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ABSTEACT 

The c h a r a c t e r i s t i c s of a s c i n t i l l a t i o n counter - neon f l a s h 

tube telescope have been invest igated. The response of the 

s c i n t i l l a t i o n counter and the e f f i c i ency of the neon f l a s h tube 

trays f o r r e l a t i v i s t i c muons was measur-ed. The equivalent 

c h a r a c t e r i s t i c s for r e l a t i v i s t i c -̂ e and fe quarks were evaluated 

from the above data . The e f f i c i e n c y of the telescope f o r 

detecting r e l a t i v i s t i c ^e and §e quarks was thus obtained. 

The telescope was operated in a search for -̂ e and fe quarks 

i n cosmic rays at s e a - l e v e l . The telescope was sensit ive to -̂ e 

quarks i n the p range 0.4 to 1.0 and to f e quarks in the p range 

0.8 to 1.0. I n the running time obtained no quarks were detected. 

The rate of r e l a t i v i s t i c quarks i s given with 90>o confidence as: 

-10 -2 -1 -1 < l.'Z-. X 10 cm sterad sec for ê quarks 

and <8.0 x l O ^ ^ c m ^ sterad ^ sec ^ for fe quarks. 

From these rates the upper l i m i t of the production cross-sect ion 

f o r quarks as a function of ^uark mass was evaluated and compared 

with theore t i ca l pred ic t ions . 

The c h a r a c t e r i s t i c s of a glass plate spark chamber and a 

stack of neon f l a s h tubes operated in the l oca l i s ed discharge 

regime were invest igated. 



PREFACE 

This thes i s describes the work performed by the author in 

the Physics Department of the Universi ty of Durham while he was 

a Research Student under the supervision of Dr. F . Ashton. 

An experiment to invest igate the existance of quarks i n 

cosmic rays at s ea - l eve l has been performed. The development, 

bui ld ing and day-to-day running yias the author's respons ib i l i ty 

with ass istance from Mr. G-.N. K e l l y . 



CHAPTER 1 

INTRODUCTION 

1.1 Symmetry i n elementar^r p a r t i c l e s 

Fundamental physics haS been based i n the past on the a n a l y t i c a l 

notion that a system i s best understood by reducing i t to i t s 

component p a r t s . P r i o r to 1950, most phys ica l phenomena could be 

e x ^ i n e d by the c l a s s i c a l concept of three eleraentaiy p a r t i c l e s , the 

proton, the e lectron, and the photon, interact ing through two basic 

types of force , electromagnetic and grav i ta t iona l . I n 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 f o r the s t a b i l i t y of n u c l e i . The forces between p a r t i c l e s 

can best be expressed as an exchange of intermediate ' v i r t u a l ' 

p a r t i c l e s between the c o l l i d i n g p a r t i c l e s . Based on the range of the 

nuclear force Yukawa predicted the TT meson as the intermediaiy. This 

p a r t i c l e was subsequently found by Lattes e t a l . (1947) i n nuclear 

emulsions exposed to cosmic r ^ s at mountain a l t i tudes . iVith the 

development of acce lerators and the advent of bubble chambers a whole 

range of neyi p a r t i c l e s , both sub-nuclear- and heavier than the proton 
0 

(baryons) have been discovered i n bewildering profusion. The under­

standing and c l a s s i f i c a t i o n of th i s v/ide spectrum of p a r t i c l e s i s 
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one of the major problems of fundamental physics today. 

Progress i n c l a s s i f i c a t i o n has been made by studying the 

conservation laws which govern p a r t i c l e interact ions and i t i s 

found that p a r t i c l e s can be divided into groups; spin 0 mesons, 

spin ^ and ^ baryons for instance . I n the strong interact ions of 

the baryon group three conservation laws are obeyed; the conservation 

of e l e c t r i c charge ( t h i s i s thought to be absolute), the conservation 

of baryonic charge (to account for the s t a b i l i t y and abundance of 

the proton), and the conservation of hyperchargef. (to account for 

the associat ion of pos i t ive and neutral kaons vdth Aand Z baryons 

produced i n vr-N c o l l i s i o n s ) . 

The most success fu l model to explain these observed regularit ies 

i s based on the theories of unitary syimnetry and the existence of 

three (because of the three types of cheirge) sub-nuclear peirticles 

as proposed by G-ell-Mann (I964) and independantly by Zweig (1964). 

The name 'quark' for these p a r t i c l e s was given by Gell-Mann and i s 

now i n general use. The qumtum numbers (charges) and general 

c h a r a c t e r i s t i c s are given in Table 1.1 for the three quarks p, n, 

and X . The mass of X i s I46 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 annihi lat ion of quark-

antiquark p a i r s ) but given any dynamical s i tuat ion involving p, n . 
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Table 1.1 C h a r a c t e r i s t i c s c f quarks p, n and X 

Symbol ''4 • S B spin mass decay schemes and l i f e t ime 

P 0 1. 
3 

1 
2 

several 
G-eV stable 

n - h Oi 3' 
1 
2 dit to 4q(+-|e)+ e + y ~mins 

X 
•) -1 1 

3 
1 
2 

di t to 
+146 MeV 

-10 
4q(+fe)+7r ~10 sec 

Q = e l e c t r i c charge 

S = strangeness 

B = baryon charge 

S +B = hypercharge 

and -^X, a new dynamically possible s i tuat ion i s obtained by r e ­

arranging the i n i t i a l combinations. Thus quarks can be. regarded 

as the 'building blocks for baryons and thus define the ir properties 

and conservation laws. The octet and decuplet groups of baryons 

3 

with spin -g- and ^ respect ive ly are shorn with the ir constituent 

quarks i n Figure 1,1. Strangeness and mass increase from one l i n e 

to the one aoove. From t h i s model i t was possible to predict the 

existence of the A p a r t i c l e , i t s e l e c t r i ; charge, hypercharge, and 

mass. Another success of the model, based on the sub-integral charge 

of constituent quarks, was the prediction of the magnetic moment 

r a t i o of neutron to proton. The predicted value i s -0.667 compared 
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with the experimental value of -0.685. 

Thus unitary symmetry and the quark model have brought an order 

to the previous chaos of elementary p a r t i c l e s and i s proving a 

very useful tool i n the theory of elementary p a r t i c l e s and the ir 

i n t e r a c t i o n s . However, the question remains whether the quark 

a c t u a l l y ex i s t s as a sub-nuclear element which could be detected as 

such, or whether i t i s j u s t a convenient mathematical device. 

1.2 Searching for quarks 

Since the theory of quarks was f i r s t produced many experiments 

have been performed to look for f r a c t i o n a l l y charged and heavy mass 

p a r t i c l e s . Accelerator experiments c a r r i e d out at CEHN sind 

Brookhaven f a i l e d to substantiate the theoret ica l predict ion for the 

production of ^.uarks. Recently S c h i f f (1966) has suggested that a 

se lec t ion rule on the in terac t ion of'quarks such as requiring the 

charge ( e l e c t r i c or baryonic) of a c l u s t e r of quarks to be an 

i n t e g r a l number would r e s t r i c t quarks to the nucleus such that they 

v/ould not be detected. However the negative re su l t s of accelerator 

experiments could be due to the heavy mass of the quark, ffith 

present machines giving protons of energy 30 G-eV, the energy in the 

C M . system of c o l l i d i n g nuclieons i s ~4 &eV. This f igure gives, 

therefore , the lower l i m i t of the quark mass. 

For proton energiesiin excess of 30 GeV workers have turned to 

cosmic r a y s . The primary cosmic rays consist of 85-8870 protons and 
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the d i f f e r e n t i a l energy spectrom i s diown i n Figure 1,2, although 

-2,5 

there i s a wide range of energy the rate decreases as K * where E 

i s the k i n e t i c energy i n G-eV and thus i f quarks ai-e produced in 

proton-air nuc l e i c o l l i s i o n s the majoi'ity w i l l be produced close to 

the threshold energy. The protons d i f fuse through the atmosphere 

reaching sea- leve l a f t e r 'x̂ 5 interact ions with ~ .05 times the i r primary 

energy v?ith a sea - l eve l spectrum shown in Figure 1.2. The majority 

of secondary p a r t i c l e s i n the proton-air nuc le i interact ions are 

pious and these decay such that the intens i ty of p a r t i c l e s at sea-

l e v e l contains 70r/o muons with the spectrum shown in Figure 1,2, the 

median energy for muons i s ~2 G-eV. I n a manner s imi lar to protons, 

quarks i f produced w i l l also d i f fuse through the atmosphere losing 

energy and eventually being absorbed in an a i r or earth nucleus. 

The production and propagation of quarks i n the atmosphere i s con­

sidered i n Chapter 4. 

The cosmic ray experiments have been performed at sea- leve l , 

at mountain a l t i t u d e s , and deep underground. They have a l l with 

one exception been s c i n t i l l a t i o n counter telescopes, nith minor 

d i f f erences , used i n the search for f r a c t i o n a l l y charged p a r t i c l e s . 

However, up to the s t a r t of the present experiment no r e s u l t s 

had been published for a telescope employing a v i s u a l detector for 

ident i fy ing the track of the incident p a r t i c l e . As wel l as 

experiments designed to detect incident quai-ks, experiments have been 
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performed to search f o r quarks absorbed in the nuc le i of material 

on the earth's sui'face including the atmosphere and also i n the 

sun's periphery. The e f fec t of quark production by primary protons 

on the production of other secondaries has a lso been studied. A 

f u l l e r ana lys i s of other experiments i s given in Chapter 5 . 

1.3 The s c i n t i l l a t i o n counter - neon f l a s h tube Mescope 

The telescope i s designed to detect + '=e and + fe quarks on 

t h e i r equivalent energy loss i n a s c i n t i l l a t i o n counter ( i . e . ^E and 

4 

-E^vrhere E i s the most probable energy loss of a r e l a t i v i s t i c charge e 

p a r t i c l e , measured by se lect ing r e l a t i v i s t i c muons). S ix p l a s t i c 

s c i n t i l l a t i o n counters (140 x 75 x 5 cm"̂ ) are arranged in a v e r t i c a l 
2 - : 

stack of aperture 0.47 m sterad, . Pulses from each counter are 

displayed on a cathode ray oscil loscope which i s photographed. Nine 

trays of neon f l a s h tubes are arranged orthogonally i n the stack to 

give a three dimensional p ic ture of the track of the incident 

p a r t i c l e and for each selected event both views are photographed 

separate ly . The telescope i s described in more d e t a i l in Chapter 2. 

The expected pulse height d i s tr ibut ions for quarks i n a s c i n t i l l a t i o n 

counter and hence the e f f i c i ency of detection i s considered in 

Chapter 3 . The r e s u l t s are analysed in Chap ter 6 and a summary i s 

given i n Chapter 7« 

Work performed on a glass plate spark chamber and the l oca l i s ed 

discharge i n neon f l a s h tubes i s discussed in Appendices A and B 

r e s p e c t i v e l y . 
- 6 -
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• • • • • • a 

photomultiplie ra phosphor l i g h t guide 

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

20cm 
20cm * 

(b) The anticoincidence counter. 

Figure 2,2 Scale diagram of the s c i n t i l l a t i o n counters. 



area i s i n contact with the support to f a c i l i t a t e a more e f f i c i e n t 

transmission of l i g h t by t o t a l i n t e r a l r e f l e c t i o n . 

The s i x photomultipliers are f i v e Mallard 5 3 AVP and one 5 6 AVP, 

the resistance chains for the dynode voltage supply were chosen for 

a high gain and are shown i n Pigure 2 . 3 . A positive supply voltage 

i s applied to the photomultipliers and the output i s talcen from 

the anode. This i s a negative pulse with a decay time of 1 0 0 n sec. 

The three outputs from one side are fed together into an emitter 

follower which i n turn feeds a 30 SI system of electronic units 

designed by the Rutherford High Energy Physics Laboratory (EL 2 0 0 0 

s e r i e s ) . 

Because of the p o s s i b i l i t y of Cerenkov radiation i n the l i g h t 

guides, two anticoincidence counters ( 7 0 x 3 0 x 5 cm) were placed 

i n l i n e with the l i g h t guides as shown i n Figure 2 . 1 , labelled 

and V^. The design of these counters i s also shown in Figure 2 . 2 . 

They have trapezoid light, guides at the 3 0 cm edge and each i s 

viewed by two 5 3 AVP photomultipliers with the same resistance 

chain as those in the large counter. Each output i s fed into an 

emitter follower which i n turn feeds the selection system. 

2 . 1 . 3 The neon f l a s h tube trays 

The f l a s h tubes are of glass painted black except for the 

viewing end, with an internal diameter of 1 . 5 cm and are f i l l e d with 

commercial grade neon to 6 0 cm of mercury pressure. Each 

tray consists of four layers of f l a s h tubes 
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which are staggered to ensure maximum track efficiency. The 

operational area of the trays i s the same as that of the phosphor 

( 1 4 0 X 7 5 cm ) . The f l a s h tubes are supported i n a blockboard 

frame, the top and bottom areas being covered with aluminium foi l . ^ 

these acted as earth p l a t e s . The pulsed electrode i s an aluminium 

sheet between the second and t h i r d layers of f l a s h tubes. 

The 1 4 0 cm length of the phosphor i s referred to as the front 

and f i v e trays ( F „ - F i n Figure 2 , 1 ) with 7 7 to 7 8 tubes per layer a e 

are i n t h i s view. The 7 5 cm length of the phosphor i s referred to 

as the side and four trays (F^ - F^) with 4 3 to 4 4 tubes per layer 

are i n t h i s view. For each event a separate photograph i s taken 

of each view, to aid correlation i n scanning a clock i s incorporated 

i n each. 

The pulsing unit for the f l a s h tubes consists of an 8 kV ' 

hydrogen thyratron, a pulse transformer and then an enclosed spark 

gap (Trigatron CV85) v/hich discharges a bank of condensers through 

a pulse transformer. The resulting high voltage pulse of magnitude 

1 2 kV, r i s e time 2 ^sec and duration 5 ^ s e c i s applied to the central 

electrode of the nine fla s h tube trays. A delay of 5 ̂ sec was 

incorporated before the f l a s h tubes were triggered to avoid pick up 

on the trace of the cathode ray oscilloscope (C.R.O.) displaying 

the s c i n t i l l a t i o n counter pulses. 
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2 , 2 The selection^ display and recording system 

To select p a r t i c l e s on t h e i r energy loss i n the s c i n t i l l a t i o n 

counter, pulses from a counter are accepted i f they l i e within a 

certain pulse height region, the system then demands a coincidence 

from a given number of counters of such pulse heights. Thus b a s i c a l l y 

the system i s comprised of discriminators set at- given l e v e l s 

followed by a coincidence unit. 

The quark search was divided into two parts. The f i r s t was a 

search for fe quarks only and t h i s was ca l l e d the T s e r i e s . The 

second was a search for the ge and fe quarks and t h i s was called 

the Q s e r i e s . The logic diagrams for the electronic selection 

system are shown i n Figures 2 . 4 and 2 , 5 for the T and series 

respectively. I n the T se r i e s the selection demanded a f i v e - f o l d 

coincidence of counters A B D E F with pulse heights in the range 

0 . 2 0 E to 0.85E. The resolving time of the coincidence c i r c u i t was 

2 0 n sec. I n the ser i e s the ̂ e quark selection was a six-fold 

coincidence of pulse heights i n the range 0 . 0 5 E to 0 . 3 0 E and the 

fe quark selection was a f i v e - f o l d coincidence of counters A B D E F 

i n the range 0 . 3 0 E to 0.85E i n coincidence ??ith a pulse i n 

counter C > 0 . 3 0 E . The resolving time of the coincidence i n the y 

se r i e s was 1 0 n sec. Counter C vms independant of the selection i n 

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 i n the selection system. 

As well as the output pulse feeding the selection system the 

pulse was also fed into the display c i r c u i t . In the case of the T 
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s e r i e s the pulses from each counter, 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.O. which had been 

triggered by the coincidence pulse from the selection system. I n 

the Q s e r i e s , because of a larger range i n possible pulse heights, 

the s i x pulses were observed d i r e c t l y as i n the T seri e s and then 

were amplified and delayed and displayed again. Typical traces 

for events i n the T and Q se r i e s are shown i n Figure 2.6, the values 

V and <̂ /v %are defined i n paragraph 2,3.5. The C.R.O. also 

incorporated a watch so that the film could be eas i l y correlated 

to the two flash tube f i l m s . 

As well as trD.ggering the C.R.O, the coincidence pulse i s delayed 

5 ^ s e c and triggers the f l a s h tube pulsing unit. The pulse also 

triggers a cycling system which illuminates the f i d u c i a l bulbs and 

clocks i n the front and side fla s h tube views and the watch in the 

C.R.O. and f i n a l l y winds on the cameras i n preparation for the next 

event. 

For the acceptance of muons in a C run, described in d e t a i l i n 

paragraph 2.3.5, the 0.85S veto i s removed from the fe quark 

selection. As the rate of muons passing through the telescope i s 

-^30 sec ^ the cycling system operates a veto on the C.R.O. trigger 

and the f l a s h tube pulsing c i r c u i t so that only one event per frame 

i s obtained. 
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Figure 2.6. (T. R. 0. display pulse fdrms for T and Q seri e s 



Because of the long sensitive time of the f l a s h tubes i t i s 

an advantage to have a knov/ledge of previous p a r t i c l e within that 

time. This i s discussed i n d e t a i l i n paragraph 2.4.2. For the 

l a t t e r half of the series a coincidence between a 200yv>sec pulse 

triggered by a s i x - f o l d event ( > 0.05E) delayed by i 200 n sec 

and an accepted event illuminated a bulb i n the front fl a s h tube 

view. This indicated that a p a r t i c l e had traversed the telescope 

i n the 200^ sec before the accepted event. The previous p a r t i c l e 

indicator i s shovvn in r e l a t i o n to the selection system in Figure 2.5. 

The c i r c u i t was designed by Mr. T. Takahashi and i s shown i n 

Appendix C. 

2,3 The s c i n t i l l a t i o n counter 

2.3.1 Introduction 

I n £in experiment of t h i s type where the selection depends on 

the output pulse height from a s c i n t i l l a t i o n counter the most 

important parameter i s the resolution of the counter. For 

r e l a t i v i s t i c muons traversing a counter the output pulse heights w i l l 

form a dis t r i b u t i o n . The resolution of the counter i s defined as 

the f u l l width at half height of the distribution expressed as a 

percentage of i t s most probable pulse height. The resolution depends 

on four variables:-

1 ) the fluctuations mi the energy loss of the incident p a r t i c l e 

i n the counter, 
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2) the response of the counter as a function of the position 

of the incident p a r t i c l e , 

3) the fluctuations i n the nvmiber of photoelectrons produced i n 

a photomultiplier as the r esult of a given number of photons collected, 

4) the fluctuations i n gain of the photomultiplier due to the 

s t a t i s t i c a l nature of the electron multiplication process. 

This i s analysed i n Chapter 3 to give the expected distributions 

for fe and fe quarks. I n this chapter the experimental data obtained 

i n the study of the s c i n t i l l a t i o n counter and the photomultipliers 

i s presented, 

2,3.2 Matching the photomultipliers 

Before proceeding to measure the response of the s c i n t i l l a t i o n 

counter i t i s necessary to match the s i x photomultipliers of each 

counter so that the average gain of each photomultiplier i s equal. 

Mismatching would, of course, lead to an increase i n the width of 

the distribution from the counter. This vms achieved by placing each 

photomultiplier i n turn (prior to f i x i n g i n the s c i n t i l l a t i o n counter) 

i n a l i g h t tight box and measuring the output pulse height at 

different supply voltages due to a fixed source of l i g h t . The 

source of l i ^ t was a spark generated in the arc discharge of a 

merciiry-vcetted relay (Kerns et a l . (1959)). The l i g h t pulse has a 

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

- 13 -
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Figure 2*7 Variation of output pulse height with voltage 
on the photomultiplier. 



