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ABSTRACT 

A search f o r p a r t i c l e s c a r r y i n g an e l e c t r i c charge one t h i r d t h a t 

o f the e l e c t r o n i c charge (quarks) has been c a r r i e d out close to the core 

of extensive a i r showers. The search was conducted a t sea-l e v e l using 

a l a r g e volume f l a s h tube chamber. The technique employed u t i l i s e d the 

s e n a t i v i t y o f f l a s h tubes to p a r t i c l e i o n i s a t i o n . A i r showers were 

selected by r e q u i r i n g the l o c a l e l e c t r o n d e n s i t y above the d e t e c t o r t o 

exceed 40 m ', With t h i s t r i g g e r the apparatus has been operated f o r 

2570 hours. Wo d e f i n i t e quark t r a c k s have been observed, the upper 

l i m i t on the quark f l u x being set a t 6.0 x 10~"^ cm~^sec~''"st~''". 

I n the same experiment, the energy spectra of charged and n e u t r a l 

n u c l e a r - a c t i v e p a r t i c l e s i n extensive a i r showers o f mean shower size 
5 

2.0 x 10 has been measured. A method has been developed f o r e s t i m a t i n g 

the energies of the p a r t i c l e s from the w i d t h of the nuclear-electromagnetic 

cascade r e s u l t i n g from the i n t e r a c t i o n s , as measured i n f l a s h tubes below 

the absorbers. The r e s u l t s have been r e l a t e d to extensive a i r shower 

c h a r a c t e r i s t i c s , i n p a r t i c u l a r to the n u c l e a r - p h y s i c a l aspects o f very 

high energy c o l l i s i o n s . 

The f l a s h tube chamber has been modified t o ' a l l o w the r e l a t i o n ­

s h i p between the wi d t h o f the nuclear-electromagnetic cascade and the 

energy o f the i n t e r a c t i n g p a r t i c l e to be e s t a b l i s h e d . The experiment, 

u t i l i s i n g the f l u x of uriaccompaniei hadrons i n the n e a r - v e r t i c a l d i r e c t i o n , 

has also allowed the energy spectrum o f these p a r t i c l e s to be determined 

up t o energies o f ITeV. 



PREFACE 

This t h e s i s describes the work performed by the author i n the 

Physics Department of the U n i v e r s i t y o f Durham while he was a Research 

Student under the supe r v i s i o n o f Dr. F. Ashton. 

A l a r g e volume f l a s h tube chamber has been used t o study p a r t i c l e s 

close t o the core of extensive a i r showers. I n p a r t i c u l a r , a 

search f o r quarks has been c a r r i e d out and a study o f hadrons has been 

performed. 

The author has shared w i t h h i s colleagues the c o l l e c t i o n o f data, 

and f o r some p a r t s o f the work the data r e d u c t i o n and a n a l y s i s , and 

has been responsible f o r the c a l c u l a t i o n s ajid data i n t e r p r e t a . t i c n 

described i n the t h e s i s . 

The quark search has been reported by Ashton e t . a l . ( 1 9 7 3 a ) . Other 

aspects o f the work have also been r e p o r t e d : - Ashton e t . a l . ( 1973 h,c s 

d.e,f,g, and h ) . 
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CHAPTEH 1 

INTRODUCTION 

1 . 1 H i s t o r i c a l background 

The beginning of the t w e n t i e t h century saw many advances i n the 

f i e l d of physics. Thomson had discovered the e l e c t r o n i n 1097 and the 

a l p h a - p a r t i c l e s c a t t e r i n g experiments of Geiger and Marsden had l e d 

Rutherford t o p o s t u l a t e the nuclear model o f the atom i n 1 9 1 1 . A coherent 

p i c t u r e o f atomic s t r u c t u r e was emerging (although there were s t i l l 

many problems to be s o l v e d ) . The p h o t o e l e c t r i c e f f e c t had provided, 

evidence f o r the q u a n t i s a t i o n of energy, which l e d t o great advances i n 

t h e o r e t i c a l physics. 

One instrument which had played an important p a r t i n experimental 

work o f the period was the electrometer, a charge-sensitive device capable 

of d e t e c t i n g i o n i s i n g r a d i a t i o n . I t had been n o t i c e d by several workers 

t h a t a charged electrometer would discharge s l o w l y , i n the absence o f 

any o f the r a d i o a c t i v e sources used i n experiments and w i t h o u t i r r a d i a t i o n 

by u l t r a - v i o l e t l i g h t . Indeed, the discharge occurred even i f the e l e c t r o ­

meter was sealed i n a l i g h t - t i g h t l e a d - l i n e d c o n t a i n e r . I t was shown 

by Hess i n 1912 t h a t the i o n i s i n g r a d i a t i o n responsible f o r t h i s e f f e c t 

was n o t due t o t a l l y t o n a t u r a l r a d i o a c t i v i t y i n the e a r t h , by f l y i n g 

a balloon c o n t a i n i n g electrometers t o a h e i g h t of s e v e r a l k i l o m e t e r s . 

The i o n i s a t i o n was seen t o decrease i n i t i a l l y as the e f f e c t o f the 

earth's r a d i o a c t i v i t y decreased, but then increased s i g n i f i c a n t l y a t 

g r e a t e r h e i g h t s . I t was argued, however, t h a t t h i s could be due not t o 

e x t e r n a l r a d i a t i o n , but t o r a d i o a c t i v e gases high i n the atmosphere or 

the e f f e c t s of thunderstorms. I t w a s M i l l i k a n , who i n a s e r i e s o f 

experiments from 1923 to 1926 , proved beyond doubt t h a t the r a d i a t i o n 

r e a l l y was e x t e r n a l to the e a r t h . By s t u d y i n g the amount of i o n i s a t i o n 

as a f u n c t i o n of depth below-rva.ter i n lakes a t d i f f e r e n t a l t i t u d e s he 
'f c BlilLKISE 
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2 . • 

was able t o show t h a t the decrease i n the r a d i a t i o n w i t h i n c r e a s i n g 
depth could only be explained i n terms of a downward f l u x of i o n i s i n g 
r a d i a t i o n which he c a l l e d "cosmic rays". 

Since the only types o f r a d i a t i o n known a t t h a t time were a, (3 , 

and Y r a d i a t i o n , the cosmic rays were assumed i n i t i a l l y t o be high energy 

photons, since a and (3 rays would be unable t o t r a v e r s e the whole 

atmosphere. Geomagnetic e f f e c t s showed t h a t t h i s was not the case. A 

world-wide survey organised by Compton, a t sea-level and a t mountain 

a l t i t u d e s , showed t h a t the i n t e n s i t y decreased as the equator was approached, 

c o n s i s t e n t w i t h the r a d i a t i o n being composed of charged "corpuscles" 

r a t h e r than photons. I t had been p r e d i c t e d , from c a l c u l a t i o n s by 

Stormer on the t r a j e c t o r i e s of charged p a r t i c l e s i n magnetic f i e l d s , 

t h a t i f the primary p a r t i c l e s were o f predominantly one charge then 

there should be an asymmetry i n the f l u x o f p a r t i c l e s i n the east-west 

d i r e c t i o n . I n 1933> several experiments found evidence f o r t h i s e f f e c t , 

there being an excess from the west. This i m p l i e d t h a t the primaries were 

mainly p o s i t i v e p a r t i c l e s , presumably protons. 

