to satisfy the coincidence requixement.
Three evenﬁs were ckserved with low mass value <10me. These
events can be_éxpiainéd as due to-ﬁ+'mesons which would suffer
nudleér aé well as Gpuldmb'sééttéring'and this effect would under;

estimate B¢ and give a low mass. value.
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CHAPTER FIVE

CONCLUSTON

The theory of the possibie existence of three eiementary
particles (cuarks) arose frem ﬁn attempt to understand the .v
observed multiplet strpcture of eleméntary'partic;eéo To date -
.there is no strong positiVe experimental evidence'for the 
_existence of quarks-apd its we}l krown that a con;iderable
number of attempts have been made to detect the production of
quarks at high ehergy‘agceleratgrsg In cosmic rays, there is 5
a_wide variety of expéri&ental techniques that have been used
to search for querks and of the searches $0 far reported, most
have used the fractional charge as the identifying feature.
However, some chérgefindependent searches have been conducted.

In this.wo¥k flash tubes have beén used as a visual detector
to search for quarks and study the characteristics of cosmic fay
particles at sea levelo The f;aéh tube depends for its operation
'pn the ionisation left by an ionising particle. The position of the
quark chérges e/@, 2e/3 and the charge e barticle on the ioﬁisatian
curve wﬁs calculztedo The expériment was'pun for 2,570 hours'usin;
~as a master trigger EAS producing a local electren density 7>4Om-2L
Twe candidates were observed in the ionisation region e*pected for
‘e/3 quarks and they'satisfied all the conditions applied . However
the most likely“explanatiOn‘is that they are background inéoherent'

muons. Chazrge 29/3'quarks wﬁll not be distinquished from charge
'e-particléélin"thé.flash tﬁbe éﬁgmﬁer; |
. The ubper limit to the flux of e/3 éuarké, based on tﬁo possible - .:

events is <.4 10—}1cmf25ec-lst-1. Assuming-a quark-nucleon ine1a$tic



cross~section of % the nucleon-nucleon inelastic cross—section
the probabilify of a.quark traversing the cbambér without
interacting has been calculated to be Ooi65.
Taking this effect into account raises fhé upper limit to
<8,0.10"1 em™%seclstle
In future there is a plan té modify the chamber by'increésinéi'
the number of piastic scintillators so as to EQVer the whole
senéitiVe area of flash'tubes; ZFigure.Sele"shows a sidg_view
of the flash tube chamber with this. proposed modifications
A previous particlé indicator will be used to detect:whether.
incoherent muons traverse the chamber sensitive volume ;n the

200us period preceeding the occurrence of the master aif shower

trigger thus eliminating the background problem completely.
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APPENDIX

The Mass Ratic of Two Body Elastic Collisionsin

the Non-relativistic Approximation _ !

5 Eaody
By
E';P

A derivation of the-general-fo:mulé used in section 3,5 for |
determining the mass ratio of two body elastic collisions in the’
non-relativistic-approximation is given below.

Consider a particle of mass M withkinetic energy E, and
momenfum Py scattered through an angle © in an elastic collision
wifh a particle of mass M', assumed to be initially at res£,
and suppoée the particle recoils making an angle ¢ wifh respect
to the incident particle'direction. |

Let (E )s (E'sp') be the energy and the momentum of the

2° P2
scattered and recoil particles respectively after the collision.
In an elastic collision the total energies and momenta of é

particle will be conserved:

M-'p"'q— E, = Eé + E! | ()
_p.l = '9.2 +.Ei _ (2)
The momentum can be written in’forms
| p' sin éw=ﬂp2 sin @ (3)
bi = p2.cos 8+p'cosP (4)

Assume the kinetic enérgy of the incident particle is El = Mcz(\ﬁl) .
. i
"and ‘the ‘particle in non-relativistic region (this approximetion is-

valid when © is‘ finite and measurable). -

SURH 5
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Thus equation (1) can be writtens

2.
Py —la T
M = mtE
L () (pyte,) = B
or oM ‘P17 Py TRy T

From equation (3) we haves

p' sin é

P> ® “sine

Substituting this into equation (4) we gets

- P sm[ZS_cosG
1 . sin @

By simple’ calculation, assuming pli

+ p' ,cosléh

Py

we obtain from eq_uations‘ (&), (6) and (7):

1 §L_Jé£@§__
, 2M _ sin € + cos.
ta 5;3Jé cos 8

Oy T + cos ﬁ -
W, | sin 8

' Howaver, if the recoil particls is a

-
oz &
73

Substituting this into equation (8

Mo_ 5 [siné cos @

M

+ cos

'j, we get:

& - EHLé

sin 8

(5)

(6)

(7)

sin

lso non=-reiativistic thens

|s1n6

. for heavy mass particles,

- (9)

quat*on (9) shows that in the ncn-relatlvlsltlc approx1r1at1or1 the

ratio betwacn the mass of 1ncment partlc;e ahd reccil particle :?

(M/l\'l-')'deper_\ds only on the scatterlng--@ng‘.e ® and the reécoil

ang1é B.