I t was fomd that although the tubes 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 

i n volts H, f i t s the r e l a t i o n : 

H = A V ^ 

where A i s a constant, V i s the supply voltage i n k i l o v o l t s and 

n i s 8 and 14 for a 53 AW and 56 AVP respectively. Typical curves 

for a 53 AVP and 56 AVP photomultiplier are shovm i n Figure 2,7, 

Thus from these response curves the supply voltage necessary such 

that a l l photomultipliers had the same gain could be found. 

An important point to note i s that over the output pulse height 

range measured (0,1 to 5*0 v o l t s ) the curve shows no saturation 

e f f e c t . From the calibration of the electronics the most probable 

pulse height from the s c i n t i l l a t i o n counter of a muons distribution 

would come on t h i s plot at 650 mV and thus over the range of 

possible pulse heights i n a muon distribution, the photomultiplier 

gives a l i n e a r response. 

After the photomultipliers »vere cemented to the lig h t guides 

and the supply voltages adjusted for equal gain a further check on 

gain was achieved by selecting p a r t i c l e s incident through the telescope 

by means of a geiger coincidence telescope positioned as shown i n 

Figure 2.1. The coincidence pulse triggered a C,R,0, on which the 

pulses from each photomultiplier were displayed and their heights 

recorded. The distributions obtained i n t h i s way v e r i f i e d that the 
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photomultipliers had equal gain, 

2.3 ,3 The.number of photo electrons collected i n each counter for 
the passage of a single r e l a t i v i s t i o muon 

As mentioned e a r l i e r the response of a counter depends on the 

t o t a l number of photoelectrons collected. The number collected by 

a counter for the t r a v e r s a l of a single r e l a t i v i s t i c muon can be 

estimated i n two ways. 

The f i r s t method depends on the efficien c y of the phosphor 

and the geometrical response of the s c i n t i l l a t i o n counter. From the 

fiuialysis discussed i n 2 .3 .4 the average fraction of light collected 

by the six photomultipliers i n a counter i s 0 ,05 , For a r e l a t i v i s t i c 

muon with energy lo s s i n the coxinter of 9 MeV and an efficiency 

of the phosphor of 200 eV/photon (Currie et a l . (1961)) the number 

of photons reaching the s i x photocathodes i s 2250. For a conversion 

e f f i c i e n c y of photons to photoelectrons of 10^ (Barnaby et a l . ( I 9 6 0 ) ) 

the number of photoelectrons produced i s 225. 

The second method depends on the output piilse height of a 

photomultiplier f or a single electron emitted from the photocathode. 

This pulse height can then be compared with the output pulse height 

of a counter for the t r a v e r s a l of a r e l a t i v i s t i c muon and thus give 

the number of photoelectrons collected. The noise distribution of 

a photomultxplier i n the dark i s due to the emission of thermal 

electrons from the photocathode and to a l e s s e r 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 i n the following way. A 53 AVP photomultiplier 

was placed i n a l i g h t tight box. The output was fed into an emitter 

follower of one of the telescope counters. The outputs of two of 

the counters photomultipliers remained connected although their 

voltage supply was disconnected. The output system of the photo-

mu l t i p l i e r under investigation was thus the same as any photomultiplier 

i n 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 s c a l e r . An integral pulse height distribution 

Yias obtained and i s shown i n Figure 2.5 plotted as a function of 

pulse height at the input to the emitter follower. 

To obtain the d i f f e r e n t i a l of t h i s distribution the rate was 

assumed to tend to a value of 10^ sec ̂  for pulse heights below 

10 ^ v o l t s . The mean of the d i f f e r e n t i a l distribution was calculated 

to be 4.25 mV. The value for the photomultipliers at the gain 

operated i n the s c i n t i l l a t i o n counters i s 5.0 mV. Since the electronic 

system i s unchanged the output pulse from the counter for the 

co l l e c t i o n of one photoelectron w i l l also be 5.0 mV, The average 

output pulse height from the s i x counters i s 650 mV and hence the 

number of photoelectrons collected i s 217. The errors on the value 

of 4,25 mY gire d i f f i c u l t to estimate but the number of photoelectrons 
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i s i n good agreement with the previous value. I n Chapter 3 a 

value of 220 i s used to evaluate the expected distributions of ^ 

and fe r e l a t i v i s t i c quarks. 

2.3.4 LinearitjT of the s c i n t i l l a t i o n counter 

An important factor i n the acceptance of par t i c l e s i s the 

l i n e a r i t y 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 p a r t i c l e s traversing the counter. 

This was achieved by selecting muons with a s c i n t i l l a t i o n counter 

telescope comprising of two p l a s t i c s c i n t i l l a t i o n counters of area 
2 

15 X 10 cm . The coincidence pulse was used to trigger a C.R.O. 

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 l i n e 25 cm from the centre for the positions 

shovm i n Figure 2 .2. The telescope was also positioned above the 

l i g h t guide nearest to the detecting end and the response due to 

Cerenkov l i g h t i n the perspex was obtained. 

The r e s u l t s for the centre l i n e are shown i n Figure 2.9 compared 

with the r e s u l t published by Ashton et a l . ( I965) . The response 

for the l i n e 25 era from the centre l i n e was found to be within ^Ofo 

of that for the centre. The t o t a l response of the counter i s the 

sum of the curve shown i n Figure 2,9 and i t s mirror image about the 

centre point. The maximum non-uniformity for a counter i s defined 

as: R - R.̂  
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where R^ i s the t o t a l response at the nearest point i n the phosphor 

to the photomultipliers and i s the t o t a l response i n the middle 

of the counter. From the above resu l t the maximum non-uniformity for 

the counter i s 20fo compared with 30^ for the counter of Ashton et a l . 

Two possible explanations for t h i s are that the quality of the 

phosphor i s improved and the geometry of the light guides i s different, 

The Cerenkov l i g h t i s seen to be down by a factor 36 

on the average response of the comter. Hence Cerenkov l i g h t 

should not ei'fect the selection i n the quark runs. However, the 

anticoincidence counters s t i l l serve a useful function i n reducing 

the number of events due to photonelectron showers. 

A theoretical analysis of the response of a counter i s possible 

by considering the amount of l i g h t collected by one photomultiplier 

as a function of position along the counter. The li g h t collected 

i s direct and that t o t a l i n t e r n a l l y reflected off the four sides 

(other than the photomultiplier edges) of the counter. Hence the cone 

of possible l i g h t I'or collection i s limited by the refractive index 

of the perspex and phosphor (1.58) to an angle of 48° to the l i n e 

between the point, and the photoraultiplier. The photomultipliers 

cover the whole depth (5 cm) of the counter and hence the greater 

proportion of l i g h t collected w i l l be due to reflections on the large 

area (I40 x 75 cm ) surfaces. 

2 

I f the area of the photomultipliers i s A cm and the depth of 

the counter d cm, the so l i d angle subtended at a distance x cm due 
- 18 -



to direct l i g h t i s : 

for the f i r s t r e f l e c t e d image: 

A 
1 " 2 ,2 7 2 127172 X + d (x + d ) 

th 
and for the n r e f l e c t e d image: 

The absorption of l i g h t by the phosphor and perspex w i l l e f f e c t i v e l y 

reduce t h i s s o l i d angle by a factor: 

i n the l i g h t guide^vvhere Xj^g^ i s the absorption length of the light 

guide, 

i n the phosphor^where \ ^ is the absorption length of the phosphor. 

The response from a given point v d l l be the sum..of the solid 

angles over a l l possible r e f l e c t i o n s . This was done for X̂ ^̂ ^ = 100 cm 

( B r i n i et a l . 1955) and = 200 cm and the result i s sho'.vn in 

Figure 2 ,9 nomalised to the best f i t of the experimental points 

at 5 cm ( 2 . 0 arbitrary units = 0.15 steradians). The average amount 

of l i g h t collected by s i x photomuHipliers i s 0.6 steradians and hence 

the f r a c t i o n of l i g h t collected i n the counter i s 0.6/4Tr= 0.05. 
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2.3 .5 Muon distributions i n the s c i n t i l l a t i o n counter 

Three types of muon distributions v/ere obtained. The f i r s t 

was with the use of a pulse height analyser, (p.H.A,). In this case 

the distiTibutions were obtained by feeding the output from the 

emitter follower d i r e c t l y into the P.H.A. without any gating 

selection so that a distribution of incident p a r t i c l e s of a l l 

possible energies, angles and position i n the counter was obtained. 

The di s t r i b u t i o n from the two emitter followers of a counter was 

obtained separately and also the distribution after the outputs 

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

six counters and the r e s u l t for one counter i s shown in Figure 2 .10 . 

I t i s seen that the distributions from each emitter follower have the 

same shape with a width at half height <^ I8O70, The distribution 

of the sum of both shows an expected increase i n the most probable 

pulse height of a factor two and a width at half height of 55/0. The 

distributions from the anticoincidence counters were obtained with 

the emitter follower outputs at each end added and the res u l t for 

one counter i s shown i n Figure 2 . 1 1 , 

The second type of distribution was obtained by selecting 

muons incident through the stack by removing the veto on the -fe quark 

selection, i . e . demanding a s i x - f o l d coincidence of pulse heights 

> O.3OE i n the case of the 1̂  selection. This i s called a C run and 

was used throi:ighout the T and Q series as a calibration of the 
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counters to obtain the value of E, that i s the most probable 

pulse height at the input of the emitter follower due to a 

r e l a t i v i s t i c muon traversing the counter. 

As i n the T and Q seri e s the pulses from the six counters were 

displayed on a C.H.O. and photographed. After processing the film 

was scanned and the heights of the pulses measured in vo l t s . 

Distributions of the pulse heights obtained were plotted for each 

counter and the medians found. Using the pulse generator calibration 

from the input of the emitter follower to the output on the C.R.O. 

for each counter these pulse heights and the median values are 

converted to pulse heights i n volts at the input of the emitter 

follower. The median values obtained are used to normalise the 

response of coimters B to F to that of counter A. Thus distributions 

are obtained of the output pulse height i n volts for each counter. 

These distributio^is can be added (because of the normalisation) to 

give a distribution for a l l s i x counters, t h i s has the advantage 

of having better s t a t i s t i c s . 

The pulse height distributions from the counters are skew 

because of the nature of the energy loss processes i n the counter. 

The most probable pulse h e i ^ t E i s l e s s than the median value E^^, 

from the di s t r i b u t i o n for a l l s i x counters the following relation 

i s obtained: 

This i s used to fi n d the most probable pulse height for the single 
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counter distributions and the pulse height distributions at the 

input to the emitter follower are f i n a l l y given in terms of E. Such 

a d i s t r i b u t i o n for one counter i s shown in Figure 2.12, the other 

counters have the same shape with resolution within 40 + 3?o. 

Besides computing the pulse heights, x^ for counters n = A-F, 

the mean of the s i x pulse heights Y, the standard error on the mean »< 

and the value •</v %were calculated where: 

n=A-F " 

Because the single counter distribution i s skew, the mean of 

the s i x counter distributions w i l l show an increase in the most probable 

pulse height. The distribution of the mean i s compared with that for 

a single counter i n Figure 2.12, the most probable height of the mean 

distr i b u t i o n i s 1.2E compared with E for a single counter. In 

Chapter 3 the expected distributions for -ge and fe quarks for a 

single counter are derived. These are more G-aussian i n shape because 

of the photomultiplier fluctuations and the mean of these distributions 

shows no such increase i n the most probable pulse height. Hence the 

expected most probable value of v for -ge and fe r e l a t i v i s t i c quarks 

i s 0 .1 I E and 0.44E. The value o</v ^ s a measure of the vddth of a 

p a r t i c l e distribution^and i s used i n the analysis of the quark 

candidates as a measure of the singularity of the s i x counter pulse 

heights. A distribution of oC/v fo for muons obtained i n a C run 

i s shown i n Figure 2.13, the most probable value i s •̂ 7?° and only i% 
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of muons have °</v" > 20>. 

As the C run muons are used to define E for r e l a t i v i s t i c 

p a r t i c l e s a check on any possible effect due to lower energy p a r t i c l e s 

was investigated. This was done by using the th i r d type of muon 

dis t r i b u t i o n . Muons were selected by a geiger coincidence positioned 

as shown i n Figure 2 . 1. Above the bottom geiger tray was placed 5 cm 

of lead. Together with the material i n the stack, t h i s would cut 

out muons with f < 0.96 and so a l l muons would have minimum ionisation 

to within 3%. Ti^is type of acceptance v/as c a l l e d a G- run. Pulse 

heights i n volts were measured at the C.R,0. for a l l counters and 

figure 2.12 shows the distribution obtained from a l l s i x counters with 

the pulse heights given i n terms of E. The vddth of the G- distribu­

tion for a l l s i x counters i s 25>w compared with the width of the C 

dis t r i b u t i o n for a l l s i x counters of 40;^. The most probable pulse 

height for the C dist r i b u t i o n i s up by a factor 1,1 on that for the 

& di s t r i b u t i o n . This coxild be due to the effect of non-rel a t i v i s t i c 

p a r t i c l e s , however two other factors also have an eff e c t . These are 

due to selection of the runs, i n the & run muons are selected i n the 

centre of the counter where the response i s a minimum and they are 

also r e s t r i c t e d i n angle. I n the C distribution, muons are incident 

over the whole area of a counter leading 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 i n the front 
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view was measured and the ra t i o of the medians v/as 1.05 + . 0 1 . 

I f these are subtracted i n quadrature from the difference between 

the C and & r^ons the ef f e c t of n o n - r e l a t i v i s t i c muons i s 3.5Q*^/^O 

£ind so the C distribution can be taken to present r e l a t i v i s t i c 

muons. 

2,4 The neon-flash tubes 

2 , 4 . 1 E f f i c i e n c y of the neon f l a s h tubes 

The tvio important factors i n the use of the vi s u a l technique 

are the efficiency of the f l a s h tubes for fe and ̂ e quarks and the 

ef f i c i e n c y for charge e p a r t i c l e s as a function of time delay 

between the passage of the incident p a r t i c l e and the application of 

the f i e l d , i . e . the sensitive time of the fl a s h tube. This l a t t e r 

parameter leads to tracks due to previous p a r t i c l e s appearing in 

accepted events, t h i s i s studied i n greater det a i l i n the next 

section. 

The efficiency as a function of time delay can be measured and 

vdth a knowledge of the diffusion and absorption of the electrons 

produced by the ionising p a r t i c l e the probability of producing a 

f l a s h can be found and thus the efficien c y for ̂ e and fe quarks 

predicted. 

Lloyd (1960) has applied a theoretical treatment to the produc­

tion and recombination of the discharge electrons and gives the 

expected ef f i c i e n c y as a function of time delay for an adjustable 

parameter, afq, where a i s the internal radius of the fl a s h tube, 
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f i s the p r o b a b i l i t y o f one e l e c t r o n i n the tube 

i n i t i a t i n g a d i s c h a r g e , 

and q i s the p r o b a b i l i t y of produc ing a f r e e e l e c t r o n per cm. 

Muons were s e l e c t e d as i n a C run and photographs of the f r o n t 

and s i d e f l a s h tube views o b t a i n e d f o r d e l a y t imes between the 

i n c i d e n t p a r t i c l e and a p p l i c a t i o n of the f i e l d i n the range 5 to 

250yiAsec. The l a y e r e f f i c i e n c y of the t r a c k s was obtained and 

t h i s was c o n v e r t e d to the i n t e r n a l e f f i c i e n c y of the f l a s h tube and 

the r e s u l t s p l o t t e d a s a f u n c t i o n of time d e l a y compared v/ith the 

t h e o r e t i c a l c u r v e s of L l o y d f o r a f q v a l u e s of 8 , 10 and 12 i n 

F i g u r e 2,14. 

The v a l u e of a f q = 12 was assumed to r e p r e s e n t the c h a r a c t e r ­

i s t i c s of the f l a s h tubes used i n the s t a c k . S i n c e , f o r a g iven se t 

o f f l a s h t u b e s , t h e on ly v a r i a b l e parameter i s q and q ( z e ) ^ , the 

v a l u e s f o r f e and ^e quarks a r e 5.3 and 1.3 r e s p e c t i v e l y . The 

t h e o r e t i c a l c u r v e s f o r these v a l u e s a r e shown i n F i g u r e 2.15 i n terms 

o f l a y e r e f f i c i e n c y . At the d e l a y time of 3^sec used i n the T and 

Q s e r i e s the l a y e r e f f i c i e n c y f o r muons and f e qusirks i s ^dOfo and 

f o r ge quarks i s ~-60^. Thus i n the d e t e c t i o n of quarks the f l a s h 

tubes should i n d i c a t e a w e l l d e f i n e d t r a c k . 

2 . 4 . 2 P r e v i o u s p a r t i c l e t r a c k s i n the f l a s h tubes 

From the e f f i c i e n c y - t i m e de lay curve shown i n F i g u r e 2.14 

the t ime f o r the e f f i c i e n c y to f a l l to the minimum d e f i n i t i o n of a 

t r a c k ( i . e . 3 f l a s h e s i n a s t r a i g h t l i n e i n d i f f e r e n t l a y e r s ) i s 
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70yi\sec. F o r the r a t e o f muons through the t e l e s c o p e of 30 sec \ 

the number of t r i g g e r e d events f o r a p r e v i o u s p a r t i c l e t r a c k v d l l be 

'v200. F o r an exper imenta l v e r i f i c a t i o n of t h i s va lue the f i e l d was 

a p p l i e d to the f l a s h tube t r a y s a t random and the f r o n t and s i d e 

f l a s h tube views were photographed. The f i l m was scanned f o r a 

t r a c k ( a s d e f i n e d above) i n geometry i n both the f r o n t and s i d e v i e w s . 

From the 1148 frames obta ined the number of t r a c k s was 8 . The f l a s h 

tube diagrams f o r these t r a c k s a r e shown i n F i g u r e 2.19 to 2.22 a t 

t h e end of the c h a p t e r . From t h i s da ta the number of frames per 

p r e v i o u s p a r t i c l e t r a c k i s 144 + 51• 

As p r e v i o u s l y mentioned, a p r e v i o u s p a r t i c l e i n d i c a t o r was 

i n c o r p o r a t e d i n the s e l e c t i o n system f o r the l a t t e r h a l f o f the Q 

s e r i e s . I n the y lower s e l e c t i o n 8 p r e v i o u s p a r t i c l e s ware i n d i c a t e d 

i n 1391 e v e n t s , i . e . the number of frames p e r prev ious p a r t i c l e 

t r a c k i s 174 + 62, The f l a s h tube diagrams f o r these t r a c k events 

a r e shown i n F i g u r e s 2.23 to 2.26. 

An important parameter used l a t e r i n the a n a l y s i s of the quark 

c a n d i d a t e s i s the m e r i t f a c t o r N / M f o r a t r a c k , where N i s the 

t o t a l number of f l a s h e s i n the t r a c k and M i s the number of background 

f l a s h e s . F o r a l a y e r e f f i c i e n c y of QO'fo, N =16 i n the f r o n t view 

and N =13 i n the s i d e vievf. F o r any t r i g g e r of the f l a s h tube s t a c k 

t h e r e w i l l be a number of background events due to the remaining 

i o n i s a t i o n of p r e v i o u s i o n i s i n g p a r t i c l e s . The mean value of the • 
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Scatter p l o t of r{/M values f o r tracks obtained 
i n the random pulse run and i n the Q lower series 
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background f l a s h e s i n the f r o n t and s i d e views i s 3.4 and 2 . 6 

r e s p e c t i v e l y and t h e r e f o r e the mean v a l u e s o f N / M should be 4.7 

and 5.0 r e s p e c t i v e l y . However s i n c e the v a r i a t i o n i n the number 

o f background f l a s h e s i s l a r g e , t h i s w i l l be shov/n i n the v a l u e s 

o f N / M . F o r muons accepted i n the Q s e r i e s the va lues o f N / M were 

measured f o r the f r o n t and s i d e v i ews and the r e s u l t i s shown i n 

F i g u r e 2 . 1 6 as a f r e q u e n c y d i s t r i b u t i o n of N / M . I n the f r o n t view 

4.5?o of e v e n t s have N / M ^ 2 . 0 and i n the s i d e v iew 6.1^;^ o f the events 

have N / M < 2 .0 and hence 30% of muons have t r a c k s wi th N / M > 2 . 0 . 