An e f f e c t f i r s t n o t i c e d by Rossi i n 1932 (Rossi, 1932 , 1933a and 

1933d) was the h i g h coincidence r a t e which occurred when two or more 

Geiger-Nuller (GM) tubes were placed side by side below an absorber of 

say, lead. Important r e s u l t s found by Rossi were t h a t the r a t e of 

coincidences was g r e a t e r below lead than below the same amount of 

absorber ( i n g.cm." ) of i r o n or aluminium. The r a t i o ' s found f o r these 

r a t e s were, f o r l e a d : i r o n : aluminium, 4 : 2 : 1 r e s p e c t i v e l y . I n a d d i t i o n , 

as the thickness o f absorber was increased the r a t e of coincidences 

f i r s t increased r a p i d l y u n t i l a maximum was reached, a f t e r which there-

was a slow decrease as more absorber was added. This was the f i r s t 

o bservation of the electron-photon cascade. 

The understanding o f t h i s cascade process r e l i e d upon another 

discovery i n cosmic rays, by Anderson, This was the p o s i t r o n , Dirac's 

postulated " p o s i t i v e e l e c t r o n " - the a n t i p a r t i c l e of the e l e c t r o n . 
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Dirac'3 theory p r e d i c t e d t h a t p o s i t r o n s and e l e c t r o n s should be produced 
i n p a i r s , as had been observed i n cloud chambers when photons o f high 
energy passed through dense absorbers. Oppenheimer st u d i e d the process 
and concluded t h a t t h i s " p a i r p r o d u c t i o n " by photons took place i n the 
f i e l d of a nucleus, and Bethe and H e i t l e r were able t o produce a f u l l 
theory of the process. With the understanding of t h i s e f f e c t and a l s o 
t h a t of the r a d i a t i v e l o s s o f e l e c t r o n s (bremstrahlung) which Bethe and 
H e i t l e r a l so produced a theory t o e x p l a i n , the cascade process could t o 
a l a r g e e x t e n t be understood. I f a photon, say, i s i n c i d e n t on a dense 
absorber, i t w i l l a f t e r some distance produce an e l e c t r o n - p o s i t r o n p a i r . 
The p o s i t r o n w i l l e i t h e r a n n i h i l a t e ( a t low energies) or, l i k e the 
e l e c t r o n , w i l l r a d i a t e photons. These photons i n t u r n w i l l produce more 
e l e c t r o n - p o s i t r o n p a i r s , and t h i s process w i l l continue u n t i l a cascade 
of p a r t i c l e s and photons b u i l d s up. The cascade dies out when the 
e l e c t r o n s and p o s i t r o n s have i n s u f f i c i e n t energy to produce photons 
e f f i c i e n t l y and t h e i r energy i s d i s s i p a t e d i n e x c i t a t i o n o f the atomic 
e l e c t r o n s . The Compton e f f e c t v/as also known a t t h i s time, and could be 
included i n the cascade theory, but as a low energy effect,was r e a l i s e d 
n o t to be of primary importance. This cascade theory was f i r s t developed 
by Bhabha and H e i t l e r . The process has assumed considerable importance 
i n h i g h energy p a r t i c l e physics since i t s discovery, as a method o f 
d e t e c t i n g p a r t i c l e s and e s t i m a t i n g t h e i r , energy, 

Thus the cascades could be understood, but i t was not u n t i l the 

discovery of muons by Neddermeyer and Anderson i n 1937 t h a t the u n c e r t a i n t y 

r e g a r d i n g the o r i g i n o f the cascades was removed. The muons v/ere measured 

to have a mass o f approximately 200 e l e c t r o n masses, and on the average 

were found t o occur i n almost equal numbers as p o s i t i v e and negative 

p a r t i c l e s . This charge r a t i o i m p l i e d t h a t the muons were secondary 

p a r t i c l e s (confirmed when t h e i r s h o r t l i f e t i m e was d i s c o v e r e d ) , and t h i s 

i m p l i e d t h a t the primary p o s i t i v e p a r t i c l e s were i n t e r a c t i n g i n the 

atmosphere to produce these secondaries. I t was r e a l i s e d t h a t l a r g e 



numbers o f p?,rticles might be produced i n these i n t e r a c t i o n s , and t h a t 

the cascade processes observed i n dense m a t e r i a l s could also occur i n 

a i r . Now i t had been n o t i c e d t h a t coincidences occurred sometimes between 

dete c t o r s placed l a r g e distances a p a r t , and l e d Auger ( 1 9 3 8 ) t o under­

take an examination o f t h i s e f f e c t . This l e d to the discovery of 

extensive a i r showers (EAS). Auger found t h a t the showers consisted 

mainly of e l e c t r o n s , up t o 10^ p a r t i c l e s being present i n a s i n g l e shower, 

spread over distances of hundreds of metres. I n a d d i t i o n , he found t h a t 

the showers contained a core o f very h i g h energy p a r t i c l e s which were 

capable of producing l a r g e cascades below l a y e r s of lead. 

We now know t h a t EAS c o n s i s t o f three main components: e l e c t r o n s , muon 

which c o n s t i t u t e about 1% of the t o t a l number of p a r t i c l e s and extend to 

even g r e a t e r distances than the e l e c t r o n s , and a core of s t r o n g l y i n t e r ­

a c t i n g p a r t i c l e s such as pions, protons (and a n t i p r o t o n s ) , neutrons 

(and a n t i n e u t r o n s ) and kaons. 

Using cosmic rays much was learned about nuclear physics. The 

discovery o f the neutron by Chadwick i n 1932 i n a s e r i e s of l a b o r a t o r y 

experiments w i t h r a d i o a c t i v e m a t e r i a l s had already produced a deeper 

understanding of atomic s t r u c t u r e . I n the cosmic, r a d i a t i o n the 

phenomenon of associated p r o d u c t i o n and the existence of "strange" p a r t i c l & s 

was discovered i n experiments conducted by Rochester and B u t l e r ( 1 9 4 7 ) t 

The pi-meson was discovered by L a t t e s , O c c h i a l i n i and Powell i n 1947 when 

t h i s group exposed nuclear emulsion p l a t e s t o cosmic rays a t mountain 

a l t i t u d e s and observed the decay o f pions i n t o muons (the dominant 

process f o r the production of the muons seen a t s e a - l e v e l ) . The pion 

was l a t e r associated w i t h the Yukawa p a r t i c l e , the t h e o r e t i c a l p a r t i c l e 

p r e d icted t o e x p l a i n the b i n d i n g f o r c e between micleons. Nuclear i n t e r ­

a c t i o n s were seen i n nuclear emulsions, the study of these y i e l d i n g 

a great deal of i n f o r m a t i o n . Up t o the present day, cosmic rays have 

played an important p a r t i n the study o f high energy physics. Recently 

a c c e l e r a t o r s have extended the energy region over v/hich they can study 



5. 
12 i n t e r a c t i o n s to energies of the order of 10 t eV (ISR), and i n t h i s 

r e g i o n they are capable of s u p e r i o r measurements owing t o the h i g h f l u x e s 
a v a i l a b l e . Thus i t has become necessary f o r cosmic ray p h y s i c i s t s wishing 
t o i n v e s t i g a t e nuclear physics t o concentrate on very high energy i n t e r ­
a c t i o n s . 