S i n c e the e f f i c i e n c y of the f l a s h tubes f o r f e and -̂ e quarks r e l a t i v e 

to t h a t f o r muons i s 1.0 and 0.75 r e s p e c t i v e l y , the 9Q^ l i m i t o f 

N / M v ^ i l l be 2 .0 and 1.5 r e s p e c t i v e l y . 

The N / M v a l u e s f o r the 1 6 p r e v i o u s p a r t i c l e t r a c k s shovvn i n 

F i g u r e s 2.19 to 2 . 2 6 a r e c a l c u l a t e d and a r e shown on a s c a t t e r p l o t 

i n F i g u r e 2 .17 . T h i s p l o t i s used i n Chapter 6 to d i s t i n g u i s h prev ious 

p a r t i c l e t r a c k s i n the quark c a n d i d a t e s . 

2 . 5 Running checks d u r i n g the T and Q s e r i e s 

As mentioned p r e v i o u s l y the p u l s e h e i g h t s measured i n scanning 

a r e c o n v e r t e d to p u l s e h e i g h t s a t the input of the e m i t t e r f o l l o w e r 

i n terms of E and thus a c a l i b r a t i o n f o r E and the e l e c t r o n i c system 

i s needed . The e l e c t r o n i c s were c a l i b r a t e d by f e e d i n g a pu l se 

g e n e r a t o r p u l s e o f 100 n sec w i d t h i n t o the e m i t t e r f o l l o v i e r of each 

c o u n t e r and measuring the output on the C . H . O . T h i s c a l i b r a t i o n was 
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checked b e f o r e every r u n . The va lue of E f o r each counter was 

o b t a i n e d w i t h a C r u n as d e s c r i b e d p r e v i o u s l y , t h i s was done e v e r y 

f o r t n i g h t . 

As a f u r t h e r check on the response of the counters and 

d i s c r i m i n a t i o n l e v e l s , the c o u n t i n g r a t e s of a l l the counters above 

a l l the l e v e l s were measured be fore every run toge ther wi th the s i x ­

f o l d , s i x - f o l d w i t h a n t i c o i n c i d e n c e ^ a n d a n t i c o i n c i d e n t r a t e s . 

The s i x - f o l d r a t e s showed f l u c t u a t i o n s but these are seen to be 

due to t h e b a r o m e t r i c e f f e c t . A sample of the s i x - f o l d v a r i a t i o n 

i s shown i n F i g u r e 2 ,18 f o r the lower and upper l e v e l s i n the i,̂  s e r i e s 

t o g e t h e r w i t h the v a r i a t i o n i n atmospheric p r e s s u r e . The barometr ic 

c o e f f i c i e n t i s a d e c r e a s e of 3.55>^ i n r a t e f o r an i n c r e a s e of 1 cm of 

mercury i n atmospher ic p r e s s u r e . The average r a t e i n the lov/er s e l e c ­

t i o n i s I 8 7 O min ^ and the average atmospheric p r e s s u r e 76 cm of 

m e r c u r y . The b a r o m e t r i c c o e f f i c i e n t v a r i a t i o n s are c a l c u l a t e d f o r 

t h e s e v a l u e s and t h e r e s u l t p l o t t e d i n F i g u r e 2 .18 and g i v e s good 

agreement w i t h the measured r a t e . The r a t e s a r e a s e n s i t i v e check 

on the s t a b i l i t y o f the response of the s c i n t i l l a t i o n counters and 

the c a l i b r a t i o n and s e t t i n g of the e l e c t r o n i c s . 

The a c t u a l v a l u e s o f the d i s c r i m i n a t i o n l e v e l s are found from 

the r e s u l t s obta ined d u r i n g a r u n . The p u l s e he ight of a l l the 

events s e l e c t e d i n a p a r t i c u l a r s e l e c t i o n were p l o t t e d and the l i m i t s 

of the d i s t r i b u t i o n taken as t h e d i s c r i m i n a t i o n l e v e l s . These were 
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then used w i t h the expec ted d i s t r i b u t i o n s to c a l c u l a t e the 

e f f i c i e n c y of s e l e c t i o n - ( e f f e c t i v e running t i m e ) f o r f e quarks and 

^e quarks as a f u n c t i o n of p. I n the f e s e l e c t i o n a number of 

' l e a k t h r o u g h ' muons w i l l be a c c e p t e d . These not only g ive a good 

v a l u e o f the upper d i s c r i m i n a t i o n l e v e l but a l s o a r e a good check 

on the v a l u e of E and the e l e c t r o n i c c a l i b r a t i o n . By the n a t u r e of 

t h e i r t r a c k s a r u n n i n g check i s a v a i l a b l e on the e f f i c i e n c y of the 

neon f l a s h t u b e s . 
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F i g u r e s 2,19 to 2.22 

F l a s h tube diagrams f o r the 8 events w i t h a t r a c k 

o b t a i n e d i n the random p u l s i n g r u n w i t h the mer i t 

f a c t o r f o r each t r a c k , N / M (where N i s the number 

of f l a s h e s i n the t r a c k and M i s the number of 

b a c k g r o u n d ) . The 8 e v e n t s were observed i n 1148 

random t r i g g e r s o f the a p p a r a t u s . 

F i g u r e s 2,23 to 2,26 

F l a s h tube diagrams f o r the 8 events i n the y 

l o w e r s e r i e s (QL 50-97) where a p r e v i o u s p a r t i c l e 

v/as i n d i c a t e d . P u l s e h e i g h t i n f o r m a t i o n and v a l u e s 

o f N / M f o r each t r a c k a r e g i v e n . The 8 events 

were observed i n a sample o f 1391 t r i g g e r s of the 

appai 'a tus . 
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CHAPTM 3 

ENER&Y LOSS DISTRIBUTIONS IN THE TiiLBSCOPE 

3.1 Energy loss i n the s c i n t i l l a t i o n counter 

A charged p a r t i c l e moving through matter loses energy by 

several mechanisms; c o l l i s i o n s with the atomic electrons of the 

medium, direct pair production, bremsstrahlung, Cerenkov radiation 

and nuclear interactions. 

In the telescope the energy loss i s measured i n a r e l a t i v e l y 

thin s c i n t i l l a t i o n counter which sets limitations on what can be 

measured. High energy losses, for example, direct pair production 

and f a s t knock-on electrons, ceinnot be measured because the 

electrons may have a range greater than the thickness of the counter. 

This means that the average energy loss cannot be measured by a 

thin counter. What i s measured i s the most probable energy loss 

which i s due to the more frequent low energy transfer c o l l i s i o n s 

of the charged p a r t i c l e with the atomic electrons of the medium, 

i . e . the excitation and ionisation of the electrons of the medium. 

I t i s the excitation energy which i s converted into s c i n t i l l a t i o n 

l i g h t and Birks (195'' ) shows that the light output per unit length, 

— i s rel a t e d to the energy loss per unit length, ^ ' ^Y-

p ^ 
dL ^ dx 

^+ ^ d l 
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For the energy loss of a single p a r t i c l e i n the present counter 

d L _ . d E 

The most probable energy lo s s E^ for a charge ze p a r t i c l e of 

momentum p and mass ^ i s given by Stemheimer (1952 , 1953, 1956) , 

as: 

E = ^ f B + 1.06 + 21n (2-) + In ( ~ ) - - ^ <- ^ c ^ 

where the constants have the following values for NE 102 phosphor: 
2 

A = 2 N f ( - ^ ) m c = 0 .0833 MeV gm~ cm for z = 1 .0 , 

f i s the r a t i o of the atomic number to atomic weight, 

B = 18 . 69 , 

and t = 5.16 gm cm for the present counter, 

i i s the density correction which effect i v e l y cancels out the 

r e l a t i v i s t i c increase i n energy loss 

k=21n{j^)+C , C = - 3 . 1 3 

t h i s i s applicable for p/^c > 100, 

for 0,1 ^ pAv c < 100 an. extra term 

0,514 I 2 - l o g ^ o ^ ^ ] included. 

A plot of most probable energy lo s s of a muon i n the s c i n t i l l a t i o n 

counter as a function of momentum and p i s given i n Figure 3*1 

P a r t i c l e s of a given kind and incident energy do not lose the 

same amount of energy i n traversing a given thickness of material 

because the c o l l i s i o n s which are responsible for the energy loss 

eire independent. Landau (19A4) obtained a distribution of energy 
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12 .0 

B 1 0 . 0 

0.1 . . -.1.0 . 
muon momentum Gev/c 

Figure 3.1 Kost probable energy loss of a muon i n the s c i n t i l l a t i o n 
counter as a function of momentum. The corresponding 
values of p are also given. 



loss for a thin absorber v*here the mean energy loss v;as small 

compared with_ the i n i t i a l energy. Symojs (1948) has worked out a 

complete solution of the probability of energy loss for thick and 

thin absorbers, Rossi (1952) plotSa Syrnocs res u l t for a thin 

absorber as ! 
Ao V . . ^ ^ - ̂.A 

against 
^ Ao 

where E and E. are the most probable and actual energy loss 

respectively, »7dE i s the probability of energy loss i n the range 

E to E+dE, = Atb/p and i s related to the resolution ifyo'of the 

distribution, b and F are parameters given i n graphical form by 

Rossi as a function of maximum transferable energy, E^ and p , 

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 i s also given graphically by Rossi as a function 

of E^ and p . The relevant parameters are given i n Figure 3 . 2 . 

For E^ >50 MeV, X , b, and F approach an.'.asymptoti^.lnaiit and 

therefore the shape of the distribution i s independent of the energy 

of an incident p a r t i c l e . For E^ <50 MeV the high energy t a i l of 

the d i s t r i b u t i o n w i l l become l e s s extended and the resolution, 

i . e . the width at half height expressed as a percentage of the most 

probable energy loss w i l l decrease. In this region the maximum 

transferable energy i s given by: 
E' = 2m c ^ ^ ^ , m e .—n ' 
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E'(MeV) m̂  ' X f b AgVMeV) 

0 . 4 .16 0.30 . 0 ,98 0 . 4 5 0.22 9 .3 

0 . 6 .49 0,50 0 .95 0 .75 0 .37 13 .0 

0 . 8 1 . 7 1 .00 0.85 1 .30 0.63 13.0' • 

0..99 • 4 , 9 • 1.48 0.66 1.48 0.72 ' 17.5 

Figure 3 . 2 Results of Symons::theory of the fluctuations i n the 
c o l l i s i o n loss.The vatious curves r e f e r to different 
values of X» The table gives the values of the 
parameters for the counter i n the present experiment. 
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where the mass of the incident p a r t i c l e i s »ing. Hence the Landau 

curve i s only dependant on p. 

For r e l a t i v i s t i c muons traversing the counter E = 9.1 MeV and 

a l l other parameters have t h e i r asymptotic values, the resultant 

curve i s given i n Figure 3.3, vdth the actual energy loss given i n 

terms of the most probable value. 

(Qualitatively thepeak of the distribution i s due to losses 

by excitation and the long t a i l to knock-on electrons. For knock-

on energies much l e s s than the maximum transferable energy the 

Rutherford formula gives the probability of energy E to E + dE as 
2 2 

2C m c z 

p (E) dE = \ X f 
where ẑ e i s the charge on the incident p a r t i c l e . 

- 2 

This predicts that the Landau t a i l should f a l l as E . I f the most 

probable energy i s taken as a zero point t h i s i s fovmd to be the 

case for the curve X = 1 . 4 8 . 
. For an incident p a r t i c l e of charge ze. when z < 1.0 the most 

2 

probable energy l o s s decreases by a factor z (z appears i n the 

term A of Sternheimers formula, a term ln(At/ p*^) appears inside 

the bracket but t h i s i s small compared vath the other terms). In 
the Landau curve A contains the term A and hence the width of the o 

2 

d i s t r i b u t i o n w i l l also decrease by a factor z , the width as a 

percentage of the most probable value w i l l be the same as that for 
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, a muon. In the t a i l of the distribution, the probability of 

producing a knock-on electron of energy E to E + dE i s also 
2 

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

^ and fe quarks i s the same as that for muons with the same value 

of p . The Landau curve for r e l a t i v i s t i c p a r t i c l e s ( X = 1,48) i s 

used to predict the expected pulse height distributions for |e and 

|-e r e l a t i v i s t i c quarks in the s c i n t i l l a t i o n counter. 

Many workers have obtained the expected -̂ e and fe uu&rk pulse 

height distributions by looking at muons viith the photomultipliers 
2 

masked such that only a fract i o n z of the l i g h t incident on the 

photoraiiltiplier reached the photocathode. This method also depends 

on the Landau curve for quarks being the same as that for muons. 

3 . 2 Expected pulse height distributions f o r a single counter 

As well as the fluctuations of the energy loss i n the counter 

the observed distribution w i l l include fluctuations due to the 

photomultiplier i n the number of photo-electrons produced and the 

variation i n the gain and due to the response of the counter to 

p a r t i c l e position and the variation i n track length (angle of 

incident p a r t i c l e ) . 

The fluctuations i n the t o t a l number of photo-electrons 

produced in the photocathode i s found to be Foisson so that the 

standard deviationo^= /N"where K i s the mean number of photo — 

electrons emitted and therefore: 
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For the fluctuation in the gain of the photomultiplier a 

comparable analysis was perfomed by Wilkinson (1950) who found 

that for large values of gain the fluctuations viere only dependant 

on N and, in f a c t , were Poisson so that the t o t a l photomultiplier 

fluctuations eire given by: 

( - ) ' = -^ V P̂.M N 

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

fe quark N2 = 96 and f o r a ^e quark = 24, therefore: 

3 5 

( ? )f = ' ( ? ^f = ( ? ) | = I : ' ( ? ) = 0-289 

Si m i l a r l y for a charge e p a r t i c l e : 

These fluctuations must be combined vdth the Landau distribution 

to give the expected distributions from the s c i n t i l l a t i o n 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 area and required value of , v/ith the mean at the median 

point of the area. These G-aussian distributions were then added to 

give the resulting d i s t r i b u t i o n . This i n f a c t was only done for 

nine of the areas, the shape of the t a i l was l e f t unchanged. This 

i s a reasonable approximation since the t a i l i s r e l a t i v e l y f l a t and 

v/ould not be altered by such fluctuations. 

The resulting distribution for a charge e p a r t i c l e i s shown 

i n Figure 3 . 4 , This i n f a c t should correspond to a & run distribution 
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where there are comparatively no fluctuations i n position i n the 

counter and in the angle of the incident p a r t i c l e . The expected 

dist r i b u t i o n v/as normalised to the & run distribution over the 

range 0.66 to 2.0 of the most probable pulse h e i ^ t and the 

r e s u l t i s shoim i n Figure 3 . 5 . The reasonable agreement indicates 

the r e l i a b i l i t y of the method and thus the expected -je and fe quark 

distributions should lead to a good estimate of the acceptance of 

the telescope. 

The fluctuations i n position and angle of the incident particle 

are i n f a c t the cause of the difference between the & and C run. 

The width of a C run i s 40^ and of a & run 25^. This can be regarded 

as an increase i n ̂ / v o f : 
1 

{ ( . 4 0 ) ^ - ( . 2 5 ) ^ ] = 0.14 , 

where 2 .3 i s the conversion factor of width at ha^-f height to 

for a G-aussian d i s t r i b u t i o n . On the assumption that quarks have 

the same angular distribution as muons t h i s can be added i n quadrature 

to the above values o f ^ / v . For these values the above procedure 

was followed to give the expected distributions for -̂ e and §e quarks 

which are shown in Figures 3*6 and 3.7 respectively. From these 

di s t r i b u t i o n s the percentage above and below values of pulse height 

i n terms of E were calculated and the r e s u l t i s shovai i n Figure 3 . 8 . 

On t h i s basis the acceptance of ̂  quarks within the range 0 .05E to 

0.30E i s 9 6 . 5 ^ and for fe quarks within the range 0.30E to 0.85E i s 

92fo. 
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3*3 Expected distributions of v and v % f o r accepted quarks i n the 
6 counters 

I n the f i n a l analysis, events are plotted as a function of v 

and the acceptance i s on the value of "^/^ fo. For this reason the 

d i s t r i b u t i o n s of v and were calculated from the expected 

d i s t r i b u t i o n s of ^e and fe quarks. 

For the ^e quark distributions the expected pulse height 

d i s t r i b u t i o n between 0.05E and O.3OE was divided into 20 equal 

areas. The medians of these areas were then selected on a random 

basis and v eind '"'/v^ calculated 10^ times. These values are 

p l o t t e d i n Figures 3 ,9 and 3. ' '0 respectively. Basically the ^e pulse 

height d i s t r i b u t i o n f o r a single counter i s G-aussian and has a resolu­

t i o n of 72.5/^« The mean of six such Gaussian distributions would 

have a resolution of 72 .5//6fo = 23,5%, the resolution of the 

computed data i s 3"'/^, 30fo of the events l i e within a pulse height 

range of 0 ,091^ to O .I38E. I f the mean pulse height d i s t r i b u t i o n 

i s G-aussian 32/o of the events would have=^/v > O .3I /2.3 = ''3.47^ and 

i n f a c t from the computed data 325^ of the data have v >13'.0/0. The 

percentage of events with values of^/w % greater than a certain 

value i s p l o t t e d i n Figure 3.'1'l as a function of "=̂ /v 90?5 of the 

events have'^/v ^16^ . 

For the |e qxiark d i s t r i b u t i o n s a similar procedure of computa­

t i o n was followed. However, two distributions were used because of 

/ the independance of counter C:- the expected §e d i s t r i b u t i o n between 
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"•̂ e and fe quarks as a function of •«'/v 



0,2E and 0.85E and the -|e d i s t r i b u t i o n >0.2E. Five values were 

randomly selected from the 0.2S - 0.85E d i s t r i b u t i o n and one from 

the >0.2E d i s t r i b u t i o n and Y and ^calculated. This would give 

the expected d i s t r i b u t i o n s i n the T selection, however only J/a of 

the d i s t r i b u t i o n i s <0,3E and therefore the distributions f o r the 

Q selection are not expected to be d i f f e r e n t . The distributions of 

V and'^/V^are pl o t t e d i n Figures 3.12 and 3.13 respectively. As 

the resolution of the fe d i s t r i b u t i o n i s compared with that 

of the C d i s t r i b u t i o n of muons of 40.0;^ the d i s t r i b u t i o n of <̂ /Y >'o 

f o r muons with pulse height < 2.0E should be the same as that f o r 

fe quarks i n the experimental selection. A d i s t r i b u t i o n of^/s i° 

f o r such muons i s also plot t e d i n Figure 3.13 and i s i n reasonable 

agreement v/ith the expected d i s t r i b u t i o n . The percentage of events 

with values of >=</ Y % greater than a certain value is plotted i n 

Figure 3 .11 , 90;̂  of the events have ^ / Y < 12.55^. 

3.4 Interactions of quarks i n the telescope 

Besides the acceptance of quarks depending on the pulse height 

d i s t r i b u t i o n of a single p a r t i c l e r e l a t i v e to the selection, the 

possible interaction of quarks i n the telescope w i l l l i m i t the 

acceptance. This i s because the pr-oduction of secondary particles 

w i l l give pulse heights which w i l l not be accepted by the selection. 

Kasha et a l . (1967b and c) and Lamb et a l . (I966) have 
-2 

assumed an interaction length of 80 gm cm f o r the quark and have 
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corrected t h e i r rates according to the expected interactions i n 

t h e i r respective telescopes. For the present telescope with a 

depth of 60 gm cm ^, the prob a b i l i t y of interacting i s 0.47. Thus 

"50^0 of quarks passing through the stack w i l l interact and thus 

w i l l not be accepted. 

However, because the interaction length i s s t i l l a matter for 

conjecture and the majority of workers have quoted results without 

taking into account possible interactions, the f i n a l results of 

th i s experiment are also quoted without taking interactions into 

account. 

3.5 Selection and percentage acceptances f o r quarks 

The i n i t i a l selection of quark candidates required a track i n 

geometry i n a l l counters i n the fr o n t and side flash tube views 

and a value of ̂ / V ^ 20yo. In the f i n a l analysis the tracks are 

accepted i f the merit factor n/M l i e s within the 30% l i m i t and the 

pulse height data -i'lr °</y % also l i e s within the 3Qf/o l i m i t , i . e . 