Cosmic rays have been u s e f u l i n p r o v i d i n g i n f o r m a t i o n of a 3 t r o p h y s i c a l 

s i g n i f i c a n c e . By f l y i n g balloons w i t h nuclear emulsion payloads t o great 

h e i g h t s , and more r e c e n t l y u s i n g s a t e l l i t e s , i t has been possible t o 
12 

study the primary cosmic r a d i a t i o n d i r e c t l y up to energies of 10 

10̂ "̂  eV/nucleon. The primary p a r t i c l e s are found t o be mainly protons, 

but w i t h small numbers of heavier n u c l e i extending up to uranium and 

perhaps beyond (Fowler e t a l . 19 73)* ^ a d d i t i o n , weak f l u x e s o f 

"y-rays and e l e c t r o n s have been found to e x i s t . The mass composition 

has y i e l d e d important i n f o r m a t i o n on the h i s t o r y o f the cosmic r a d i a t i o n , 

i t s o r i g i n and subsequent passage through space. The amount of f r a g ­

mentation which occurs can be r e l a t e d t o the age of the cosmic rays 

and provide i n f o r m a t i o n not only on the source of cosmic rays but a l s o 

on the magnetic f i e l d s through which they have t r a v e l l e d . However, w h i l e 

much has been learned by s t u d y i n g the primary p a r t i c l e s , t h e i r o r i g i n 

i s not y e t e s t a b l i s h e d . Information, a t higher energies than those 

accessible t o b a l l o o n or s a t e l l i t e measurements i s needed. The l i m i t a t i o n s 
12 

on d e t e c t o r size do not a l l o w p r i m a r i e s of energy much g r e a t e r than 10 eV 
t o be s t u d i e d . This i s because o f the s t e e p l y f a l l i n g energy spectrum 

2 6 12 15 5 2 (the i n t e n s i t y decreases as E~ * from 10 eV t o 3*10 eV and E 

above 3.10^^ eV). Thus above t h i s energy i n d i r e c t measurements have 

been used. These include e s t i m a t i o n o f the spectrum from s e a - l e v e l 

f l u x e s of muons a t intermediate energies ( ] .0 1 2 -10^ eV) and the study o f 

extensive a i r showers a t higher energies. These i n d i r e c t methods r e l y 

on a knowledge of the i n t e r a c t i o n processes o c c u r r i n g i n the atmosphere. 

Questions t h a t remain t o be answered include : What i s the primary 

composition i n t h i s very high energy r e g i o n , and dees the energy spectrum 
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c u t - o f f a t a.bout 1 0 ^ eV., due to i n t e r a c t i o n s w i t h the 2.7°K background 

r a d i a t i o n ? 

Very l a r g e EAS arrays have been b u i l t , t o record the highest energy 

showers, and a t the present time the highest energies reached correspond 
20 

to about 10 eV, w i t h no i n d i c a t i o n o f a c u t - o f f , although techniques 

are being developed which could improve the s i t u a t i o n ; i n p a r t i c u l a r 

the observation of atmospheric Cerenkov and s c i n t i l l a t i o n l i g h t , produced 

as the a i r showers propagate through the atmosphere. 

However, the energies a v a i l a b l e i n smaller a i r showers are s t i l l 

f a r i n excess o f those a t a c c e l l e r a t o r s , and these showers, w h i l e not 

being frequent, are much more so than the l a r g e r showers. Thus these 

smaller showers are s u i t a b l e f o r s t u d y i n g very h i g h energy n u c l e a r - p h y s i c a l 

processes. I n a d d i t i o n , the mass composition of the primary p a r t i c l e s 

a t these energies i s s t i l l unknown, and i n f o r m a t i o n would be very valuable 

i n h e l p i n g t o answer some of the questions posed by a s t r o p h y s i c s . 

I c 2 The Quark Search 

Science attempts t o e x p l a i n the ph y s i c a l world by u n i f y i n g f a c t s 

deduced from observations. I t attempts, i n other words, to reduce the 

number of independent v a r i a b l e s i n a system t o a few, more fundamental 

.ones. Thus i f an u n d e r l y i n g law or symmetry can be found t o combine a 

set o f v a r i a b l e s , the system can be more ac c u r a t e l y described, and hence 

the s c i e n t i s t ' s understanding of the system has increased. I n j u s t t h i s 

way, the discovery t h a t matter i s composed of molecules, t h a t molecules 

are made up of numbers of atoms, and t h a t atoms c o n s i s t of a few "elementary" 

p a r t i c l e s , have a l l been advances i n knowledge. 

Now while the discovery of the c o n s t i t u e n t s of atoms has g r e a t l y 

c l a r i f i e d the p h y s i c i s t ' s p i c t u r e of the worl d , over the past 30 years 

the number of these elementary particles known has increased r a p i d l y , 

Thus i t i s n a t u r a l to ask :-- I s there an u n d e r l y i n g symmetry from which 

a l l o f these p a r t i c l e s can be constructed? One attempt to e x p l a i n the 
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structure of elementary p a r t i c l e s along these lines i s the Quark theory, 

discussed i n Chapter 5 of t h i s thesis, v/hich postulates three fundamental 

p a r t i c l e s , quarks s to be the basic b u i l d i n g blocks of matter. Because 

of the obvious importance of determining whether these quarks r e a l l y 

e x i s t , an experiment, described i n Chapter 4i has been carried out to 

search f o r these par t i c l e s i n the secondary cosmic radiation. For reasons 

discussed i n Chapter 3» the search was carried out close to the core 

of EAS, assuming the quarks, i f they e x i s t , to be produced i n the very 

high energy interactions of the primary cosmic rays with the atmosphere. 

Chapter 2 describes the experimental arrangement of the f l a s h tube chamber 

used i n the search. 

1.3 Nuclear-active Particles i n EAS 

As was mentioned e a r l i e r , at the very highest energies the f l u x 

of cosmic ray p a r t i c l e s i s too low f o r d i r e c t observation of t h e i r nuclear-

interactions. They can be detected, however, by the extensive a i r showers 

which r e s u l t , and a study of the secondary hadrons at sea-level can 

y i e l d information about the int e r a c t i o n characteristics. The energy 

spectra and r e l a t i v e numbers of the different, components of the hadron 

f l u x are related to t h e i r production mechanisms. In addition, i t might 

be expected that a study of these parameters might y i e l d information 

on the primary mass composition. 

Therefore, the fl a s h tube chamber has been used to study these 

part i c l e s i n extensive a i r showers, using the method of measuring the 

cascades produced when the hadrons i n t e r a c t i n lead and i r o n absorbers. 

A technique has been developed f o r estimating the energy of the i n t e r ­

acting p a r t i c l e which involves measuring the width of the cascade below 

the absorber. In Chapter 5 the theory of these cascades i s developed, 

enabling the number of cascade p a r t i c l e s produced below the absorber 

to be related to the energy of the i n t e r a c t i n g p a r t i c l e . Chapter 6 

describes the experimental determination of the relationship between the 
number of cascade par t i c l e s present and the width of the cascade, For 



t h i s determination., the f l u x of unaccompanied hadrons at sea-level, 

i n the near-vertical d i r e c t i o n , . wao u t i l i s e d . 

Chapter 7 describes the results obtained i n the EAS experiment 

and also the analysis and subsequent i n t e r p r e t a t i o n of those results 

i n terms of the shower properties mentioned. 
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CHAPTER 2 

THE FLASH TUBE CHAMBER AND EXTENSIVE 

AIR SHOWER EXPERIMENT 

2.1 Introduction 

The f l a s h tube chamber described below i s primarily a visual 

detector of cosmic ray pa r t i c l e s at sea-level. I t enables the tracks 

of i n d i v i d u a l p a r t i c l e s to be observed, and records the interactions 

which these p a r t i c l e s undergo i n the chamber - much as a cloud chamber 

does, but without the l i m i t a t i o n s on the sensitive volume usually 

imposed on cloud chambers. 

The f l a s h tube chamber selection mechanisms allow single penetrating 

par t i c l e s to be observed, or a l t e r n a t i v e l y Extensive A i r Showers 

(E.A.S.) i n which the l o c a l electron density above the chamber exceeds 

a preselected value. 

2.2 The Flash Tube Chamber 

2.2.]. Experimental Arrangement 

In Figure 2.1 can be seen a scale diagram of the fla s h tube 
i 

chamber. A t o t a l of 10,748 f l a s h tubes have been incorporated., 

These are c y l i n d r i c a l soda glass envelopes f i l l e d with Neon gas (98%) 

and Helium gas (2%) to a pressure of 60 cms. Hg. Each tube i s 2 

metres i n length, of-mean i n t e r n a l diameter 1.58 cms. and mean external 

diameter 1.73 cms. Alternate layers contain 84 and 8? tubes, the 

tube positions being staggered with respect to the ajoin i n g layers. 

Every tube i s covered with polythene sleeving to i n h i b i t l i g h t 

transfer to neighbouring tubes. 

Above every second layer of tubes are aluminium electrodes, 

0.122 cni3. i n thickness, *».3 cms apart. In the section F2 and F) 
o 

(Figure 2.1) the area of the electrodes i s 2.94 m*~» while i n Fla, 

Fib, F4a and F4b the electrodes are shorter i n depth by 50 <;ms, and 

cover an area of 2.48 
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The 15 cms. of steel situated between Fla and Fib allows electromagnetic 
i 

bursts to be studied i n the chamber, i d e n t i f i c a t i o n of the parent p a r t i c l e 

being possible i n Fla. I t also helps i n the i d e n t i f i c a t i o n of penetrating 

p a r t i c l e s . 

D i r e c t l y below the i r o n , and also below JVJa, are the p l a s t i c 
2 

s c i n t i l l a t o r s A and B, of area 1.05m and thickness 5 cms., each viewed' by 

f i v e 53AVP photoTTiultiplier tubes and one 56AVP tube (Figure 2 . 2 ) . These 

two s c i n t i l l a t o r s , i n coincidence, were used to select single penetrating 

p a r t i c l e s (muons). 
9 

The steel plates, f l a s h tubes and p l a s t i c s c i n t i l l a t o r s are contained 
1 

i n an inner framework of steel girders, while around the chamber i t s e l f 

i s a larger enclosure consisting of J>0 cm. thick walls of barytes 

concrete and a roof of 15 cm. of lead supported by st e e l plates of thickness 

1.3 cms. This absorber i s designed to cut out the eoft component (electrons) 

i n extensive a i r showers while allowing penetrating p a r t i c l e s to pass 

through the chamber. 

Above the lead are three large l i q u i d s c i n t i l l a t o r s which form the 
a i r shower selection system. These s c i n t i l l a t o r s (Figure 2.J) are each 

p 
of area 1.24 m , depth 15 cms., and are each viewed by two Mai 9553B 

photomultiplier tubes. 

The whole chamber i s l i g h t - t i g h t , allowing the use of a. camera 

without a shutter. This means that the camera i s continuously sensitive, 

the f i l m being wound on by one frame a f t e r each event. 

2.2.2 The High Voltage Pulsing System 

When a t r i g g e r occurs a high voltage pulse must be applied to the 

electrodes, creating the necessary e l e c t r i c f i e l d across the neon flash 

tubes such that i n tubes containing ionisation due to the recent passage 

of a charged p a r t i c l e , the neon gas w i l l , break down and a v i s i b l e 

discharge w i l l occur i n the tube. 

This high voltage pulse i s produced by the c i r c u i t r y shown i n 

Figure 2 .4 . The 5 v o l t t r i g g e r pul3e i s used to t r i g g e r a t b y r i s t o r , 

producing an output of +300 v o l t s . This pulse i s fed i n t o a high voltage pulse transformer, the output of which produces the t r i g g e r 



PHOSPHOR 

A B C D = Plastic scintillator 
A B E F , C D G H = Perspex light guides 

Figure 2 .2 . A p l a s t i c s c i n t i l l a t i o n counter 

D 

4 AIR PHOSPHOR AIR 

I B 

•Light guide 
mirrors 

Perspex wall 

Figure 2.3» A l i q u i d s c i n t i l l a t i o n counter 



1 



pulse f o r the "Trigatron" spark gap. 

A voltage of 16 kV. i s applied across the main spark gap, the 

t r i g g e r spark causing the gap to break down largely by the production 

of photoelectrons.(Sletten and Lewis, 1956). 

The pulse applied to the electrodes i s approximately rectangular, 

of height 8 kV. and length 10 LIS* • I t i s produced by 

the c i r c u i t shown i n Figure 2 . 5 . When the main gap of 

the Trigatron breaks down, the lumped c i r c u i t transmission l i n e 

discharges through i t s characteristic impedence, producing a rectangular 

pulse f o r a time 2n |/LC ( f o r n. i d e n t i c a l L, C stages (Elmore and 

Sands, 1949))• The transmission l i n e employed has four elements, 

each of capacitance C = 0.1 |lF and of inductance L = 22 p.H. The 

capacity of the f l a s h tube chamber which t h i s u n i t supplies i s 

0.087 LlF. 

2.2 .3 Properties of Flash Tubes 

An i o n i s i n g p a r t i c l e passing through a flash tube produces along 

i t s track positive ions, electrons and excited gas atoms. Lloyd (1960), 

has discussed the problem and concludes that only the electrons which 

are produced i n i t i a l l y can cause the discharge. He concludes that 

positive gas ions and metastable neon atoms do not contribute to the 

p r o b a b i l i t y of a discharge occurring, and s i m i l a r l y the resonance 

and non-resonance photons produced can have l i t t l e or no e f f e c t . 