•^/y = 16,0fo f o r ̂ e quarks and '^/Y = 12.5?5 for fe quarks. Thus the 

eff e c t i v e running time of the telescope f o r ;̂e and fe quarks i s 

reduced by a factor 0.81 by the analysis c r i t e r i a . 
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CHAPTER 4 

PRODUCTION OF QUARKS IN COSMIC RAYS 

4 .1 Introduction 

The paramount importance of energy i n revealing new phenomena 

i n the interaction of elementary particles gives cosmic rays the 

advantage over accelerator physics since cosmic rays are available 

up to p r a c t i c a l l y i n f i n i t e energy. Thus, i f quarks exist, they 

should be produced by cosmic rays of adequate energy i n the atmosphere 

and the detection of such par t i c l e s i n the lower atmosphere should 

be feasible. 

Estimates of the quark f l u x i n cosmic rays at sea level depend 

on the following factors: the energy spectrum of primary protons, 

the i n t e r a c t i o n p r o b a b i l i t y of the protons with the a i r nuclei, 

the cross-section or f r a c t i o n of quarks produced i n an interaction 

and the subsequent energy loss processes of quarks i n t h e i r propaga­

t i o n through the atmosphere. 

The intensity of the primary cosmic ray spectrum i s now f a i r l y 

well established as: 

8 2 5 2 —1 —1 —1 
N ( E ) dE = 3.8 X 10 E~ dE m~ day sterad &eV 

^ P P P 

where E^ i s the energy of the primary nucleon i n GeV. The t o t a l 

cross-section per nucleon i s 30 mbaro at 30 &eV, equivalent to an 
-2 

intei'action length t^80 gm cm i n a i r . 
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The cross-section f o r the production of qusirks vd.ll depend on 

the number of possible channels and the pr o b a b i l i t y f o r each 

channel. The most probable reactions are: 

p + N - ^ N + N + q + q 

and p + N N + q.| + q2 + q^ 

where N represents the nucleon, q and q the quark and antiquark and 

q^, q^ and q^ 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 queirk much 

greater than that of the proton the f i r s t reaction w i l l be the most 

probable and v / i l l have a lower threshold energy. By analogy with 

proton-antiproton production the cross-section can be approximated 

to: 

0̂  = TT(VM C)^ 
-29 2 where M i s the mass of the quark, f o r M =10 &eV, 0̂  = 10 cm . q ^ ' q ' 

The energy of the quarks w i l l be moderated by the i r interactions 

with nucleons i n the atmosphere and through ionisation loss. As 

there are three quarks i n a proton, i t might be expected that the 
-2 

quark in t e r a c t i o n length i n a i r i s -^240 gm cm ; however, the value 

80 gm cm i s more generally used. 
4.2 Production of quarks 

Data on many aspects of high energy collisions i s s t i l l quite 

inadequate, however the follovang simple picture gives a possible 

i n t e r p r e t a t i o n and i s shora schematically i n Figure 4.1 . 
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( a ) 

( b ) 

Figure + . 1 Schematic diagram of a nucleon - nucleon c o l l i s i o n 
( a ) before collisjLon 
(b) a f t e r c o l l i s i o n with bare nucleons and'fireballs. 



A c o l l i s i o n between two nucleons can be regarded as a c o l l i s i o n 

between the surrounding pion f i e l d s . As a result of the disturbance 

the nucleons proceed i n t h e i r o r i g i n a l direction i n a 'bare' 

state and radiate mesons i n the reconstruction of t h e i r f i e l d . The 

o r i g i n a l meson f i e l d s have interacted and move with a lower 

velocity i n the CM. system. These ' f i r e b a l l s ' w i l l radiate mesons 

and pairs including quark-antiquark pairs i f they e x i s t . The 

large number of energetic nuclear active particles found i n a i r 

showers requires that i f only 25>o of created particles are non-pions, 

an important fractio n would have to be nucleon-antinucleon pairs. 

Koba (1965) has presented a calculation i n which a s t a t i s t i c a l 

equilibrium inside the f i r e b a l l volume could lead to such a 

nucleon to pion r a t i o i f one introauced r e a l or imaginary quark 

states i n the f i r s t stage of the f i r e b a l l disintegration. 

The cross-section f o r quarks i n any par t i c u l a r production 

channel w i l l r i s e immediately from the threshold energy as the phase 

space increases, the cross-section then reaches, a maximum and then 

decreases as new channels are opened. However, i f these new channels 

contain quarks the probability of quark production does not decrease, 

but would continue to increase slowly m.th energy. 

Fermi (1950) formulated a s t a t i s t i c a l model f o r computing high 

energy collisons of protons with multiple production of p a r t i c l e s . 

The model assumes a strong interaction between nucleons and mesons 
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and the p r o b a b i l i t i e s of formation of various possible numbers of 

p a r t i c l e s are determined by the s t a t i s t i c a l weights of the various 

p o s s i b i l i t i e s . Fermi assumes that the nucleons produced i n the 

int e r a c t i o n are classical and that the pions are r e l a t i v i s t i c emd 

neglects the spin of the p a r t i c l e s . This theory has been adopted 

to predict the production cross-section of quarks of various masses 

i n the reaction: 

p + N ^ N + N + q + q + (n - 1 ) ( N + N ) 

where quarks are considered classical and the nucleons r e l a t i v i s t i c , 

The theory assumes that vidien two nucleons collide with large 

energy i n the CM. system, the energy w i l l be dumped i n a volxame 

i Z . This vrould normally by a sphere of radius li/yt^c where yw i s 

the pion mass, however due to the Lorentz contraction the volume 

becomes energy dependant according to the relationship: 

i l = ^ where X l ^ = ^ T T ( V / . c ) ^ 

W i s the t o t a l energy of the c o l l i d i n g system and M i s the nucleon 

mass. This volume i s the only adjustable parameter i n the theory 

and Fermi states that i t i s clearly a r b i t r a r y and so as suggested 

previously, the t o t a l quark production cross-section i s taken to be: 

The production cross-section f o r a'quark of mass 2 &eV accompsinied 

by (n - 1 ) nucleon pairs ( f o r n = 1 to 6) i s shovm i n Figure 4 .2 . 
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Figure 4.3 To.t:al cross section of quark pairs for 
different quark mass. 



together v;ith the t o t a l cross-section. The t o t a l cross-section 

f o r quarks of different mass is given i n Figure 4 .3 . The cross-

sections were evaluated by Mr. T. Takahashi (private communication). 

Numerous other models f o r quark production have been used by 

dif f e r e n t authors w i t h a wide range of values f o r the cross-section. 

Adair and 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: 

ON ̂  = (E/3 E^j^ - if f o r Ê ^̂  < E < 4Ê ^̂  

and ON,J, = ON Q = Tf(VM^c)^ f o r E > hS^^ 

where Ê ^̂  i s the threshold energy and E the energy of the incident 

proton. Assuming the relationship: 

2 
^TH = ^ V%̂ '" 'IV p' ) P 

where i s the mass of the proton, these relationships give 

reasonable agreement with the Fermi theory. I n t h e i r presented 
-30 2 

results an asymptotic value of (r^^ = 10 cm i s used. With the 

t o t a l proton-nucleon crossrsection as }0 mb, t h i s i s equivalent to 

a rate of production of quarks of 2 <̂ Q/'30 rab ̂  10 ^ per proton 

i n t e r a c t i o n . 

Chilton et a l . (1966) have calculated the production cross-section 

of quark-antiquark pairs i n proton-nucleon collisions using an 

peripheral model. On t h i s model i t i s found that the cross-section 

i s smoothly dependant on the mass of the quark, such that above the 
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_2 threshold energy »<, . However, near threshold energies, 

where the model i s not so r e l i a b l e , an exponential dependance on 

i s obtained. For t h i s reason, the authors suggest that experimental 

searches for quarks can only be r e l i a b l y interpreted away from 

thi-eshold energies. The results of Chilton et a l . are shorn i n 

Figure 4 . 4 . 

Domokos and Fulton (1966) have used the Landau s t a t i s t i c a l 

model to calculate the cross-section. As vri.th the Fermi model the 

reaction i s assumed to take place i n a volume L, v;here L i s the 

mean free path of pions i n the pion cloud. From this an effective 

reaction temperatiore T i s obtained, where T = 2̂ *̂  where JJ^ i s the 

mass of the pion. This p a r t i c l e gas i s cold as far as quarks are 

concerned. This model gives a cross-section dependant on the 

quark mass as an exponential. This cross-section i s compared vdth 

the other estimates as a function of quark mass i n Figure 4 . 5 . 

Because of the steeply f a l l i n g primary spectrum of cosmic 

rays the main production of quarks w i l l t ake very close to the 

threshold energy and the s t a t i s t i c a l model i s unlikely to be relevant 

at these energies as far as the t o t a l cross-section i s concerned. 

Peters (1965) suggests that, since accelerator experiments have 

revealed that the emission of groups of hadrons of low energy cannot 

be s a t i s f a c t o r i l y described as the evaporation of an amorphous l i q u i d , 

an inteimediate state resembling a crystal many be a better analogy. 
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Despite these uncertain theoretical predictions i t i s important 

that the search f o r quarks should be. performed to give the best 

possible l i m i t on the prod\x:tion cross-section. 

Besides the production cross-section i t i s necessary to make 

assumptions concerning the angular and momentum dependance of quark 

production. Most models assume the production w i l l be i n the forv/ard 

dire c t i o n i n the laboratory system. Since the incident f l u x i s 

iso t r o p i c , small deviations from production i n the forward direction 

w i l l be ir r e l e v a n t . Adair and Price assume that the momentum of the 

quark at threshold i s half the momentum of the incident proton. 

Other workers, Sunjar et a l , ( I 9 6 4 ) and Delise and Bowen ( I 9 6 5 ) 

assume that a l l quarks produced i n the atmosphere are close to 

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

4.3 Propagation through the atmosphere 

Once produced, quarks w i l l proceed through the atmosphere and 

lose energy by nuclear co l l i s i o n s with nuclei and ionisation loss. 

For high energies, nuclear c o l l i s i o n energy loss i s the most 

predominant. Cocconi ( I 9 6 5 ) suggests that i f the interaction of 

quarks with nucleons is characterized by a f our momentum transfer 

of -'v 1 &eV, they should lose only a few per cent of t h e i r energy i n 

each c o l l i s i o n and consequently behave more l i k e muons than nucleons. 

I f the i n e l a s t i c i t y i s taken to be 0.5 ̂ p̂/̂ q> ^ quark of mass 10 &eV 

w i l l lose only 5^ of i t s energy i n a c o l l i s i o n . 

- 46 -



10*̂  

cd 
U 
4) •p m 

CM 

-p 

P4 

ra 

o 

10* 10 
mass of quark 

15 
&ev 

Figure 4.6' I n t e n s i t y of quarks (pX*-/) as a^function of 
mass f o r a cross section of 10" cm, 
(Adair et a l . 1966). 



Adair and Price use a model of propagation on the basis that 

c o l l i s i o n s can be described as a change i n momentum transfer q, 
2 2 2 

where t = q = pi. - (i i / c ) , and p i s the momentum i n the direction 

along the beam. The pr o b a b i l i t y of a change q i s proportional to 

exp(- I t I / I q ) where q^ i s taken as 0.4 &eV. The model assumes 

that the nature of the interaction i s the same as that described 

previously f o r a nucleon-nucleon i n t e r a c t i o n . Thus the energy of 

the int e r a c t i n g (-j.mrk w i l l be lost i n two ways: 

i ) the formation of f i r e b a l l s and, 

i i ) the radiation of mesons by the bare quark and nucleon. 
Assuming a primary spectrum of N( )>E) = 1.4 E cm ̂  sec ^ 
-1 

sterad with E i n G-eV, incident protons are selected and assuming 
the cross-section previously described the produced qviarks were 

followed through a series of random collisions f o r an interaction 
-2 

length of 80 gm cm and an i n e l a s t i c i t y as prescribed to obtain 

the momentum at sea-level. The history of each proton was also 

followed and the prob a b i l i t y of producing a quark at the next 

c o l l i s i o n evaluated etc. u n t i l the proton energy dropped below 

threshold f o r quark production. The intensity of quarks at sea-

leve l as a function of mass i s given i n Figure 4.6 f o r p >0.7. 

The expected rate of quar-ks f o r the present experiment estimated 

from the results of Adair and Price and Domokos and Fulton i s given 

i n Table 4.'!. 
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Table 4.1 J^pected rate of' quarks i n the present experiment 

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

G-eV to Adair and Price to Domokos and Fulton 

5.0 8'^lo''' 5 ''10"'' 

6.0 5 '^lo"^ 3 '^lo"^ 

7.0 4 ^10"^ 5 '^lo"^ 

9.0 2 xio""* 5 x i o " ^ 

Estimates by Sunjar et a l . (1964) and Delise and Bowen (1965) 

give an expected rate of quarks of the same order as Adair et a l . 

i f the same production cross-section and attenuation i s used. 

4.4 Velocity d i s t r i b u t i o n of quarks at sea-level 

I n the present experiment the rate of ̂ e quarks i n the velocity 

range 0.4 < p '̂̂  1 .0 and fe quarks i n the velocity range 0.8 < p < 1 .0 

i s estimated and therefore the expected velocity d i s t r i b u t i o n at sea-

lev e l i s calculated i n the follov/ing manner. 

Ashton (1'965) assumes that quarks are produced i n the process: 

p + N - > p + N + q + q 

and gives the threshold proton energy f o r production of quarks of 

mass M as: 
q 

{ 2 ( 1 .M/Mp)'- 1 ] m / . 

I n the region of threshold energy the quarks w i l l have low kinetic 

energy i n the CM. system and the kinet i c energy of the quarks i n the 
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laboratory system, E^ i s given by; 

M c^ 

The primary proton spectrum i s taken as: 
2 N(E ) dE = K E dE per m day ster. &eV, P P P P 

where ^ = 2.5 and K = 3 .8 x 10 and thus the integral quark production 

spectrum i s given by: 

N ( > E ^ ) = I f 
i c ^ 
3^ 

2^i (2MpC') 
, - 2 ( y - l ) 
q 

where f i s the fra c t i o n of p-N collisions that y i e l d quarks. 

This quark production spectrum vfith f = 1.0 i s used vath a 

Monte-Carlo calculation to give the velocity d i s t r i b u t i o n at sea-level 
-2 

f o r a mean interaction length of 80 gm cm and an i n e l a s t i c i t y of 

0.5Mp/M̂ . The production of quarks by the 2nd to I0th generation 

of protons i s also considered. The proton spectrum fer the n**̂  

generation i s : 

dE. 
N(E ) dE = ^ ( - ^ B — )" ̂  

P P P 
the i n e l a s t i c i t y i s taken as 0.5 (Brooke et a l . , 1965) and the 

-2 

mean interaction length 80 gm cm . From t h i s the equivalent spectrum 

f o r the n*'̂  generation of quarks i s calculated and the quarks again 

treated as above. 

This procedure was follov/ed f o r a quark of mass 5 and 10 G-eV, 

considering the energy loss due to ionisation of the fe quark and 
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5 &'10 Gev at sea l e v e l . I n e l a s i o i t y of q-N 
collisions taken to be 0.5 Mp/Mq ' ' 



the r e s u l t i n g velocity d i s t r i b u t i o n i s shovm i n Figure 4.?. The 

computer programme was compiled by G-.N. Kelly (private communication). 

The r e s u l t shows a rapid decrease i n rate as p decreases. For -ge 

quarks the decrease w i l l be more steep. Thus the majority of quarks 

incident i n the v e r t i c a l direction at sea-level w i l l have |3 > 0.9. 
6 -2 

The rate of quarks of mass 5 &eV for p > 0.8 i s 1.25 x 10 m 
day ^ sterad \ t h i s i s for f = 1.0. For a production cross-section 

-5 -2 -1 
of 1 ̂bam, f = 3»3 X 10 and thus the rate w i l l be 42 m day 
sterad , This i s i n good agreement with the rate given by Adair 

- 2 -1 -1 
and Price at 41 m day sterad . Similarly, f o r quarks of mass 

-2 
10 G-eV and a production cross-section of ^^harn, the rate i s 6.4 m 

-1 -1 -2 -1 
day sterad compared with 6.6 m day sterad given by Adair 
and Price. 
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CHAPTER 5 

SUPVEY OF OTHER EXPERIMENTS 

5.1 Introduction 

I f quarks exist as elementary particles they w i l l be produced 

i n the interaction of a proton with a nucleon: 

p + N p + N + q + q (+ niT ) 

and p + N -> N + q̂  + q2 + q^ (+ nTT) 

The interaction w i l l produce either a quark and i t s a n t i - p a r t i c l e or 

the three constituent quarks of the proton as well as possible pions 

and maybe K mesons. 

I t should, therefore, be possible to detect stable quarks i n 

machine experiments by scanning the secondary beam aft e r the 

inte r a c t i o n of the proton beam with a target. Similarly primary 

protons i n cosmic rays w i l l interact i n the atmosphere and, as 

v/ell as the usual secondary particles detected, w i l l produce quarks 

which can be detected assuming they are not absorbed by intervening 

matter. 

I f the quarks are absorbed by matter, the 'quarked' atoms w i l l 

s t i l l - d i s p l a y the p e c u l i a r i t y of quark charge and an individual atomic 

spectrum and thus form a basis for detection. 

Production of quarks i n cosmic rays v / i l l effect the production 

of the 'usual' secondary p a r t i c l e s and a search for a discontinuity 

i n the energy spectrum of such particles w i l l lead to an indication 
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1 
vyORKERS 

MOMENTmi 01 
PROTON BEAl 
Gev/ c: 

1 DETECTOR 
RANGE OF 
CHARGE & 
MASS 

NUMBER OF 
TRACKS 
ANALYSED 

UTPSR LIMIT 
V/ITH SOfo <» 
CONFIDENCE'.j 

Morrison 
1964 24.5 

Hydrogen 
Bubble 

> Chamber 
-0.2 to 

-0.7 
10^ 

> - <̂10"̂ ^ 2 0.7 cm 
%.2<^^0t 

cm 

Bingham 
et a l . 

1964 
21.0 

i 
(Heavy-liquid 
bubble 
'chamber 

-0.2 to 
-0.7 

.1.2x10^ 5x10"^^ 
cm^ 

Leipuner 
et a l . 

1964 
28.0 

S c i n t i l l a ­
t i o n 

counters 
1 

~3 
3xlO'=!ft:TT 

( i i ) . 
2 10^ 

lO-^^m^ 
1 

Hagiopian 
et a l . 

1964 

Blum j 
et a l . 

1964 

31.0 

27.5 

Hydrogen 
bubble 
chsimber 

Hydrogen 
Bubble 
Chamber 

+0.25 to 
+0.75 . 

-0.2 to I 
-0.7 j 

h 6x10^ 

f ; 3 xio^ 

1.5 K I O ^ 

1 6x10-̂  "H 

1 U 3x10^ 71 • 

i 
-55 2 : <A<10 -̂ ĉm ; 

Franzine 
et a l . 

1965 
30.0 

time of 
f l i g h t and 
magnet f o r 
heavy mass aetectxon 

2.5 to 
5.5 GeV ; 

"^• -̂•î io"^^ 
^ ( p ) ) 

Dorfan 
et a l . 

1965 1 
: 1 

30.0 

i 
1 

d i t t o 
- ( f ) e 1 

3.0 to 
7.0 GeV 

'i. 

. 10 -2 X 10 
Df\ s^ajToA day 

* ¥/here the l i m i t i s 
quark i s taken as 

Table 5.1 Results of 

quoted as a t o t a l cross-section the mass of the 
2Gev. 
machine experiments. 



of quark production, 

5.2 The results of machine experiments 

Machine experiments have been divided i n t o a search f o r 

pa r t i c l e s of sub-integral charge and f o r particles of mass > 3 G-eV, 

In the former case, detection i s by tracks of corresponding bubble 

density i n a hydrogen bubble chamber and by pulses of corresponding 

height i n t t e case of counters. Heavy particles are detected by a 

momentum measurement and time of f l i g h t technique. 