Lloyd sets up d i f f u s i o n equations f o r the electrons produced, 

and solves them f o r the p r o b a b i l i t y of a discharge occurring i f a 

high voltage pulse i s applied to the tube a time T^ a f t e r traversal 

by the i o n i s i n g p a r t i c l e . He expresses the p r o b a b i l i t y of a discharge 

occurring (the i n t e r n a l e f f i c i e n c y ) as a function of D.Tjy/a (where 

D i s the d i f f u s i o n c o e f f i c i e n t of thermal electrons and a the i n t e r n a l 

radii.3 of the tube) with a. F^ as a. parameter, F-̂  being the 

p r o b a b i l i t y that a single electron produces an avalanche (independent 

of position) and Q., the p r o b a b i l i t y per u n i t track length of the 
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primary p a r t i c l e producing a free electron. The term i s thus the 
only parameter dependent on the charge of the p a r t i c l e , and i s related 
to the ioni s a t i o n loss of the p a r t i c l e in the gas, a function of the 
square of the e l e c t r i c charge. Thi3 forms the basis of the use 
of the f l a s h tube chamber i n the search f o r quarks, since the term 
a F^Q1 i s l / 9 t h . ( f o r a quark of charge e /3) of that f o r a charge 
e p a r t i c l e . 

Hence the int e r n a l e f f i c i e n c y v a r i a t i o n has been calculated 

( f o r the fla s h tubes used i n the chamber) as a function of time 

delay, and i s shown i n Figure 2 , 6 . In order to determine the best 

value of the parameter af^Q^, single, muons were selected by the p l a s t i c 

s c i n t i l l a t o r s A and B i n coincidence (Figure 2 .7)» and the tracks 

were photographed i n the f l a s h tubes f o r d i f f e r e n t time delays. 

2.2.4 Determination of the Efficiency-Time Delay Function 

In order to determine the i n t e r n a l e f f i c i e n c y of a flash tube 

f o r a p a r t i c l e of charge e, single muons were allowed to traverse 

the sensitive volume of the chamber, defined as the 36 layers of 

fl a s h tubes comprising F2 + F3. As mentioned above, the muons were 

Belected by the coincidence arrangement shown i n Figure 2*7* 

When a t r i g g e r occurs and a high voltage pulse i s applied across 

the f l a s h tubes, a cycling system i s set i n t o operation which triggers 

microswitches c o n t r o l l i n g f i d u c i a l l i g h t s on the chamber, i l l u m i n a t i o n 

f o r the clock, and also the winding on of the camera f i l m . This 

operation lasts f o r approximately 7 seconds, which i s also long 

enough to allow the high voltage pulsing u n i t to recover. I t was 

found convenient to impose a dead time of 30 seconds a f t e r each 

event, t h i s dead-time being applied by means of an SC - controlled 

decay c i r c u i t which switched a relay, earthing the signal l i n e . 

The time delay T^ was varied, and a series of events were photo­

graphed at each 
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The films obtained were projected onto a scanning table, which 

allowed the inuon tracks photographed to be analysed i n d e t a i l . 

The method used was to count the number of flashes along a track i n 

the sensitive volume F2 + F3. This number, divided by the number of 

layers (96), i s the layer e f f i c i e n c y ( t ] T ) . To convert t h i s to an 

i n t e r n a l e f f i c i e n c y ( t ^ ) the layer e f f i c i e n c y i s m u l t i p l i e d by the 

r a t i o of the t o t a l area covered by the f l a s h tubes to the sensitive 

area. 

Thus f\J = (1.81 /1 .58) . T) L = 1.145 \ 

The c r i t e r i o n adopted f o r an acceptable track was that i t must 

traverse not only the whole of F2 + F3, but must also appear i n Fl 

and F 4 . This l a t t e r requirement ensures that muons do not traverse 

the f r o n t or rear edges of the chamber, since i t has been shown by 

Ashton et. a l . (1971) that a tube may f l a s h with a reduced e f f i c i e n c y 

i f the i o n i s i n g p a r t i c l e passes through the tube a small distance 

beyond the electrode edge. 

Figure 2.8 shows the d i s t r i b u t i o n of the number of flashed 

tubes (N f) f o r d i f f e r e n t time delays. Nov the v a r i a t i o n of layer 

efficiency would be expected to be a binomial d i s t r i b u t i o n f o r an 

array of randomly positioned tubes. Since i n the present experiment 

the layers are not independent of each other, a deviation from a 

pure binomial d i s t r i b u t i o n would be expected. 

For randomly positioned tubes the standard deviation ô . should 

be of the form 

0 f = [ n p ( l - p ) ] * 

where n i s the number of layers and p i s the p r o b a b i l i t y of a tube 

i n any layer flashing. Now p i s j u s t the layer e f f i c i e n c y t\,, hence 
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we can write ;-

This function i s plott e d i n Figure 2.9. The experimental points 

r e f e r to the d i s t r i b u t i o n s shown i n Figure 2.8. 

I t can be seen that the agreement obtained i s reasonable. This 

i s an important r e s u l t as regards the quark experiment, since large 

non-random fluctuations i n T\ could r e s u l t i n a track produced by 

a charge e p a r t i c l e simulating a quark track. 

In Figure 2.10 the re s u l t s are expressed a-3 the i n t e r n a l e f f i c i e n c y 

as a function of time delay (T^). Also shown i s the best f i t 

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

obtained was â Q-̂  " 9+1. This leads to a value of aF̂ Ĝ  - 1,0+0.1 

f o r quarks of charge e/3, assuming that they have the same Lorentz 

fact o r , ( i t i s a reasonable assumption that the theory i s applicable 

to quark tracks, since 0^ i s the only variable involved, f ^ being 

independent of the number of electrons i n the tube). 

The results obtained substantiate the theory and lend confidence 

to the technique employed i n the quark experiment. 

2.5 The Local Electron Density Trigger 

2.3.1 Characteristics of the Trigger 

In order to investigate the properties of a lo c a l density 

t r i g g e r , calculations were performed to determine the mean shower 

size and mean core distance of showers selected by the detector. 

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

passing through the chamber. 

These calculations permit results obtained with the flash tube 

chamber to be applied to the general properties of extensive a i r 

showers, once the selection bias has been unfolded. 

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

P ( S H ) = 0.6 H - 1 * 8 1 5 + ° ' 6 0 l 0 S N e m - 2 . 8 e e . - l B t - l . 
* e e 

was assumed (Cocconi (1961)). 

The l a t e r a l d i s t r i b u t i o n f u n c t i o n s f o r e l e c t r o n s and muons a t 

s e a - l e v e l t h a t were used were those o f G r e i s e n (196O). Namely, f o r 

e l e c t r o n s : -
tO.75 , „ ,3.25 

f ( N , r W 
0.4 N / r e 

e' ' 2 r . 

, r4 W2 

r+r.. / \ 11,4 X". •1 "1' , J - ^ 1 ' * '1 ' 

where i s the cascade l e n g t h i n a i r (=79 m e t r e s ) , and f o r muons:-

0 75 
g ( N e , r ) = 18 ( N e / 1 0 6 ) ' r " 0 , 7 5 ( l . + r / 3 2 0 ) - ? ' 5 m"2 

N i s the e l e c t r o n shower s i z e and r i s the r a d i a l d i s t a n c e e 

from the core i n metres. 

The r a t e of t r i g g e r s where the l o c a l e l e c t r o n d e n s i t y exceeds 

Ae, and the muon d e n s i t y a t the d e t e c t o r exceeds A|l, i s giv e n by:-

R(>r ,>Ae,>An) = /Wl(>^- , >{ ] 1.33 \ 
d r ' 

d r ' 
°° / /A \i»3' 

and H(>H ,>Ae,>A|l) = / i i t r ' l ( > — , > — 
; U ( r ' ) \ g ( r ' ) / 
min 

A e ... 
where N = , f ( r i s the l a t e r a l s t r u c t u r e f u n c t i o n f o r 

6 f ( r . ) 

e l e c t r o n s and g ( r ' ) i s the l a t e r a l s t r u c t u r e f u n c t i o n f o r muons. 

N i s r e l a t e d to the muon d e n s i t y by the formula: e 

T h i s f u n c t i o n was e v a l u a t e d f o r Ae — 40m. the r e s u l t b e i n g 



1 1 1 1 i 1 I t ~ \ 1 ~T 

10"3 

icr* 

so 
in 10P 10 
6* 

DC 

20 

10~6 

10 
X)8 1.03 10* 0 

SHOWER S I Z E ( N c ) 

Figure- 2.11. The p r e d i c t e d r a t e of t r i g g e r s produced a t a 
d e t e c t o r by showers of s i z e (=Ne) i n which the l o c a l 

-2 
e l e c t r o n d e n s i t y a t the d e t e c t o r exceeds 40 m » a n < * 

-2 
the jnuon d e n s i t y exceeds A|im . 



!\ir*0 

10 

20 

i 
0 100 1000 

C O R E DISTANCE r{ metres) 

F i g u r e 2.12. The p r e d i c t e d r a t e of t r i g g e r s produced 
a t a d e t e c t o r by ahowers a t a d i s t a n c e ( > r ) 
from the d e t e c t o r i n v h i c h the I d e a l e l e c t r o n 
d e n s i t y a t the d e t e c t o r exceeds 40m , and the 
icuon d e n s i t y exceeds A^iin 



8 10 i I 1 1 

10 

10 Iff 

1 10 

10 

12 
10 

V) 

fa 

•a 
13 10 

4 10 

5 10 

16 l 0 
1 0 6 10? 108 10 9 10* o a 

SHOWER S I Z E (Ne) 

F i g u r e 2.15. The r a t e o f t r i g g e r s produced a t a d e t e c t o r by showers 
of s i z e Ne i n which the l o c a l e l e c t r o n d e n s i t y a t the; 

-2 
d e t e c t o r exceeds 40 m 



10-3 

itf-*" 

10~5 

• 

in 
• 

10 
S 10 

io-v 

8 10 
1000 100 

Core Distance r { m ) 

F i g u r e 2,1^. The r a t e of t r i g g e r s produced at a d e t e c t o r by 

shov/ers at a d i s t a n c e r metres from the d e t e c t o r ^ 

i n which the l o c a l e l e c t r o n d e n s i t y at the d e t e c t o r 
—2 

exceeds 40 in . 



16. 

shown i n F i g u r e s 2.11 and 2.12. The cu r v e s l a b e l l e d A|il=0 correspond 

to no muon d e n s i t y requirement being imposed. F i g u r e s 2.13 and 2.14 

show the d i f f e r e n t i a l forms of these c u r v e s , from which i t can be 

seen t h a t the mean shower s i z e s e l e c t e d by the requirement 
—2 5 

Ae =:40m. i s 2.0.D , and the mean core d i s t a n c e 4.6 metres. 

2.3.2 S e t t i n g up the T r i g g e r 

The three l i q u i d s c i n t i l l a t o r s used f o r the s e l e c t i o n system 

were d e s c r i b e d i n s e c t i o n 2.2.1. F i g u r e 2.15 shows the l o g i c f o r the 

E.A.S. t r i g g e r . A f t e r determining the s i n g l e p a r t i c l e p u l s e h e i g h t 

d i s t r i b u t i o n s f o r r e l a t i v i s t i c charge e p a r t i c l e s ( F i g u r e 2.16) 

u s i n g a g e i g e r t e l e s c o p e to s e l e c t n e a r - v e r t i c a l p a r t i c l e s , the 

d i s c r i m i n a t o r t h r e s h o l d was s e t to correspond to 50 p a r t i c l e s through 

each s c i n t i l l a t o r ( i . e . 50 times the s i n g l e p a r t i c l e mean), a d e n s i t y 
-2 ' per s c i n t i l l a t o r of approximately 4 0 m " * 

2.4 Production of Electron-Photon Cascades i n the Chamber 

When high energy p a r t i c l e s pass through matter, photons and e l e c t r o n s 

of h i g h energy can be produced by the i n t e r a c t i o n s of these p a r t i c l e s 

w ith the medium. 

I n the case of hadrons, i n e l a s t i c c o l l i s i o n s w i t h t a r g e t n u c l e i 

c r e a t e new p a r t i c l e s , mainly charged (TC—) and uncharged ( TC°) pi o n s . 

The T I 0 , s decay v e r y r a p i d l y , 4-nto two photons. These can generate 

e l e c t r o n s and p o s i t r o n s which i n t u r n generate more photons. I n 

t h i s way a cascade of e l e c t r o n s , p o s i t r o n s and photons i s b u i l t up. 

I n a d d i t i o n , the charged pions c r e a t e d i n the i n i t i a l i n t e r a c t i o n 

can go on to i n t e r a c t themselves, adding to the ca s c a d e . 

S i m i l a r l y , high energy muons can t r a n s f e r a f r a c t i o n of t h e i r 

energy to e i t h e r e l e c t r o n s o r photons, again producing a cascade i f 

the energy input i s s u f f i c i e n t . A more d e t a i l e d d i s c u s s i o n o f the 

p h y s i c a l p r o c e s s e s o c c u r r i n g i n the casca.des i s g i v e n i n Chapter 4. 