The results of machine experiments are shown i n Table 5.1 • 

Both Morrison ( I 9 6 4 ) and Bingham et a l . ( I 9 6 4 ) made a study 

of o l d photographs of hydrogen bubble chamber tracks with the results 

as shorn. However, as the experiment \ms not planned to study 

lov; density tracks, d i f f i c u l t y arose i n distinguishing between 

apparent quark tracks and previous tracks (1< t < 2 m sec). The 

efficiency of scanning f e quark tracks, " '12 bubbles cm ' and |e 

quark tracks, ~ 3 bubbles cm v/as unknown. 

Leipuner et a l . (1964) performed th e i r coimter experiment i n 

two parts. The f i r s t part was based on the assumption that the 

quark would be weakly interacting. In the f i r s t part, absorber of 
3 -2 

thickness 1.6 x 10 gm cm was placed between the target and the 
7 10 counters. The experiment detected 3 x 1 0 muons, equivalent to 10 

pions emitted from the target and no quarks were detected. The 
2 

expected number based on weak interaction production" i s 5 x 10 , 

therefore quarks are not produced i n nucleon-nucleon interactions 
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—34 2 
with cross-section > 10 cm i f t h e i r mass i s 2 &eV. In the 
second part of the experiment the counter was placed i n a negative 

9 
pion beam and no quarks were detected i n 2 x 10 pions giving the 

- J 4 2 

l i m i t f o r quark production as: cross-section < 10 cm f o r a mass 

< 2 &eV. 

Hagiopian et a l . (1964) performed an experiment designed for 

detecting p o s i t i v e l y charged particles i n the range + 0.25e to 

+ 0.75e i n a hydrogen bubble chamber. To eliminate contamination 

due to e a r l i e r particles an electronic gate was devised such that 

i f a p a r t i c l e entered the chamber i n 10 t o 1 m sec before i t s 

expansion the ill u m i n a t i o n was vetoed and no photograph was taken. 

However the upper l i m i t obtained was only 1 i n 3 x 10 pions for 

fe quarks and 1 i n 6 x 10^ pions f o r ̂ e quarks. 

In a similar exjjeriment Blum et a l , (1964) f o r each bubble 

chamber picture obtained a photogrq)h of an oscilloscope trace 

giving the time r e l a t i o n between the l i g h t f l a s h , the chamber pressure 

curve and the counter pulse f o r particles entering the chamber. 

They found that.an low density tracks detected (19 i n - 1 5 4 0 0 0 ) 

corresponded to a previous p a r t i c l e and vice versa so that the 

efficiency of detection of low density tracks i s lOOfo. 

The search f o r massive particles (mass > 2 &eV) was motivated 

by the suggestion of G-ursay et a l . (1964) that t r i p l e t s would have 

in t e g r a l charge and heavy mass. 
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Franzini et a l . (1965) using a system of magnets and 

s c i n t i l l a t i o n and Cerenkov counters i n a time of f l i g h t technique 

were sensitive f o r charge - ^ ( f ) e f o r the mass range 2.5 to 5.5 GeV. 

The upper l i m i t f o r the observation of a heavy p a r t i c l e i n the beam 
g 

i s 1 i n 5 X 10 pions. 

Dorfan et a l , (I965) i n a similar experiment puts the upper 

l i m i t f o r -fe quarks of mass 4,5 GeV as 1 i n 2 10^^ pions. 

The negative r e s u l t of these macliine experiments suggests that 

i f the quark exists i n either integral or sub-integral charged 

form the mass i s ̂  4 .0 GeV. This has lead workers to search f o r 

quarks i n cosmic rays where incident protons are available with 

energy above that available i n present machines. 

5.3 The results'of cosmic ray experiments 

A series of experiments have been performed f o r the search of 

qxiarks i n cosmic rays, the majority i n the l a s t two years, I966 and 

1967. A summary of the cosmic ray experiments and t h e i r results i s 

given i n Table 5.2. 

A l l the experiments, excepting Kasha et a l . (1967c) , are 

basically a s c i n t i l l a t i o n telescope where the quark i s detected as 

a p a r t i c l e n i t h non-integral charge -ge, +|e, + j e , having energy loss 

J and that of a charge e p a r t i c l e traversing the counter. 

Because the selection i s on energy loss i n the counter, and i n the 

-^e and +fe cases the upper selection i s < E, events accompanied by 

another p a r t i c l e w i l l be rejected. Kasha et a l . (1967a and b) and 
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Table 5.2 Results of Previous Cosmic Râ v Experiments 

WORKERS DETECTOR 

Sunjar 
e;t.!ial'.v 
1964 
Delise 
et a l . 
1965 
Massam 
et a l . 
1965 
Buhler-
Broglin 

et al.1966 

7 p l a s t i c scin­
t i l l a t i o n 
counters 
6 l i q u i d 
s c i n t i l l a t i o n 
_caunt.er.s 
6 p l a s t i c 
s c i n t i l l a t i o n 
counters 

37* 

48 

32,5' 

d i t t o with 
addition of 2 
spark chambers 

30,5* 

1000 
sea-

leyel 
760 

pioun-
;ain-)-| 

Q 

1000 

ACCEPTANCE 
2 u. cm ster' sec 

9.4x10 

9.4x10 

RATE 
- 2 ^ - 1 -
cm ster sec 

< 4.3x10 -8 

< 8,7x10"^+; 

^•1.8x10'^-^ 

< 5 X 10"^+: 

1 
3 

d i t t o ' 2 
3 

3.5x10 

3.5x1 o' 
^ ^ < 1.5x10"^ 

< 1.4x10'^ +i 

Buhler-
..Broglin 
et al , l 967 

d i t t o , 790gm cm 
of i r o n above 
telescope 

d i t t o I ditto i — 
3 ' 

k l ,6+0.8 10"^ 

Lamb ' 
et a l . 
1966 

layer of propor­
t i o n a l counters 60 

\6 s c i n t i l l a t i o n omtars j 
1000 

Kasha 
et a^,' 
1966 

Kasha 
et al,(:q.) 
1967 

6 s c i n t i l l a t i o n 
counters 

7 scint i l l a t i o n 
counters 

50 

50 

1000 

1000 

I 

2 3 

2,5x10 

.2.,5^Q 

10 

10 
-9 + < 1,2x10 

<_4.,2xl0"^ 

5.9x10^ i 2 , 6 ! l'3xl0"^i 
,9 ' 2.1x10' 2 . i : ] i x i o i 

4,3x10' < 2,0x10 
-q-<-

Kasha 
et al.(:l:ii)j 
1967 

hodoscope of 
48 s c i n t i l l a t i o n 
counters 

50 1000 B. 25x10 10 <2,7x10 -10 

Kasha 
et al,(;c/) 
1967 
G-omez et 
a l , June 
1967 
Barton 
1967 

s c i n t i l l a t i o n counters 
spark chamber 
momentm spectro-

selec-
4000 

j<2,8xl0 -8 + 

6 trays of 
s c i n t i l l a t i o n 
counters 2 spark | 
c6_amfe,ex-s__^__, ̂  
6 s c i n t i l l a t i o n ii . 
counters 

tion0^.^7.8x10' | f o r 5 G-ev 
i'5< (S < ' ~f5 mass 

1000 

102* 
under-
ground! 

1.8x10^° j< 1.7x10"''°̂  

lisxlO^Q 1< 3.4x10-^°^ 
- i f - • 

2.95x10''° j<3.9xl0"' '° 

.4-

T = Thickness of telescope 
Q i s charge acceptance. 
* -estimated by present author 
+ quote with 90% confidence l i m i t s . 

-2 -2 
cm , D i s depth i n atmosphere gra cm , 



Lamb et a l i (I966) have taken into account the possible interaction 

of the quark i n the telescope and i t s subsequent rejection assuming 

an i n t e r a c t i o n length of 80 gm cm . The rates given i n Table 5.2 

for these authors includes t h i s e f f e c t . 

A l l authors except Buhler-Broglin et a l . (I966) and (I967) 

and Gomez et a l . (1967) had no visual detector to supplement t h e i r 

analysis. Thus the elimination of background showers simulating 

quarks i n these cases i s dependant on a s t r i c t analysis of the data 

re l y i n g upon the expected pulse height d i s t r i b u t i o n s . These 

dis t r i b u t i o n s f o r quarks have b^en obtained by masking the photo-

m u l t i p l i e r s i n each counter such that the f r a c t i o n of l i g h t 

collected i s equivalent to that obtained by the energy loss of a 

sub-integral charge p a r t i c l e . This assumes that the widths of the 

dis t r i b u t i o n s i s e n t i r e l y dependant on the number of photons collected 

by the photomultipliers and that the observed landau energy loss 

d i s t r i b u t i o n i s the same bhape f o r e, fe and -̂e p a r t i c l e s . 

The main workers i n t h i s f i e l d 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 i s presented f i r s t i n more d e t a i l and then interesting 

points i n the v/ork of other authors i s compared. 

Kasha et a l . (1966) have used a telescope of six s c i n t i l -
2 

l a t i o n counters with an acceptance of 650 cm steradian. I n 

(1967a) , an extra counter v/as included to give an acceptance of 
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2 600 cm steradian. The positive result of the f i r s t experiment f o r 

•je and fe quarks was reduced to an upper l i m i t f o r fe quarks by the 

second. I n neither experiment was there any device to reject weak 

photon-electron showers simulating quarks. In (1967b) a hodoscope 

of 48 scintillationccounters arranged i n 8 trays was used. The 

6 counters i n a layer were positioned orthoganally, layer by layer. 

The output of the 6 counters were added f o r analysis, however f o r 

selection a set of counters had to define a straight l i n e thus 

eliminating much of the background. The acceptance of th i s array 
2 

i s 1.0 m sterad and the result e f f e c t i v e l y lowered the l i m i t f o r 

fe quarks. 

Kasha et a l . i n these three experiments have assumed that there 

woiild be a strong and well defined correlation between the pulse 

heights from the s c i n t i l l a t i o n counters i n t h e i r stack and that 

background events such as weak showers would have l i t t l e correlation 

since t h e i r pulse heights would be distributed at random throughout 

the acceptance region. They define the quantity: 
C = E (h. - h )V(D.h./h f ,j ^ J av^ ̂  ̂  J / q^ 

where hj i s the normalised pulse height i n counter j , h^^ i s the 

weighted average of pulse heights f o r a l l the coionters, h^ i s the 

pulse height for a f r a c t i o n a l l y charged pa r t i c l e and D. i s the 

standard deviation of the pulse heights of such a f r a c t i o n a l l y charged 

p a r t i c l e i n counter j . iSvents with G < 4.0 were selected comprising 

45>fa of a l l possible quarks. 
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I n the same notation the acceptance for the present 

experiment would be: 

The essential difference i s the factor r — and i s 0,20 f o r 
h 

fe quarks and 0.32 f o r ̂ e quarks. I f t h i s factor i s included to 

make the acceptance similar to that of Kasha et a l . , the l i m i t s 

would be: 

C < 30 f o r fe quarks 

C < •'2 f o r ̂ e quarks 

Thus the present selection i s much wider than that of Kasha et a l . 

An important parameter when the pulse height d i s t r i b u t i o n cannot 

be defined precisely. 

The Kasha group have proceeded ( l 9 6 7 c ) to b u i l d a momentum 

spectrometer at 15 to the horizontal (.3 4000 gra cm ) comprising 

of s c i n t i l l a t i o n counters, spark chambers and bending magnet. 

I t i s expected that at such depths the majority of quarks w i l l be 

n o n - r e l a t i v i s t i c . The particles are i d e n t i f i e d by t h e i r momentum, 

charge, and time of f l i g h t through the apparatus. Preliminary 
—8 ~2 ~1 —1 

investigations give a l i m i t of 2.8 x10 cm sterad sec at 
yjo confidence f o r par t i c l e s vdth mass > 5 &eV ahdi 0.50 < ^ < 0.75. 

The Massam and Buhler-Broglin group have published three papers. 

The f i r s t , Massam et a l . ( I 9 6 5 ) i s a search f o r fe quarks using a 

telescope of six s c i n t i l l a t i o n counters. The analysis was based 
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on the pulse heights from the six counters alone. I n a search for 

le and fe qiiarks, Buhler-Broglin et a l . (1966), two spark chambers, 

each with four 8 mm gaps were incorporated i n the i n i t i a l telescope. 

They were f i l l e d v,lth a 3:7 helium-neon mixture and operated at zero 

clearing f i e l d when t h e i r sensitive time was 60^sec. The estimated 

gap efficiency f o r fe quarks was 60/o. I f a p a r t i c l e was 

incident i n the lOOyiAsec before an accepted event, i t s existence 

v;as i-ecorded. This eradicated possible events where previous 

p a r t i c l e s could simulate quark tracks. 

A l l events were rejected on either pulse height data or on 

an inadequate track i n the spark chambers with the result as shown 

i n the Table 5.2. The v a l i d i t y of t h i s experiment as with the 

present experiment, depends largely upon the value of 60-/'o given as 

the gap efficiency f o r -ge quarks. I n the case of flash tubes the 

sensitive time was 100 ^ sec and t h i s as explained i n Chapter 2 i s 

equivalent to an efficiency of 60^ after a delay of 5y«*sec. This 

i s comparable with the data on the spark chambers. 

The t h i r d paper Buhler-Broglin et a l . ( I 9 6 7 ) i s concerned 

with the search f o r quarks of charge j e . This is regarded as a 

combination of two fe quarks. The combination i s expected to 

have a lower mass than a single quark and hence be more readily 

produced i n proton-nucleon interactions. 

The experimental set-up i s the same as the previous paper 

with the main difference that i t was covered with 80 cm of iron 
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_̂ 2 

(mean thickness f o r cosmic ray muons ^ 790 gm cm ) . This 

reduced the cosmic ray f l u x by 3O70. Because of the long t a i l of 

the energy loss d i s t r i b u t i o n , the rate of singly charged particles 

w i l l r e s t r i c t the detectable upper l i m i t of j e quarks. The iron 

also means that any quarks detected would be leptonic i n character. 

The l i m i t was taken up to the expected background y/ith the result 

as shown i n Table 5 . 2 . 

Sunjar et a l . ( I 9 6 4 ) operated a telescope of seven c y l i n d r i c a l 

s c i n t i l l a t i o n counters vdth an anticoincidence counter ent i r e l y 

sui-rounding the telescope at half height i n a search f o r -ge quarks. 

During the running time of 1 month ( = 3 . i x 10^ muons), 1 event 

within the selection c r i t e r i a vras det"ected. This event had pulses 

i n two counters with height tv/ice that expected and the probability 
- 4 

of t h i s being due to a single quark i s given as 4 x 10 . 
Accordingly, the rate of quarks i s given as < 1 i n 10^ muons, t h i s 

—8 —2 ~1 - 1 

i s equivalent to a rate of < 4 . 3 x 10 cm sterad sec 

The experiment of Delise and Bowen (I965) i n a search f o r -̂e 

and §e'quarks i s s i g n i f i c a n t because i t was performed at mountain 
_2 

a l t i t u d e at an atmospheric pressure of 76O gra cm . The thickness 
_2 

of the telescope i s quoted at 48 gm cm although no allowance i s 

made f o r possible nuclear interaction i n the f i n a l rates. Because 

of the absence of a visual detector, certain events could not be 

rejected so that the result i s nominally positive as i n the paper 

of Kasha et a l . ( 1 9 6 6 ) . The quoted upper l i m i t i n an order above 
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that f o r experiments performed at sea-level. 

The telescope of Lamb et a l . ( 1 9 6 6 ) consisted of six 

s c i n t i l l a t i o n counters and a single layer of proportional counters 

and was used i n a search f o r ̂ e and fe quarks. For the analysis 

of the s c i n t i l l a t i o n counter poises a similar function to that used 

by Kasha et a l . i s defined: 

C = Lih. - h f/{S. h f y^^j ' ̂ J av"̂  
where S. i s the percentage half width at half height of the pulse J 
height d i s t r i b u t i o n (fe, fe, or e) f o r counter j. For a G-aussian 

d i s t r i b u t i o n S. = 1.15 ^ x 100>S 
J ^q 

A furt h e r selection incorporates the proportional counters where 

h - h 2 
D = c + ^ ) 

S h p av 
and S. i s equivalent to S. f o r the proportional counter. Events 

P J 

are selected f o r C < 6 and then D 9 . 

As well as reducing the accepted background data by the increase 

from s i x - f o l d to seven-fold coincidence, the proportional counter 

has the advantage of being more sensitive to gamma radiation than 

the s c i n t i l l a t i o n counter and therefore the background, especially 

i n the fe region, w i l l be further reduced. The selection gave one 

event i n the f-e region and ten events i n the fe region (the l a t t e r 

being mainly i n the beginning of the muon d i s t r i b u t i o n ) . The rates 

are given i n Figure 5 . 2 and include the probability of a quark 
—? —2 i n t e r a c t i n g i n the 60 gm cm" of the telescope and the 20 gm cm 
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of the roof immediately above. 

The telescope of Gomez et a l . ( 1 9 6 7 ) was used i n a search f o r 

3e and §e quarks. The stack comprised of twelve s c i n t i l l a t i o n 

counters arranged i n six layers and two four-gap spark chambers. 

A system was included to indicate the passage of a previous p a r t i c l e 

i n the sensitive time of the spark chambers. The spark chambers 

were assumed to be IOO70 e f f i c i e n t f o r both fe and ̂  quarks. 

Preliminary measurements suggested that the efficiency v.'as above 

90;!o. The minimum d e f i n i t i o n of a track was two sparks i n one 

chamber and three i n the other chamber i n l i n e ( i . e . a track 

e f f i c i e n c y of 62.5 ' /o) . Tracks were not accepted i f "extra p a r t i c l e " 

l i g h t s occurred i n the chamber, t h i s i s equivalent to rejecting 

p a r t i c l e s that were preceded by another within 10 ̂  sec or follov/ed 

by one w i t l i i n lyi^sec. 'iixth t h i s assumption the upper l i m i t s 
—10 —10 —2 with 9O70 confidence are given as 1 .7 x 10 and 3 . 4 x 10 cm 

sterad ^ sec ̂  f o r ̂  aod fe quarks respectively. 

Finally, the experiment of Barton ( I 9 6 7 ) vjas performed at a 

depth of 60 metres v/ater equivalent below sea level with a stack 

comprising of six l i q u i d s c i n t i l l a t i o n counters. The stack v/as 

o r i g i n a l l y 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 fe charge. This 

experiment l i k e that of Buhler-Broglin et a l . (I967) i s based on 

the p o s s i b i l i t y that quarks may be weakly interacting. The rate 
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of fe quarks i s quoted as not greater than 3 . 9 x 10~^^ cm~̂  ster'"* 
- 1 sec . 

These experiments lead to a f l u x of quarks at sea-level of 

< 1 .7 X 10 cm ^ ster ^ sec f o r charge fe and <, 2 , 7 x 10 

- 2 - 1 - 1 
cm ster sec f o r charge f e both quoted w i t h 90}o confidence. 

—8 

iixperiments at mountain a l t i t u d e have only given l i m i t s of 10 

with 90J^ confidence f o r fe and fe quarks. 
5 . 4 The search f o r quarks by i n d i r e c t methods 

A search has been made for negative quarks which have been 

produced i n the atmosphere, thermalised and then absorbed into 

the nucleus of some atom. This has the i n i t i a l advantage that 

although the f l u x of quarks i n cosmic rays i s < 10 ^ cm sterad 

sec the collect i o n time f o r quarks w i l l be the l i f e of the esirth 

^ 3 10 years. I f the rate of cosmic rays i s assumed constant 
8 —2 —1 

over t h i s time the t o t a l f l u x would be 1 , 6 * : 10 cm sterad . 
—18 

This would lead to a concentration of quarks of-vlO per atom 

assuming a l l quarks are evenly absorbed i n the f i r s t 1000 gm of 

the earth's surface. 

N i r ( 1 9 6 7 ) has worked out a merit factor, M f o r the concentra­

t i o n of quarks i n various materials based on the follov/ing factors: 

1 The depth i n t e n s i t y of quarks i n cosmic rays. 

2 The length of the i r r a d i a t i o n time of the sample. 

3 The enrichment i n the collection of the sample. 

4 The d i l u t i o n of the quark material by other material. 
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Typical values of M are 10 f o r sea water, 3x10^ f o r aerosols i n the 
9 8 troposphere, '^x'\0 f o r aerosols i n the stratosphere and 10 f o r 

meteorites. 

McDowell and Hasted (I967) consider the case of negative quarks 

absorbed i n t o the oxygen nucleus i n the oceans. Capture w i l l 

cause dissociation of the water molecule and the quarked oxygen 

w i l l eventually leave the ocean and be carried to a height of 50 km 

by the v e r t i c a l component of the atmospheric e l e c t r i c f i e l d . The 
4 

authors suggest that collection of a i r i n 10 gm of charcoal at 

t h i s height and subsequent analysis by mass-spectrometric methods 
- 1 2 - 2 - 1 

should give f o r a negative result an upper l i m i t of 10 cm sec-

f o r the quark f l u x . 

I n the treatment of samples i t i s important to ensure that the 

chemical procedures i n processing the sample do not i n fact remove 

the object of the search. For t h i s reason previous Millikan o i l 

drop experiments and the experiment of H i l l a s and Cranshaw ( 1 9 5 9 ) 

are insensitive to quarks. 

Chupka et a l . (I967) have exploited t h i s technique f o r the 

search of negative quarks i n the a i r at ground l e v e l , sea water 

and i r o n meteorites. Samples i n a gaseous form were passed through 

a strong e l e c t r i c f i e l d and negatively charged atoms would be 

collected at the anode. The collection plate was then placed i n 

a positive f i e l d and the negative atoms accelerated onto the f i r s t 

dynode of an electron m u t l i p l i e r . The number of output pulses wasj 

- 63 -



recorded as a function of time. For the sample of iron meteorites 

positive and negative par t i c l e s were also observed i n a mass 

spectrometer, i n t h i s case a l l masses observed could be i d e n t i f i e d 

with known atoms and molecules but the l i m i t s f o r quark concentra­

t i o n were not taken very low. The results of the counting experiment 

are shown i n Table 5 . 3 , 

The resu l t f o r iron meteorities i s not a reduction on the 

upper l e v e l of the quark f l u x given by direct measurement bvi the 

results f o r a i r and sea water appear to give a much lo\ver l e v e l . 

However, McDowell and Hasted have pointed out that owing to the 

atmospheric e l e c t r i c f i e l d no quarks v ; i l l be expected i n the a i r 

at ground l e v e l . (Nir did not take th i s into account when 

calculating the merit f a c t o r s ) . Also the authors admit idiosyncrasies 

i n the results of the a i r sampling data. I n the case of the sea 

water results the most important factor i s the i r r a d i a t i o n time 

of the sample. Nir assumes that the quark w i l l be pr e f e r e n t i a l l y 

absorbed by the heavier elements such as aluminium and iron and 

gives a time of 10"̂  years so that the concentration f o r quarks 

-26 

would be '-^10 per atom. I f the assumption of McDov/ell and Hasted 

i s correct the concentration w i l l be even less than t h i s . 

This method therefore, although basically simple i n concept 

introduces many unknown factors into the determination of the rate 

of quarks without giving an increase i n the s e n s i t i v i t y of detection 

except possibly f o r samples from the stratosphere. 
A d i f f e r e n t approach to captured quarks i n matter was adopted 
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• MEDim 

! ir o n 
meteorites 10 

! a i r 
25 "C 

I a i r 
I 200°C 
i 
1 dust 
I 200°C 

water 
25°C 

water 
200°C 

' ITOMBER OF •" CONCENTRATION ' MASS OF 
N , COUNTS 

.19 10^ 

PER NUCLEON î>UARK 

. - 1 7 10 

3 1 0 ^ ^ 10^ 

3 10^^ ; 10^ 

10 - 3 3 

10 
- 3 0 

10 32 
10^ 3 10 - 2 7 

.26 
7 1 0 - ^ 10 ' 

7 1 0 ^ ^ 5^10^ 

5 10' - 2 7 

3 10 -24 

10 &ev* 

50 &ev** 

calculated assuming i r r a d i a t i o n time of 10 days 
calculated assuming i r r a d i a t i o n time of 10 years 

Nis the number of molecules sampled 

Table 5 . 3 Results of the experiment of Chupka et a l . ( 1 9 6 6 ) 



by Sinanoglu et a l . . ( I966) . Their search f o r negative fe quarks 

was directed to the 'quarked' atoms of carbon, nitrogen and oxygen 

i n the sun. These atoms should exhibit d i s t i n c t electronic spectra 

i n the u l t r a - v i o l e t region. Lines were predicted and a search made 

i n the solar spectrum. Although certain lines were found to be 

correlated f o r the carbon and nitrogen atoms, the overall result 

was negative, and the upper l i m i t for the concentration per nucleon 

of 'quarked' atoms. was less than 1 0 ~ ^ . 

I n cosmic rays, an i n d i r e c t method was adopted by Ashton and 

Coats ( 1 9 6 7 ) . The aim was to search f o r a discontinuity i n the 

.energy spectrum of neutrons at sea l e v e l . I f the fractio n of 

nucleon c o l l i s i o n s above threshold i n # i i c h a nucleon dissociates 

in t o quarks i f f , then the f r a c t i o n of nucleons reaching sea level 

i s ( 1 - f ) ^ f o r 5 nuclear co l l i s i o n s i n the atmosphere. Thus above 

threshold (equated to sea le v e l energy) the spectrum should 

exhibit a dovmward displacement. For a qusirk mass of 10 G-eV, the 

discontinuity at sea le v e l i s expected at 90 &eV. For f = 0 .1 

the displacement would be 50fo. The results of the experiment 

would nominally substantiate these figures which would, of course, 

produce a notable f l u x of quarks at sea l e v e l . The sources of t h i s 

discrepancy i n the experiment could l i e i n 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 p a r t i c l e i n iron placed 
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immediately above a s c i n t i l l a t i o n counter. This experiment i s to 

continue with a larger acceptance and a more refined technique f o r 

the detection and energy estimation of neutrons. 

5 . 5 Summary 

The machine experiments have put a lower l i m i t of the mass of 

the quark as 4 G-eV for quarks of charge: -|e, — f e , ̂ e, fe and e. 

The results of cosmic ray experiments to date give the upper l i m i t 

of the rate with 3Qrfo confidence 5as: 

- 1 0 - 2 - 1 - 1 . < 1.7 X 10 cm sterad sec f o r -̂e quarks 
- 1 0 -'2. - 1 - 1 and < 2 . 7 X 10 cm sterad sec for fe quarks. 

In d i r e c t experiments have been unable to reduce these values. 
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CHAPTER 6 

RESULTS OF THE TELESCOPE EXPERIMKNT 

6,1 Selection c r i t e r i a and effective running time 

The selection c r i t e r i a , counting rates and running time f o r a l l 

runs i s shown i n Table 2.1, The experiment was performed i n two 

parts. The f i r s t , called the T series, was a search f o r r e l a t i v i s -

t i c fe quarks, the selection would also permit n o n - r e l a t i v i s t i c fe 

and fe quarks over a certain range of velocities to be accepted. 

The second, called the Q series, v/as a search f o r r e l a t i v i s t i c fe 

quarks i n the lower selection and r e l a t i v i s t i c fe quarks i n the 

upper selection, again n o n - r e l a t i v i s t i c fe and fe quarks would be 

accepted over certain velocity ranges. 

To select p a r t i c l e s of sub-integral charge on th e i r energy 

loss i n a counter i t would be s u f f i c i e n t to discriminate against 

p a r t i c l e s of incident charge. In practise, however, i t i s also 

necessary to employ a discriminator below the energy loss range of 

the sub-integral p a r t i c l e to eliminate low energy background events. 

I n the T series, the required condition f o r acceptance was a 

5-fold coincidence of pulses from the counters A B D E F i n the 

range 0.20E to 0.85E. I n the f i r s t three runs the lower discriminator 

vf&s set at 0 .05E, but due to v/eak electron-photon showers incident 

on the sides of the telescope, the rate of events was intolerably 

high and so the lev e l vms increased to 0.20E f o r the remainder of 

the run. 
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I n t h i s selection as i n the selection of fe quarks i n the ̂  

series, there w i l l be a considerable number of muons from the 

section < 0 .85E of the muon pulse height d i s t r i b u t i o n . To distinguish 

between quark candidates and muons i n the f i n a l analysis the upper 

l i m i t of v f o r quark candidates i s taken as O.65E. From the expected 

V d i s t r i b u t i o n of r e l a t i v i s t i c fe quarks ) 99>S w i l l have v < 

O.65E. I f the lower portion of the muon d i s t r i b u t i o n i s assumed 

to be Qaussian, <T̂  = = 0.174, and therefore 0.65E l i e s at two 
^ .3 

standard deviations from the most probable pulse height. The 
_2 

f r a c t i o n below 0,65E i s thus 2 . 3 x 10 and f o r a s i x - f o l d coinci-
- 1 0 

dence the f r a c t i o n w i l l be I . 5 x 10 . The s i x - f o l d rate of muons 
- 1 8 i s 30 sec and hence i n 1000 hours with ~ 1 0 muons, the number 

with V < 0.65E w i l l be 1.5 x 1 0 " ^ . This level of 0,65E 

puts a lower l i m i t of p = 0.8 on the acceptance of non - r e l a t i v i s t i c 

fe quarks and correspondingly of ^ = 0.4 on fe quarks. 

I n the y series the lower acceptance f o r r e l a t i v i s t i c 

fe quarks vfas a s i x - f o l d coincidence of pulse heights i n the 

range 0 ,05E to O.3OE and the upper acceptance f o r r e l a t i v i s t i c 

|e quarks and n o n - r e l a t i v i s t i c fe quarks was a f i v e - f o l d coincidence 

A B D E F of pulse heights i n the rsinge O.3OS to O.85E i n coincidence 

with a pulse of height > O.3OE from counter C. 

Slight fluctuations i n the discriminator settings can 

be expected. For every run, therefore, the poise heights i n terms 

of E f o r a l l events were plotted f o r each counter. This gave an 

- 68 -



experimental value of the acceptance range for each counter. 

From the expected fe quark and fe quark pulse height d i s t r i b u ­

tions f o r a single counter the f r a c t i o n of incident quarks accepted 

i n such a pulse height range can be calculated. These values f o r 

the six counters can be multiplied together to give the t o t a l fraction 

of r e l a t i v i s t i c quarks accepted. For the acceptance of non-

r e l a t i v i s t i c quarks, the most probable energy loss given by 
_2 

Sternheimer i s proportional to ^ (Chapter 3), thus the pulse 

height d i s t r i b u t i o n f o r r e l a t i v i s t i c fe quarks i s also that f o r 

fe quarks with p = 0.5, and the fractio n accepted v a i l be the same. 

For the acceptance within t h i s range of p the actual discriminator 
2 

value was m u l t i p l i e d by f and the fraction found from the 

r e l a t i v i s t i c d i s t r i b u t i o n s . As mentioned i n Chapter 3 the Landau 

curve f o r n o n - r e l a t i v i s t i c p a r t i c l e s has a shorter high energy t a i l 

and hence t h i s method v d l l ^giye' • ; a s l i g h t under-estimate of 

the actual f r a c t i o n . 

As stated above the l i m i t i n the T series i s p = 0.8 f o r fe 

quar-ks and ^ = 0.4 f o r fe quarks. In the Q series the resolving 

time (lOn sec) of the coincidence system increases the lower level 

f o r fe quarks to p = 0.5. 
6.2 Procedure i n analysis 

For a l l events the cathode ray oscilloscope (C.R.O.) f i l m and 

the f r o n t flash-tube f i l m was scanned. The six pulse heights on the 

C.R.O. were measured and the data was then computed to give the 
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output pulse height from each counter in terms of i, and the mean 

V , the standard error on the mean o<, and '^/yi'o were calculated. 

I f the front f l a s h tube view had a track ( i . e . three flashes i n 

different trays i n a straight l i n e ) the side f l a s h tube fi l m for that 

event r.as scanned.to see i f the track was reproduced. 

The data was divided into events with o'/v 20^ and -̂ Zy > 

ZOjo and into events with a track i n both f l a s h tube views and events 

with no correlation {n/c) i n the f l a s h tube views. Quark candidates 

were i n i t i a l l y accepted for o^/v ^ 2Q^o, "v 0.65iiJ, and a track 

i n both fla s h tube views. Similar events with v >0.6pji w i l l be 

mainly muons although some electron-photon shoivers with the 

necessary conditions s a t i s f i e d w i l l be included, iivents v-ith 

•̂Z V y 20% with or without a track w i l l be mainly electron-photon 

showers although a few muons w i l l be included. 

The quark candidates accepted can be one of three p o s s i b i l i t i e s : 

1 ) G-enuine quarks such that they f u l f i l l the expected 

c h a r a c t e r i s t i c s ; i . e . for r e l a t i v i s t i c fe quarks, a most probable 

<K/v= 8,Ojo and 90X0 of such quarks with'<Zv<12.;5>S, a mean pulse 

height such that 907'^ l i e within the range 0.40E to 0.55S, and a 

f l a s h tube track e f f i c i e n c y of 8O/0 with a low number of background 

flashes; and for r e l a t i v i s t i c -je quarks, a most probable <x'Z v = 

11 .Jfo and 3Qfo of such quarks with "<Zv <̂  16^, a mean pulse height 

such that 30fo l i e within the range 0 . 0 9 S to 0.14E, and a fl a s h tube 

track e f f i c i e n c y of 6O/0 also with a low number of background flashes. 
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2 ) A sample of electron-jjhoton shov.ers which would normally 

be n/c data and would have a random pulse height distribution in 

the accepted range with the corresponding values of <^/ v -p. 

The track i n t h i s case would be expected to be very low i n 

ef f i c i e n c y with considerable background. 

3 ) Pulse heights from an electron-photon shower with the 

characters described i n 2 ) with a track due to a previous muon 

(as discussed i n Chapter 2 the expected rate of these tracks i s 

~ 1 in 1 4 0 ) . A good track would be observed but the background 

vrould be associated with the actual triggered event. 

To distinguish between these types of track i n the f l a s h 

tubes the merit f a c t o r N/M i s used, with N and M as defined i n 

2 . 4 . 2 . In that section i t was shown that iÔ S of muons have K/M 

> 2 . 0 i n both f l a s h tube views. The layer efficiency of the fl a s h 

tubes f or quarks r e l a t i v e to muons i s 1.0 and 0.75 for fe and 3 6 

quarks respectively, t h e r e f o r e 90> of §e quarks have N/M > 2 .0 and 

90;o of ̂ e quarks have N/M > 1 .5 • 

The expected distributions of N/M for events of type 2 ) 

and 3 ) are d i f f i c u l t to estimate ( 8 events of type 3 ) have been 

measured and the N/M values are plotted i n Figure 2 . 1 ? ) hov/ever the 

following qualitative picture w i l l show the extent to which the 

c r i t e r i a can be usefully applied. Events of type 2 ) and 3 ) both 

contain the f l a s h tube data associated with n/c events v/hich i n 

both cases i s e s s e n t i a l l y background. i?requency distributions of 
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the number of flashes in the front and side views for nZc events i n 

the T, upper and ̂  lo,.er selections are shovm i n Jj'igure 6.1 . Thus 

i n the T and y upper selections 50/o of events w i l l have H>10 so 

that even for a track effici e n c y of lOOyo, 50/b of events w i l l have 

NZM < 2.0 and so a comparison with events of type 1 ) i s possible. 

In the lower selection, the most probable number of flashes i n 

a nZc event i s 2 in both views which i s the most probable background 

for a muon. Hence although events of type 2) w i l l have low NZK, 

events of type 3 ) are l i k e l y to have similar values of KZM as a 

genuine quark candidate and the usefulness of the merit factor i s 

li m i t e d . 

I n the f i n a l analysis of i^uark candidates, events are 

accepted i f the values 70 and NZM l i e within the 90/n l i m i t s . 

For r e l a t i v i s t i c fe quarks t h i s i s equivalent to«^Zv < 12.5/'o and 

NZM>2.0 and the r e l a t i ^ / i s t i c ̂ e quarkso<Z^ <l6.0>t and NZM>1.5. 

6.3 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 r e l a t i v i s t i c fe quarks i s 1002 hours and the effective 

running time for n o n - r e l a t i v i s t i c -̂ e and fe quarks as a function 

of p i s shown i n Figure 6 . 2 . 

The t o t a l number of events was 2851 and the breakdown of these 

events i s given i n Table 6 . 2 . The i n i t i a l analysis gives I3 quark 

candidates and th e i r values of v, °</vyo, and NZM values are given 
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Total number of 
events 
2851 

Number with track i n 
both f l a s h tube views 

1358 
(of these 112 were muons 
out of geometry i n A or 
F, these were rejected) 

1246 

Number with no correlation 
i n flash tube views 

1493 

N ( v - $ - £ S € ) N ( 7 i - 4 S £ ) 

33 1233 

• < / 7 N(^^o^, ) N(>.?0%) l^i^ZoZ) N{>2i)Z) 
selection I 3 20 1191 22 

t 
quark candidates muons 

N(v'<̂ £iE) 
1211 

\ 
N ( 7 > £ s e ) 

282 

N(<io2) N(>2OV.) N(^.2OX) N(>2O%) 
323 888 23 259 

11 

using factor 1 i n 140 th i s 
figure, gives the number of 
previous p a r t i c l e s i n the 
quark candidates as 2.3+0.8 

Table 6 ,2 Breakdown of events i n the T se r i e s 



Number V '̂ /v / j ^front \ r o n t Mfront ^side ^'side I side 

T16 0'.34l!;. 19.7ji 
11 
12 

14 
14 

0.79 
0.85 

3 
5 

7 
7 

0.43 
0.72 

T19 0.5IE 15.9 3 5 0.60 3 9 0.33 

T48 0.27E 16.7 10 16 0.63 4 10 0.40 

T49 O.56E 19.0 5 17 0.30 8 10 0.80 

T5I 0.61E 18.6 8 8 1.00 7 3 2.33 

T52i 0.49E 14.5 10 20 0.50 4 11 0.37 

T52ii 0.33E 18.1 8 30 0.27 4 11 0.37 

T53 0.63E 16.8 6 24 0.25 6 14 0.43 

T55 0.22E 12.5 9 17 0.53 5 16 0.31 

T56 0.49E 19.7 4 8 0.50 6 5 1.20 

T61i 0.43E 13.1 7 12 0.58 7 7 1.00 

T61 i i 0.34E 9.8 8 26 0.31 12 11 1.09 

T 6 1 i i i P.52E 10.3 9 22 0.41 3 4 0.75 

Table 6.3 Values of s c i n t i l l a t i o n counter and f l a s h tube data 
for the 13 quark candidates i n the T series 



i n Table 6.3. The f l a s h tube diagrams for the quark candidates are 

shown i n Figures 6.13 to 6.19 at the end of the Chapter. I n the 

13 candidates, 2.3+0.8 previous p a r t i c l e tracks are expected. 

A frequency distribution of v for the I3 candidates and the 1191 

muons i s given i n Figure 6.3» th i s emphasises the sharp decrease of 

the lov/er part of the muon distribution although i t . . i l l include 

a fev/ electron-photon shower events. The range of v for the quark 

candidates i s v i r t u a l l y over the whole range of possible values 

and extends to lower values than those of the expected -je quark mean 

pulse height d i s t r i b u t i o n . From t h i s distribution the fraction 

with V <0.40iii i s 3.5 x 10 and hence the five candidates below 

t h i s l e v e l must be regarded as n o n - r e l a t i v i s t i c 36 quarks. Also 

shown i n Figure 6,3 i s the frequency distribution of v for n/c 

events with«^/v >̂  2O/0. I f these candidates are not genuine quarks 

but events of type 2) and 3) the pulse height data should follow 

the same distributions as n/c events with=</v 20;b. A comparison 

of the distributions i n Figure 6.3 shows that the quark candidates 

are a tes>6.onable sample of the electron-photon shower data. For a 

further comparison of the two sets of data a scatter plot of the mean 

pu:j.se height v" against "/̂ /<> for tne quark candidates and n/c data 

with ô /v ^ 20yi> i s shoym in Figure 6.4. This shows that the frequency 

of quark candidates increases with the frequency of n/c data, whereas 

30% of |e quarks should have'=</v <12.5>S. A f i n a l comparison 

i s shown i n Figure 6.5 where a frequency distribution of «<:/v for 
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a l l nZc events i n the T series (excluding the f i r s t three runs where 

the lower discriminatoi- was at 0 . 0 5e) i s compared with that for 

events with a track i n both f l a s h tube viev/s. 