These cascades provide a means of d e t e c t i n g h i g h energy p a r t . i c l e s 0 
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Furthermore, i f the cascade p r o c e s s i s understood, i t i s p o s s i b l e 

to e s t i m a t e the energy o f the i n t e r a c t i n g p a r t i c l e . An attempt 

has been made to r e l a t e parameters of the c a s c a d e s which can be measured 

i n the f l a s h tube chamber to the energy o f the i n t e r a c t i n g p a r t i c l e . 

T h i s technique has been used to study p r o p e r t i e s o f hadrons 

i n E.A.S. For these measurements the l e a d r o o f and the i r o n l a y e r 

between F l a and F i b a c t e d as energy c o n v e r t e r s i n which the ca s c a d e s 

could develop. 

2.5 The E x t e n s i v e A i r Shower Experiment 

2.5.1 C a l i b r a t i o n f o r the Quark S e a r c h 

F o r the e / 3 quark s e a r c h , the time d e l a y 1^ was chosen to be 

20^3, t h i s being the optimum, a l l o w i n g the r e s o l u t i o n of charge e / 3 
i 

p a r t i c l e s from charge e p a r t i c l e s w h i l s t a v o i d i n g background problems 

due to the f l a s h i n g of s p u r i o u s tubes i n the chamber. 

D e t a i l e d knowledge of the shape of the muon e f f i c i e n c y d i s t r i b u t i o n 

was n e c e s s a r y , e s p e c i a l l y of the low e f f i c i e n c y t a i l ( i f a n y ) . Hence 

u s i n g the t r i g g e r of F i g u r e 2.7, with'T^ = 20p.S, s i n g l e muons were -

s e l e c t e d and t h e i r t r a c k s photographed. A t o t a l of 1,046 events were, 

obtained, and these were an a l y s e d a s d e s c r i b e d i n 2.2.4. The d i s t r i b u t i o n . 

o f the number o f f l a s h e s a l o n g the t r a c k (N^) i s shown i n F i g u r e 2.17. 

The shape was q u i t e s a t i s f a c t o r y , s i n c e although quarks of charge 2e/3 

could not be r e s o l v e d from the muon peak, the expected p o s i t i o n o f 

charge e / 3 p a r t i c l e s should be w e l l s e p a r a t e d from i t . 

2.5.2 D e t a i l s of the Experiment 

I t was decided t h a t the optimum e l e c t r o n d e n s i t y on which to 
-2 

t r i g g e r was =40 m , from c o n s i d e r a t i o n s of a p r e l i m i n a r y 

experiment (Ashton e t . a l . , 1971) and from the c a l c u l a t i o n s d e s c r i b e d 

i n 2.3.1. I n 2.3.2 the experimental arrangement was d e s c r i b e d . 

The chamber was operated i n t h i s mode from October 1972 to June 

1973 f o r a t o t a l running time of 2,570 hours. D u r i n g t h i s time 



Binomial distribution 

30 38 46 54 62 70 78 86 94 102 

Nlf 2 + f 3) 

F i g u r e 2.17. The s i n g l e p a r t i c l e c a l i b r a t i o n d i s t r i b u t i o n . 
The d i s t r i b u t i o n of the numbers of f l a s h e s 
( S ^ f g + f ^ ) ) . along a t r a c k f o r 1,046 events f o r 
v/hich the time delay was20[is. The dashed histogram 
r e f e r s to the expected b i n o m i a l d i s t r i b u t i o n . The 
mean va l u e of N(fg+f^) obtained was 74•77+.14• 
Maximum v a l u e o f W ( f 0 + f 7 ) =96 . 
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12,057 t r i g g e r s o c c u r r e d , and were recorded on the s e r i e s of f i l m s 
E l to E69. 
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CHAPTER J 

DEVELOPMENT OF THE QUARK THEORY 

AND PREVIOUS EXPERIMENTS 

3.1 O r i g i n of the Quark Theory 

3.1.1 The Fermi-Yang Model 

By 1949 the number of "elementary" p a r t i c l e s which had been 

observed e x p e r i m e n t a l l y had grown r a p i d l y . Ho l o n g e r could matter 

be c o n s i d e r e d to be b u i l t up only of e l e c t r o n s , protons and neutrons, 

T h i s simple p i c t u r e had been r e p l a c e d by one i n which t h e r e was a 

b e w i l d e r i n g number of new p a r t i c l e s , which could be c l a s s i f i e d a s 

f o l l o w s s -

Baryons:-- s t r o n g l y i n t e r a c t i n g , r e l a t i v e l y heavy p a r t i c l e s 

such as nucleons, h a v i n g h a l f i n t e g r a l s p i n a n g u l a r momentum ( f e r m i o n s ) 

and baryon number B = +1 f o r p a r t i c l e s , B = -1 f o r a n t i p a r t i c l e s . 

Mesons:- i n t e r m e d i a t e mass p a r t i c l e s i n c l u d i n g pions and kaons, 

h a v i n g i n t e g r a l s p i n momentum (bosons) and B = 0. Mesons a l s o i n t e r ­

a c t s t r o n g l y . 

Leptons:- these a r e l i g h t ' fermions such as e l e c t r o n s and n e u t r i n o s 

which do not i n t e r a c t s t r o n g l y . 

Photon:- the quantum o f the e l e c t r o m a g n e t i c f i e l d , the photon 

i s a m a s s l e s s boson. 

C e r t a i n c o n s e r v a t i o n laws had been observed e x p e r i m e n t a l l y , 

laws which determine what i n t e r a c t i o n s may occur< Hence, energy and 

momentum were observed to be conserved a b s o l u t e l y i n a l l i n t e r a c t i o n s . 

S i m i l a r l y , charge was a g a i n found to bo a b s o l u t e l y conserved, and the 

c o n s e r v a t i o n of p a r i t y , baryon number and i s o s p i n i n s t r o n g i n t e r a c t i o n s 

were other important r u l e s which had been d i s c o v e r e d . 

Fermi and Yang (1949) c o n s i d e r e d t h a t a s more new p a r t i c l e s 

were found to e x i s t , the p r o b a b i l i t y t h a t they were a l l t r u l y elementary 
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p a r t i c l e s d e c r e a s e d . From c o n s i d e r a t i o n of the above c o n s e r v a t i o n 
l a v s , they p o s t u l a t e d t h a t a l l of the s t r o n g l y i n t e r a c t i n g p a r t i c l e s 
(hadrons) c o u l d i n f a c t be b u i l t up from f o u r b a s i c p a r t i c l e s - the 
proton and neutron, and t h e i r a n t i p a x t i c l e s . Bosons w i t h B = 0, 
i n t e g r a l s p i n and i n t e g r a l i s o s p i n c o u l d be b u i l t up, and. baryon3 
w i t h B = 1, h a l f - i n t e g r a l s p i n and h a l f - i n t e g r a l i s o s p i n could l i k e ­
wise be c o n s t r u c t e d . 

T h i s theory was inadequate, however, to e x p l a i n the s t r a n g e 

p a r t i c l e s . 