- A quantitative comparison of these distributions i s d i f f i c u l t 

because of the low number of queirk candidates, however such events 

display a t y p i c a l representation of "che electron-photon sho?;er pulse 

height c h a r a c t e r i s t i c s . I f , indeed, the pulse height information 

i s a sample of such showers, the f l a s h tube data should be of a l l 

type 2 ) and 3 ) vfhere low values of NZM compared v.ith the 9O70 l i m i t 

f or f e quarks ( i . e . NZM > 2 . 0 ) are expected. A plot of NZM for the 

front and side views of the I 3 quark candidates in the T series i s 

shown i n Figure 6 .6 . One event has NZM>2.0 and in the side view 

only, t h i s i s T 5 I with ̂ /y= 18 . 6> . 

Three candidates are within the 90i/<i l i m i t of "^/v '/a, they are 

T 5 5 , T 6 l ( i i ) and T 6 1 ( i i i ) , none have the required values. 

6.4 ^he si upper serie s , analysis of events 

The y upper sei-ies consisted of 89 runs over a period of 

20 weeks. The useful running time was I 3 I I hours and with the 

correlation for acceptance the effective running time for r e l a t i v i s t i c 

f e quarks was 1116 houi'S. As with the previous selection the lower 

l i m i t of p for f e quarks was 0.8, but as explained e a r l i e r the lover 

l i m i t for -56 quarks i s 0 . 5 . The effective running time for 3 6 and 

f e quarks over these ranges of ^ i s shown in Figure 6 .7 . 
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Total number of events 
365 

selection 

Number with track i n 
both fla s h tube views 

287 
(of these 95 Here muons 
out of geometry i n A or 
F, these were rejected) 

192 , 

N ( v ^ •<:££) N(v>'^S£) 
189 

/ 

Number with no correlation 
i n f l a s h tube views 

78 

N(v<-i5£) N(v>-^5E) 
32 46 

/ 
N(«:-?<'%) N(>^oZt,) N($:-2»;.) N(>2oy,) niUo'A) N (^»5t) ni^o'/,) N(!>20''/) 

22 177 

quark candidate.- muons 

12 13 19 12 34 

using factor 1 in 140 t h i s 
figure gives the number of 
previous p a r t i c l e s in the 
quark candidates as 
J39 + .03 

Table 6.4 Breakdown of events in the upper selection for 
runs Q1-49 where the previous p a r t i c l e indicator 
was not incorporated. 



Total number of events 
586 

"</7 

selection 

Number v/ith track i n 
both flash tube views 

487 
(of these 62 are muons 
out of geometry i n A 
or F, these v/ere rejected) 

425 

6 

N(¥>.tSE) 
419 

Number with no correlation 
i n flash tube views 

33 

N(v^-iSE) 

23 

w( v >-^SE) 
76 

N(^^O^) Yl{>2oX) -^{UoX) N(>^o;i) ^{Ucf,) N(>̂ o;̂ ,) i<{{'Uo'/,) ^{yioT.) 

quark candidate 

407 

t 

muons 

12 12 11 22 54 

using factor 1-140 t h i s 
figure gives the number of 
previous p a r t i i e s i n the 
quark candidates as .09+ .03 
In fact none were indicated by 
the previous p a r t i c l e detector. 

Table 6.5 Breakdown of events i n the Q upper selection for 
runs Q50-97 where the previous particle indicator 
was incorporated. 



Run 
Number V ^ f r o n t front N 

Hfront ^side '^side N 
M side 

yu18 0.A-6E 12.5 14 37 0.38 8 14 0.57 

QU54 0.65E 18.9 9 4 2.25 8 8 1 .00 

yLl1 0.133 19.9 19 5 3.80 13 5 2.60 

QLI3 0.11E 18.1 5 16 0.31 6 8 0.75 

QLI4 0.06E 18.9 8 17 0.47 3 9 0.33 

QL26 0.16E 11.7 4 7 0.57 5 6 0.84 

QL38 0.18E 13.1 12 18 0.67 6 6 1.00 

QL45 0.11E 15.0 9 •3 3.00 13 5 2.60 

QL66 0.1 6e 17.2 9 24 0.38 4 5 0.80 

yL74 O.l i fE 18.0 8 5 1.60 3 0 00 

QL84 0.17£ 13.0 8 29 0.28 9 20 0.45 

QL88 0.14E 18.2 10 22 0.46 9 11 0.82 

Table 6.6 Values of s c i n t i l l a t i o n counter and flash tube data 
f o r the 2 quark candidates i n the upper selection 
and the 10 quark candidates i n the y lower selection 



The breakdown of the events i s i n two parts because of the 

inclusion of the previous p a r t i c l e indicator at 1^50, the breakdowns 

of0.1-49 and Q50-97 are shown i n Tables 6.4 and 6.5 respectively.. 

The i n i t i a l analysis give two quark candidates one i n each half and 

the expected number of previous p a r t i c l e tracks i s .09 + .03 i n 

each h a l f . I n the runs ^50-97 no previous p a r t i c l e was indicated. 

The values of v, °</v ̂ i, and N/M f o r the candidates are given i n 

Table 6,6 and the flash tube diagrams i n Figure 6 .20. The low 

number of candidates compared with 13 i n the T series i s because of 

the t i g h t e r selection. This emphasises the electron-photon shower 

nature of the candidates i n the T series. 

The results are treated i n the same manner as those for the 

T series. A frequency d i s t r i b u t i o n of v f o r the two candidates 

and the 584 muons i s given i n Figure 6.8 together with a frequency 

d i s t r i b u t i o n of V f o r the 59 n/c events with'>^/v < 2O70. A scatter 

p l o t of V against °</V-/o f o r the two quark candidates and the n/c 

data with"</v 20>b i s shown i n Figure 6 . 9 . The frequency dist r i b u ­

t i o n f o r a l l events i n the Q upper series i s shown i n Figure 6 .10. 

Again the quark candidates exhibit the pulse height character­

i s t i c s more general of electron-photon showers than the expected 

behaviour f o r f e quarks. 

The N/M values of the two quark candidates are plotted i n 

Figure 6 . 6 . One event has N/M ^ 2 . 0 , but only i n the f r o n t view, 

t h i s i s QU54 with = 18.9%. One candidate i s within the 90/t 
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Figure 6»10 Frequency d i s t r i b u t i o n o(/y % f o r r/c data 
and events with track i n f l a s h tubes with 

, v<0.65E f o r the Q series. 



l i m i t of 'fi> t h i s i s QUI8, but i t has not the required N/M values. 

6.5 The Q lower series, analysis of events 

Three important points to note i n the lower selection are: 

1) Because of the increased width of the expected pulse height 

d i s t r i b u t i o n i n a single counter the 90^ l i m i t of <̂ /Y /o i s increased 

to l6>o. This means that a greater f r a c t i o n of n/c, events are 

capable of simulating quarks. 

2) The large number (2273) of V c events accepted not only 

gives a further increase i n events simulating quarks but also an 

increase i n the number of previous p a r t i c l e tracks y/hich can appear 

as quark candidates. 

3 ) The low number of flashes i n the f r o n t and side views i n 

the n/c data which leads to values of N/M f o r previous p a r t i c l e 

tracks which are similar to those expected f o r ^^uark candidates. 

The l a s t two arguments refer only to the runs ^^1-49 where i n 

previous p a r t i c l e indicator was not incorporated i n the selection 

system. 

The !̂  lower series consisted of 95 Kuns over a period of 20 

weeks. The useful running time was 1646 hours and af t e r correetionn 

f o r acceptance the effective running time f o r r e l a t i v i s t i c 36 quarks 

was 1445 hours. The effective running time f o r non - r e l a t i v i s t i c 

^e quarks as a function of f i s given i n Figure 6 .7 . 

The breakdown of events i s again done i n two parts and shown 

i n Tables 6.7 and 6.8 f o r t jL l -49 and t,iL50-97 respectively. In 
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Total number of events 
893 

Number with track i n 
both flash tube views 

Ni^K^oZ) N ( f >^o^) 
6 3 

t 
quark candidates 

Number with no correlation 
i n flash tube views 

N(#>^o;;) 

505 

N(#^<^o;,) 

379 

using factor 1 i n 140 this 
figure gives the number of 
previous particles i n the 
quark candidates as 2 . 7 + 1 . 0 

Table 6.7 Breakdown of events i n the Q lower selection 
f o r runs ^j1-49 where the previous p a r t i c l e 
indicator was not incorporated. 



Total number of events 
1391 

Number with track i n 
both flash tube views 

7 13 

muaber with number with number with 
no previous previous no previous 
p a r t i c l e p a r t i c l e p a r t i c l e 

4 1 

t 
quark candidates 

8 

Number with no correlation 
i n flash tube views 

1371 

773 

N(#v<2o;,) 

598 

number with 
previous 
p a r t i c l e 

using factor 1 i n 140 t h i s 
figure gives the number of 
previous particles i n the 
quark candidates as 4 . 3 + 1 . 5 
compared with 3 detected. 

Table 6.8 Breakdown of events i n the Q lower selection f o r 
runs 050-97 where the previous p a r t i c l e indicator 
was incorporated. 



(ijLl-49 the i n i t i a l analysis gives 6 quark candidates and the 

expected number of previous p a r t i c l e tracks among these 6.-is 

2.7+0.9. In QL50-97 the i n i t i a l analysis gives 7 quark candidates 

where 4 .3 + "I'5 previous p a r t i c l e tracks are expected. In fact 

3 events occurred where a previous p a r t i c l e was indicated and so 

these virere rejected to leave 4 quarks candidates i n QL50-97, 

leaving 10 candidates i n the whole series. The values of v , 

V fo and N/M f o r the 10 quark candidates are given i n Table 6.6 

and the flash tube diagrams are given i n Figures 6.21 to 6.25. 

The frequency d i s t r i b u t i o n of V fo r the 10 quark candidates 

i s shown i n Figure 6.8 together with the frequency d i s t r i b u t i o n of 

V f o r the n/c data y/ith °</ V 20%. The scatter plot of v" against 

"=̂ 7 V % f o r a l l the data with / 7 < 20fo i s shown i n Figure 6.11 . 

The frequency d i s t r i b u t i o n over a l l values of ô /v Ĵo for the quark 

candidates and the n/c data i s shown i n Figure 6.10. Here again 

the quark candidates f i t the overall distributions of the n/c data. 

The values of N/M f o r the 10 candidates are plotted i n 

Figure 6 . 6 . Three candidates are within the 90^^ lei'el of N/M. 

They are events ^ j L l I , 45 and 74 with values of =</v of 19.9/i l5.0/b 

and 18.0;̂ ^ respectively. Of these events y11 and W45 could be due to 

previous p a r t i c l e tracks and electron-photon shower pulse heights. 

Four events are within the 9O70 l e v e l of o</vyb. They are events 

26, 38, 45, and 84. The event QL45 i s included i n both selections. 

Since i n QLl-49, 2 .7 + 0.9 previous p a r t i c l e tracks w i l l occur 

i n the quark candidates and as explained e a r l i e r these tracks have 
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90 % l i m i t f o r 1/3e 

Qlower 1-49 candidates 
Q random pulse events 
j o tracks indicated as 

previous particles 

0.1 1.0 10 20 
f o r f r o n t flash tubes 

Figure 6.12 • Scatter p l o t of ̂ /K values f o r quark candidates 
i n Q lower 1-49 compared with random pulse and 
previous p a r t i c l e detector events. 



a higher probability of large N/M values the track i n event QL45 

could be due to a previous p a r t i c l e . Therefore i t i s important 

that the previous p a r t i c l e track events i n QL1-49 should be 

i d e n t i f i e d and rejected from the quark candidates. This i s done 

i n the following way. 

The N/M values f o r the 6 quark candidates from i^Ll-49 are 

compared with those or the 8 track events from the random pulsing 

run and the 8 events i n which a previous p a r t i c l e had been indicated 

from QL50-97 and shown i n a scatter plot i n Figure 6.12. A l l 

the previous p a r t i c l e events l i e outside the square f o r N/M = 1.0 

and form a d i s t i n c t group. The 6 quark candidates are divided into 

2 d i s t i n c t groups, a group of 4 with values of N/M'̂ >.1. P and the group 

of 2 with values similar to the previous p a r t i c l e group. Now the 

number of previous p a r t i c l e tracks i n ^iLl-49 i s 2.7 +0 . 9 , that i s 

at least 2 previous p a r t i c l e tracks. Thus the group of 2 quark 

candidates, QLlI and 45, must have previous p a r t i c l e tracks and 

hence must be rejected from the quark candidates. 

This leaves only one event i n the ^jL series with W/M values 

within the 30% l i m i t , t h i s i s event yL74 and as mentioned earl i e r 

i s rejected on i t s «̂ /Y % value. 

6.6 Upper l i m i t on the rate of quarks 

From the 25 quark candidates i n i t i a l l y accepted on the basic 

track and "^/^ 4 20^ c r i t e r i a , none are accepted on the SOfa l i m i t s 

of '^/yi fo and N/M. Of these events ~ 5 can be explained as electron-

photon showers with a previous p a r t i c l e track. The remainder must 
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be regarded as electron-photon showers where the components of the 

shower have been s u f f i c i e n t to define a l i n e of flashes which i s 

taken as a single p a r t i c l e track. The comparison of the candidates 

with the n/c data which i s t y p i c a l of low energy electron-photon 

showers indicates that t h i s i s the case. 

For no quark detected the upper l i m i t oi' the rate with 90/e 

confidence i s equivalent to 2.3 detected. For an acceptance of 90/o 

i n values of «</ y /o and N/M the effective running time i s reduced 

by 0.81 , 

For r e l a t i v i s t i c fe quarks the effective running time i s 1002 

hours and 1116 hours f o r the T and Q upper series respectively. 

For the f i n a l acceptance t h i s becomes 812 hours and 900 hours 

respectively. These times are added to give the rate of r e l a t i v i s t i c 

f e quarks with SOfo confidence as: 

-11 -2 -1 -1 < 8 .0 X 10 cm stei-ad sec 

For r e l a t i v i s t i c ^e quarks the effective running time i s 1445 hours, 

f o r the f i n a l acceptance t h i s becomes 1175 hours. The rate of 

r e l a t i v i s t i c -ie quarks with 90>^ confidence i s : 

-10 -2 -1 -1 ^ 1.2 X 10 cm sterad sec 

For n o n - r e l a t i v i s t i c ^e and fe quarks, the effective running 

time as a function of p from both series was added for a l l possible 

values of f . The upper l i m i t for \e and fe quarks as a function of 

f i s obtained and shown i n Figure 6 .13. 
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6.7 Two extraneous events 

Throughout the Scanning and analysis a l l events were carefully 

scrutinised f o r possible quarks which v;ere outside the selection 

c r i t e r i a on flash tube or pulse height data. Two such events 

occurred, one i n T7 and the other i n QL64. 

The pulse height information and flash tube diagram for the 

T7 event i s shown i n Figure 6.19. This event i s interesting because 

the side flash tube view Bhows the track out of geometry i n counter 

A, which i s why i t was rejected. However, although the output 

pulse height from counter A i s small ( 0 , 2 0 E ) compared with other 

counters ( v = 0,45^')> i t i s s t i l l considerable. This suggests 
xi—J? 

that the pulse heights may be associated with an electron-photon 

shower and the track that of a previous p a r t i c l e . The large 

number of background i n the f l a s h tube views would suggest t h i s 

too. The event would also be rejected on i t s N/M values. 

For the QL64 event the pulse height and flash tube data i s 

given i n Table 6.8. 
Table 6.8 Values of pulse height and flash tube 

data f o r event 3̂̂ 54 

V, = 0.15ii 
Vg = 0.30E V = 0 . 1 5 E o</7 =22.5^0 

::::::: 
V^ = 0.04E N/Mg^^ = ^ = 6 . 0 
V,, = 0.18E 

J) 

This event occurred when the previous p a r t i c l e indicator was 

included and i n th i s event no previous p a r t i c l e was indicated. 
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However i t i s p o s s i b l e t h a t p a r t i c l e could t rave rse the te lescope 

i n t he t ime (-^1 ^ s e c ) between the l a s t pulse d isp layed on the 

C.R.O. and the a p p l i c a t i o n o f the pulse on the f l a s h tubes . At 

a r a t e o f muons through the te lescope o f 3 0 sec \ the number of 

frames f o r such an event i s 3 , 3 x 1 0 , f o r runs ^iL30-32 the 

number o f events was 139'1 and hence the p r o b a b i l i t y of such an event 
-1 

i s -vlO 

The h igh va lue; of yo i s due to the pulses from counters B 

and E. I f the -ge i.j^uark pulse he igh t d i s t r i b u t i o n f o r one counter 

i s assumed G-aussian such t h a t 0^= 0 . 0 3 3 ^ , the pulse from B l i e s a t 

5 . 4 0^ and t h a t f rom E at 2 f rom the most probable pulse he ight 0.11E, 

The p r o b a b i l i t y o f a pu lse he igh t a t 2<r- i s 0 . 0 2 and at 5 . 4 i s 

< 1 0 and hence the p r o b a b i l i t y o f the t r a c k be ing due t o a 

p rev ious p a r t i c l e i n the 1 yiAsec i s much g rea te r than the pulse 

h e i g h t s being i n a ^e quark pulse he igh t d i s t r i b u t i o n . 

The n ine background f l ashes i n the f r o n t f l a s h tube view are 

a l l i n t r a y s F and F, w i t h counter B between them. Tnus the " a b 

l a rge pu lse i n counter B cou ld be assoc ia ted . . i t h these f l ashes 

which c o u l d be due t o some weak e lec t ron -pho ton shower accompanying 

the quark . However t h i s i s the l i m i t a t i o n o f a l l te lescope experiments 

i n t h a t such events have t o be r e j e c t e d . 

6,8 Conclusion 

Wi th no events o f e i t h e r -̂ e or f e qusirks i n the ^ ranges 

s t u d i e d , the 90;b conf idence l i m i t f o r the existence of quarks i n 
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cosmic rays a t sea - l eve l i s : 

f o r a r e l a c i v i s t i c -̂ e quark ^ 1 , 2 x 1 0 "^cra ^ s t e r ''sec . 

—11 —2 —1 ~1 
f o r a r e l a t i v i s t i c f e quark < 8 .0 x 1 0 cm s t e r sec . 

- 1 0 - 2 - 1 - 1 f o r a 3 6 quark , 0.4<P<1.0 < 6 .2 x 10 cm s t e r sec . 

10 2 1 1 f o r a -|e quark , 0 . 8 < j S < 1 . 0 < 2 . 2 x 1 0 " cm" s t e r " sec" . 

These r a t e s do no t i nc lude the p o s s i b i l i t y of the quark 

i n t e r a c t i n g i n the s tack , i n common w i t h o ther workers. They 

represen t the lowest l i m i t to date f o r the f l u x o f quarks i n 

cosmic rays a t s e a - l e v e l . 
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Diagram of r e l evan t data on i n i t i a l quark cand idates . Pulse 

h e i g h t s f rom each counter are g iven toge ther w i t h v and « / \ - % 

The f l a s h tube viev/s are shown d iagrammat ica l l y w i t h the 

accepted t r a c k . The m e r i t f a c t o r f o r each t r a c k N/M (where 

N i s the number o f f l a s h tubes i n the t r a c k and M i s the 

number o f background) are g iven f o r bo th v iews. 

The candidates i n the T s e l e c t i o n are shown i n F igures 6 . 1 3 

t o 6 . 1 9 . The f i n a l diagram i n F igure 6 . 1 9 i s the extraneous 

T7 event d iscussed i n sec t i on 6 . 7 . 

The candidates i n the ^4 upper s e l e c t i o n are shown i n F igure 

6 . 2 0 . 

The candidates i n the y lower s e l e c t i o n are shown i n F igures 

6 . 2 1 t o 6 . 2 5 . 

* i n d i c a t e s t h a t the prev ious p a r t i c l e i n d i c a t o r was inc luded 

i n the system and f o r the p a r t i c u l a r events shov/n no prev ious 

p a r t i c l e had been i n d i c a t e d . 
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CHiPT.gR 7 

SUIffl/iARY 

7.1 Limits on the production cross-section f o r quarks 

For a l i m i t on the production cross-section for quarks the 

expected rate f o r a f i x e d production cross-section has to be 

compared w i t h the upper l i m i t of the quark rate obtained i n the 

telescope experiment. 

Because of the rapid decrease i n rate with decreasing ^ the 

expected rates given by Adair and Price for f > 0.7 can be compared 

wit h the obtained rates f o r r e l a t i v i s t i c quarks. Adair and Price 

have used an asymptotic cross-section of 1.0y*barn. Hence the r a t i o 

of the experimental rate of quarks to the expected rate for a given 

quark mass gives the value 0^^1 .Oy^ bam, where <s^^ i s the upper l i m i t 

of the cross-section f o r the given quark mass. This was obtained 

f o r a range of quark mass 5 to 20 &eV and the result i s shown i n 

Figure 7»'' 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 a l , the upper l i m i t of the quark mass i s '^20 G-eV and 

on the model of Domokos and Fulton the upper l i m i t i s ~ 6 G-eV. 

7.2 Future experiments 

The results of the telescope experiment represent the best 

value of the upper l i m i t of the quark production cross-section and 
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the rate of quarks i n cosmic rays at sea-level to date, with no 

quarks yet detected the design of future experiments v ; i l l be 

determined by two main factors: 

1 ) the theoretical estimates of the production cross-section 

and 

2) the actual nature of the quark ( i . e . i n tegral or non-

in t e g r a l charge). 

I f theproduction cross-section shows the rapid exponential 

decrease with mass as predicted by Domokos and Fulton, detection 
i n cosmic rays w i l l prove d i f f i c u l t unless telescopes of 

3 2 

acceptance ~ 1 0 ra sterad.are used. 

On the actual nature of the quark, models have been postulated 

to f i t quarks with integral charge although these have not the 

si m p l i c i t y nor a l l the successes of the quark model with non-

i n t e g r a l charge. However, searches have been continued i n cosmic 

rays (Kasha et a l , (1967c)) by measuring the momentum and time of 

f l i g h t of incident p a r t i c l e s , iinother method has been proposed by 

Ashton ( 1 9 6 5 ) . I n t h i s the range of incident particles with 

f< 0.75 would be measured. These would be selected by a water 

Cerenkov counter and t h e i r subsequent range i n a stack of s c i n t i l l a ­

t i o n counters, neon fl a s h tube trays and iron would be measured. 

Since the range of quarks w i l l be increased by a factor M 

on that of protons they can be i d e n t i f i e d i f they l i e within 

certain p and range l i m i t s . This experiment i s at present i n 

preparation at Durham University. - 84 -
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Plate A.1. 
The glass plate spark chamber showing the 

stranded wire electrode. 



• 
f 

5CAL£ 4 t 
Plate A,2 

View of an event i n the chamber showing 
the top view (looking t h r o u ^ the wire electrode) 
and the side view. 



Plate A,3 

Top view of an event i n two chambers, one 
v e r t i c a l l y above the other. 



Plate A.4 
Top view o:- an event passing through the 

chamber approximately i n the plane of the wire 
electrode. 



APPENDIX A 

A PARALLEL GLASS PLATE SPARK CHAMBER 

A.1 Introduction 

Prior to the quark experiment the characteristics of a 

p a r a l l e l glass plate spark chamber were investigated. These were 

designed to study the l a t e r a l structure of bursts produced by the 

interaction of r e l a t i v i s t i c muons and nucleons i n an absorber, 

such as i n the experiment of Ashton and Coats (1965). Other 

applications such as the study of the multiple core structure of 

extensive a i r showers are also possible. 

Spark chambers have been extensively employed by accelerator 

workers (e.g. CharTpak et a l . , I965) during the past few years 

but the technique has not been widely used i n cosmic ray experiments. 

The main reason f o r t h i s i s that such experiments require large 
2 

area ( > 1,0 m ) chambers i n which complex events with many 

pa r t i c l e s traversing the chamber simultaneously are accurately 

recorded. However, Nagano and Shibata (I965) have shown that 

chambers i n which the electrodes are covered with a layer of 

insulating material are capable of recording "^10^ particles i n a 

square metre. The reason f o r t h i s i s th a t , whereas i n a chamber 

with bare metal electrodes the fluctuations i n the development of 

avalanches leads to a low multiple track efficiency, with a high 

resistance between the electrodes the f i e l d i s maintained f o r 

s u f f i c i e n t time f o r multiple discharges to develop e f f i c i e n t l y . 
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Figure Al(a) Block diagram of trigge r i n g system used i n the 
investigation of spark chfunbers and localised 
discharge i n flash .tubes. 
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Figure Al(b) Diagrams of the two types of pulsing system 
used to supply the high voltage pulse to the 
wire electrode J 

(i) single variable spark gap, 
O'i) Marx impulse generator* 



top view looking through 
the wire electrode 

wire electrode 
chamber 

side view I 

Figure A,2 /Diagram showing the top and side views 
of, the glass plate spark chamber, 

' . A t i y p i c a l track i s shoTO 



A,2 Construction and operation of the spark chambers 

The chamber under investigation i s shown i n plate A.I. I t i s 

a completely enclosed box (30 x 30 x 2 cm^) containing neon gas 

(98?& pure). The two large areas are glass plates of thickness 

3 mms and the sides are perspex f i x e d to the glass with araldite 

epoxy resin. For f i l l i n g , the chamber was placed i n a steel 

enclosure and both were evacuated to 10 ^ mm of mercury pressure. 

They were then f i l l e d simultaneously with neon to atmospheric 

pressure then the enclosure vias opened and the chamber sealed o f f . 

Throughout t h i s operation the pressure difference across the glass 

plates was less than a few cm of mercury, thus avoiding the danger 

of cracking. The chambers were able to withstsmd the normal 

changes i n atmospheric pressure. 

The upper electrode consists of a framework on which i s 

strung tinned copper wire (diameter 0,34 mm) i n parallel- spacings 

of 2mra. The advantage of t h i s type of electrode i s that tracks 

can be viewed through i t and i f several chambers 7ri.th similar 

electrodes are mounted i n a v e r t i c a l stack, the trajectory of a 

p a r t i c l e can be followed through the chambers. This procedure 

was used to compare the angle of the spark with the inclined 

angle of incident p a r t i c l e s . On occasions during the investigation 

of the chamber a t i n plate electrode and a glass electrode vdth a 

conducting layer of t i n oxide were used with no change i n performance. 

The characteristics of the chamber ware studied by selecting 

cosmic ray muons vAth a s c i n t i l l a t i o n counter telescope. The 
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g e o m e t r i a l arrangement of the chamber and the te l e s c o p e and the 

bl o c k diagram of the p u l s i n g system i s shown i n Fig u r e A.1. Two 

typ e s of p u l s i n g system were used and these are a l s o shorai i n 

F i g u r e A.1 . The f i r s t type was a s i n g l e spark gap with a v a r i a b l e 

gap d i s t a n c e , the p u l s e height was v a r i e d by var y i n g the supply 

v o l t a g e and the gap d i s t a n c e . The second was a Marx impulse generator 

w i t h 6 spark gaps. I n t h i s case the supply voltage was f i x e d a t 

- 10 Ev and the p u l s e h e i g h t was v a r i e d by tapping o f f the I 2 0 i l 

a t d i f f e r e n t p o s i t i o n s . I n both cases the decay time constant was 

60 n s e c and the performance of the chamber was the same f o r the 

same p u l s e height from each system, 

A,3 C h a r a c t e r i s t i c s of the chamber 

The chamber was viewed through the e l e c t r o d e (top view) and i n 

the plane of the e l e c t r o d e ( s i d e v i e w ) . The two views are shown 

i n F i g u r e A.2 and a t y p i c a l spark i n the chamber i n both views i s 

shown i n P l a t e A.2. I n many ca s e s a glow surrounds the spark at 

the g l a s s p l a t e s due to space charge e f f e c t s . T h i s could p o s s i b l y 

be improved by having a conducting l a y e r on the i n s i d e of the g l a s s 

(not i n e l e c t r i c a l contact w i t h the e l e c t r o d e s ) so t h a t space 

charge e f f e c t s could be d i s p e r s e d . For high f i e l d s and p u l s e 

l e n g t h s > 1 y>Asec the glow spread and seperate discharges occured 

throughout t h e chamber due to the u l t r a - v i o l e t r a d i a t i o n emitted 

by the i n i t i a l discharge causing secondary avalanches. At the 

v o l t a g e s operated normally i n the i n v e s t i g a t i o n t h i s d i d not occur. 
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However, the width of the discharge v a r i e d from 1 to 2 mm i n diameter, 

although t h i s appeared to be u n r e l a t e d to the f i e l d a p p l i e d . 

The v i s u a l e f f i c i e n c y of the chamber was measured by eye, 

counting the percentage of v i s i b l e t r a c k s i n the t o t a l number of 

c o i n c i d e n t t r i g g e r s . T h i s was done f o r d i f f e r e n t a p p l i e d f i e l d s and 

delay time between the coinrcident pulse and a p p l i c a t i o n of f i e l d . 

The r e s u l t s a r e shown i n F i g u r e A,3. The s e n s i t i v e time of the 

chamber i s g i v e n a s : 

90 

where "t̂ ® e f f i c i e n c y a t a time delay of T̂ .̂ For p u l s e 

h e i g h t s >14 kV where the e f f i c i e n c y reaches anasymptotic l i m i t ^ 

the s e n s i t i v e time i s 4 6 ^ s e c . T h i s i s not a long time f o r Cosmic 

Ray experiments where the background i s small and can be overcome 

by an e l e c t r o n i c device such as t h a t d e s c r i b e d i n Chapter 2 . 

Many workers s i n c e Fukui and Miyamoto (1959) have noted that 

f o r s m a l l i n c l i n e d angles of i n c i d e n t p a r t i c l e s the spark appears 

to f o l l o w the path of the p a r t i c l e . T h i s i s because i n a spark 

chamber the i o n i s a t i o n extends i n i t i a l l y along the path of the 

i n c i d e n t p a r t i c l e and the spark i s the r e s u l t of s e v e r a l e l e c t r o n 

a v a l a n c h e s . F o r a p u l s e of r i s e time ~10 n sec, these avalanches 

i n t e r a c t and cause a r e s u l t a n t f i e l d along the path of the p a r t i c l e 

such t h a t the spark tends to f o l l o w t h i s path. 

T h i s e f f e c t was s t u d i e d w i t h the present coiinter by vievri-ng 

two chambers, one v e r t i c a l l y above the other as explained p r e v i o u s l y . 
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Figure A,4 Plot o f angle of spark against angle of incident 
• p a r t i c l e traversing the chamber. Each point 
represents a single observation. The l i n e gives 
.the results of Burriha'm et a l . (1963) f o r &. 
chamber i n which both- eiectrod'es. were'metal. 



A photograph of one event i s shown i n p l a t e A.3. The displacement 
e 

of the two sparks gave the angle o f the i n c i d e n t particle^^and the 
©• 

p r o j e c t e d l e n g t h of the spark gave i t s i n c l i n e d amgle, the r e s u l t s 

are shown i n F i g u r e A.4. The displacement of the r e s u l t s from the 

9' = 0 p o i n t i s due to the f l u c t u a t i o n s i n the s i z e and shape of 

the spark. T h i s could be improved as exp l a i n e d e a r l i e r . The 

f l u c t u a t i o n s i n angle occur because of the i n i t i a l v a r i a t i o n i n 

i o n i s a t i o n d e n s i t y and the l a t e r v a r i a t i o n i n the spacing and 

development- of a v a l a n c h e s . I t i s suggested t h a t a t higher gas 

p r e s s u r e s these f l u c t u a t i o n s would decrease. 

The r e s u l t s a r e compared with the b e s t l i n e f o r the r e s u l t s 

of Bumham e t a l , ( I963) f o r a 1 cm chamber vdth bare metal 

e l e c t r o d e s . F o r these r e s u l t s a l s o , t an 9*/tan 9 < 1.0, but the 

authors point out t h a t the r a t i o i n c r e a s e d f o r decreasing r i s e time 

of the a p p l i e d p u l s e , F r o h l i c k ( I967) using a s i m i l a r chamber to 

Bvxrnham e t a l . found the maximum i n c l i n e d angle of t r a c k ^ 30° 

compared with 20° f o r Bumham e t a l . The present r e s u l t s show 

an improvement upon these v a l u e s . However, a t angles > 5 0 ° , the 

di s c h a r g e broke i n t o 2 or more separate sparks i n the v e r t i c a l plane 

of the i n c i d e n t p a r t i c l e . An example of t h i s e f f e c t f o r a i i n c i d e n t 

p a r t i c l e p a s s i n g almost p a r a l l e l to the e l e c t r o d e s i s shown i n 

P l a t e A . 4 . 

A .4 C o n c l i i s i o n s 

From these i n i t i a l i n v e s t i g a t i o n s the chamber appears to be 

a u s e f u l device i n the study of complex events due to Cosmic Rays. 
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F u r t h e r development i s n e c e s s a r y i f an accurate estimate of the 

i n c i d e n t angle of a p a r t i c l e i s r e q u i r e d . T h i s would take the 

form of i n v e s t i g a t i o n s u s i n g a pulse with a s h o r t e r r i s e time, 

hi g h e r p r e s s u r e of gas and p o s s i b l y the e f f e c t of the a d d i t i o n of 

a l c o h o l . 
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Plate B.1 
View of an event i n the double layer of flash 

tubes operated f o r localised discharge showing the 
top view (looking through the wire electrode) and 
the side view. The l i g h t i n the edge flash tubes 
i s daylight transmitted along the tube. 



APPMDIX B 

LOCALISED DISCHAR&5 IN NEON FLASH TUBES 

A s m a l l a r r a y of unpainted neon f l a s h tubes was made as shown 

i n F i g u r e B . 1. The tubes had i n t e r n a l diameter 1.5 cm and 1 mm 

w a l l t h i c k n e s s . The tubes v/ere i n v e s t i g a t e d f o r l o c a l i s e d discharge 

u s i n g the experimental arrangement as d e s c r i b e d i n Appendix A. 

Again the wire e l e c t r o d e was used so th a t the top view and side 

view of the discharge could be photographed. 

I n the normal operation of f l a s h tubes vdth a j i p l i e d p u l s e s 

of s e v e r a l ^ s e c the discharge spreads along the whole length 

of the tube. T h i s i s due t o the emission of photons by the 

i n i t i a l l y e x c i t e d e l e c t r o n s which then s t a r t secondary photon-

e l e c t r o n cascades throughout the gas. irihen a pulse of ~100nsec 

i s a p p l i e d the f l a s h tube behaves l i k e a normal spark chamber 

and the discharge i s l o c a l i s e d around the i n i t i a l t r a j e c t o r y of 

the i o n i s i n g p a r t i c l e . 

However, u n l i k e the p a r a l l e l p l a t e spark chamber with constant 

geometry and constant f i e l d , the s t a c k of f l a s h tubes introduces 

a v a r y i n g geometry and the g l a s s of the tube c r e a t e s a d i s t o r t e d 

f i e l d w i t h i n . Thus i t was found t h a t the s i z e of the discharges 

showed g r e a t v a r i a t i o n f o r a f i x e d a p p l i e d f i e l d . The s i z e v a r i e d 

from 1 mm i n diameter to 5 mm and sometimea a g r e a t e r elongation, 

g e n e r a l l y i n the d i r e c t i o n of the length of the tube, 
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top view shewing the length 
of the flash tubeis 

wire at 2mm spacing 
along the wftole 
length of the 
electrode 

wire electrode 

i i! !i !! !i i! ij ;! !l !! n V. \' i • •• •• " " '• '• '• " '• " •• ' 

4 cm > 
> 

4cm--

Pigure B,1 

side view showing the ends 
of the fl a s h tubes. 

,J)iagram showing the top and side views 
•of the f l a s h tube stack ^in the localised 
discharge investigation.! 



Photography i s a l s o made d i f f i c u l t from the perpendicular 

d i r e c t i o n (top view) because of r e f l e c t i o n and s c a t t e r i n g of l i g h t 

i n the w a l l s of the neighbouring tubes. The photograph of an 

event showing the discharge i n the top and s i d e views i s shown 

i n P l a t e B.1, and although the si d e view shows a c l e a r t r a c k the 

top view shows some d i s t o r t i o n . The l i g h t i n t h e edge f l a s h tubes 

i s d a y l i g h t t r a n s m i t t e d along the tube. 

V i s u a l e f f i c i e n c y measurements were made as a func t i o n of 

a p p l i e d voltage f o r a time delay of 2.5y«A.sec f o r a s i n g l e and a 

double l a y e r and the r e s u l t s a r e shown i n Fi g u r e B . 2 . The e f f i c i e n c y 

of the double l a y e r approximately r e p r e s e n t s the i n t e r n a l e f f i c i e n c y 

of the f l a s h tube f o r l o c a l i s e d d i s c h a r g e . The s i n g l e l a y e r 

shows a decrease of 75?» from the double l a y e r because of the spacing 

of the tubes i n the s i n g l e l a y e r cover only 757' of the t o t a l a r e a . 

The decrease from ^ 95% f o r the normal operation of f l a s h tubes 

may be due to the s h o r t time of a p p l i e d f i e l d l e a d i n g to a weak 

disc h a r g e which i s not v i s i b l e . 

F o r a f i x e d f i e l d of 12 kv/cm the e f f i c i e n c y of the s i n g l e and 

double l a y e r s vms i n v e s t i g a t e d as a f u n c t i o n of time delay between 

the i n c i d e n t p a r t i c l e and the a p p l i c a t i o n of the p u l s e . The r e s u l t 

i s shown i n F i g u r e B . 2 . compared with the previous r e s u l t f o r a 

g l a s s p l a t e spark chamber and the i n t e r n a l e f f i c i e n c y of f l a s h 

tubes under normal p u l s i n g c o n d i t i o n s . Lloyd's t h e o r e t i c a l curve 

f o r a f q = 12 i s shown together with 0.75 a f q and 0.50 a f q . 

With f u r t h e r development i n the c o n t r o l of the ap p l i e d f i e l d 
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Figure; .3.2; Variation of efficiency of f l a s h tubes bijerated 
i n the;localised discharge 'regime f o r a time 

1 delay of 2. 5^ec. 



a f q B l 2 

0 , 7 5 a f q 

0 .50a fq 

10 
time delayyo*aec. 

100 

Pigxire, B,3 Variation of efficiency with time delay f o r -
x single layer of flash tubes (localised discharge regime ) 
o double layer of flash tubes (localised discharge regime ) 
^ glass plate spark chamber 
a flash/feubea under normal operation. 

The theoretical curve of Lloyd (1960) f o r afqB"l2 
i s shown together with f r a c t i o n a l decreases of 
0.75 and Q.Sî 'i. 



and on the nature of the f l a s h tube, t h i s technique could be used 

as a cheap and convenient method of b u i l d i n g up l a r g e a reas of 

v i s u a l d e t e c t o r f o r cosmic ray experiments. 
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Appendix C The two types of emitter follower used i n the telescope 
electronics^ 

(ij feeds the output from the photomultipliers i n t o the 
50Asystemj'; 

(ii) feeds the output from the delay l i n e (characteristic 
impedance t1,5K ) i n t o the 50A system. 