5.1.2 Strangeness and the Gell-Mann-Nishijima R e l a t i o n 

Rochester and B u t l e r (1947) observed a new c l a s s of p a r t i c l e s 

i n a cloud chamber exp osed to the cosmic r a d i a t i o n . I t appeared 

t h a t these p a r t i c l e s were only produced i n p a i r s i n s t r o n g i n t e r ­

a c t i o n s , but then decayed v i a the weak i n t e r a c t i o n . Gell-Mann (1953.) 

and Nakato and N i s h i j i m a (1953) p o s t u l a t e d the i d e a of a s s o c i a t e d 

production, and t h i s l e d to the concept of s t r a n g e n e s s i n s t r o n g 

i n t e r a c t i o n s . Thus hadrons were given a new quantum number ( S ) , 

where S i s r e l a t e d to Q the charge of the p a r t i c l e , T , the t h i r d 
3 

component of i s o s p i n , and B the baryon number by the equation 

Q = T, + Y / 2 where Y = B +S i s the hypercharge. 
3 

T h i s i s the Gell-Mann - N i s h i j i m a r e l a t i o n . 

S i n c e S f o r the proton and neutron i s zero, i t immediately 

became n e c e s s a r y to p o s t u l a t e a s t r a n g e p a r t i c l e o f 3 •- +1 as a 

t h i r d b u i l d i n g b l o c k . 

3.1.3 The S a k a t a Model and SU(3) 

Goldhaber (195&) suggested t h a t the t h r e e elementary p a r t i c l e s 

should be n p K, but t h i s theory was not s u c c e s s f u l . S a k a t a (195^) 

suggested the n p X t r i p l e t , and t h i s model was developed by s e v e r a l 

o t h e r workers ( f o r example Ikeda, Ogawa and Ohnuki , 1959)- The 

model was s u c c e s s f u l when a p p l i e d to bosons, but had some difficult.!© 



i n e x p l a i n i n g the observed baryon s t a t e s , p r e d i c t i n g the wrong mass 

m u l t i p l e t s t r u c t u r e . 

P r e d i c t i o n s of the mass m u l t i p l e t s t r u c t u r e were based upon group 

t h e o r e t i c a l arguments. U s i n g group theory, i n v a r i a n t s of symmetry 

op e r a t i o n s can be e v a l u a t e d , i n v a r i a n t s of a p a r t i c u l a r t r a n s f o r m a t i o n 

forming m u l t i p l e t s and hence a l l o w i n g c o n s e r v a t i o n laws to be p o s t u l a t e d , 

minor symmetry - b r e a k i n g producing s t r u c t u r e w i t h i n a m u l t i p l e t . 

The, symmetry group which i n c l u d e s i s o s p i n and s t r a n g e n e s s i a SU (3 ) . 

I n v a r i a n t s a r e found by e v a l u a t i n g the i r r e d u c i b l e r e p r e s e n t a t i o n s 

formed by t a k i n g the d i r e c t product of t e n s o r s o f which the components 

a r e i d e n t i f i e d w i t h the t r i p l e t n p X and t h e i r a n t i p a r t i c l e s . I n 

the S a k a t a model bosons a r e formed by p a r t i c l e - a n t i p a r t i c l e p a i r s , 

hence e v a l u a t i n g the d i r e c t product g i v e s : -

3 ® 3 = 8 © 1 

(where a bar i n d i c a t e s an a n t i p a r t i c l e , © means d i r e c t product and 

© means d i r e c t sum) i . e . s i n g l e t and o c t e t s t a t e s a r e formed, a s 

had been found e x p e r i m e n t a l l y . However, when the theory was a p p l i e d 

to baryons the wrong m u l t i p l e t s t r u c t u r e was p r e d i c t e d , s i n c e i n the 

Sak a t a model a baryon should be c o n s t r u c t e d from two p a r t i c l e s and 

an a n t i p a r t i c l e to conserve baryon number. Hencei-

3 ® 3 ® 3 = 1 5 © 6 © 5 © 3 

However the m u l t i p l e t s 15,6,5, and 3 are not observed e x p e r i m e n t a l l y . 

I t was Gell-Mann (1962) and We'eman ( l96 l ) who r e a l i s e d t h a t although 

the S a k a t a model p r e d i c t e d the wrong baryon mass m u l t i p l e t s , the 

a l t e r n a t i v e r e d u c t i o n 

3 ® 3 ® 3 = 10 © 8 © 8 © 1 

gave e x p e r i m e n t a l l y observed symmetries. 

T h i s l e d them to p o s t u l a t e the " E i g h t f o l d Way", so c a l l e d s i n c e 

i t i n v o l ved e i g h t conserved q u a n t i t i e s . However, t h i s symmetry 

r e q u i r e d the e x i s t e n c e of a fundamental t r i p l e t . Mo e x i s t i n g p a r t i c l e s 



could be members of t h i s t r i p l e t . 

3.1.4 The E i g h t f o l d Way and the Quark Model' 

I t was Goldberg and Ne'eman (1963) who r e a l i s e d t h a t the model 

proposed by Gell-Mann and Ne'eman was c o n s i s t e n t w i t h a model i n 

which the b a 3 i c t r i p l e t each had baryon number B = 4j. From the 

Gell-Mann - N i s h i j i m a r e l a t i o n t h i s i m p l i e s f r a c t i o n a l hypercharge 

and charge. 

Not u n t i l 1964 d i d Gell-Mann (19.64) and Zweig (1965) independently 

s e r i o u s l y propose t h i s a s a r e a l i s t i c model. Gell-Nann gave the 

t r i p l e t p a r t i c l e s the name "Quarks". The b a s i c p r o p e r t i e s of quarks 

ar e as shown i n Table 3*1• The quoted l i f e t i m e s a r e estimated from 

o b s e r v a t i o n s of the decays of p a r t i c l e s such as neutrons ( p - decay) 

and the A ° , although the decay of quarks i n the bound s t a t e i s not 

n e c e s s a r i l y the same au t h a t of f r e e quark3, so the l i f e t i m e s quoted 

must be regarded as t e n t a t i v e o n l y . 

F i g u r e 3«1 shows how mesons can be b u i l t up from the quark t r i p l e t , 

c a l l e d by analogy w i t h the S a k a t a model, n p X quarks, and i n F i g u r e 3« 

the c o n s t r u c t i o n of the l o w - l y i n g baryon o c t e t and d e c u p l e t s t a t e s 

can be seen. 

3.2 P r e d i c t i o n s of the Quark Model 

3.2.1 Mass S p l i t t i n g w i t h i n a I ' i u l t i p l e t 

The f a c t t h a t p a r t i c l e s b e l o n g i n g to a p a r t i c u l a r m u l t i p l e t 

do not a l l have degenerate mass v a l u e s i m p l i e s a b r e a k i n g of SU(3) 

symmetry, i n the 3 a m e way t h a t non-conservation of i s o s p i n i n e l e c t r o ­

magnetic i n t e r a c t i o n s c a u s e s s p l i t t i n g o f i s o s p i n m u l t i p l i e t s such 

as the proton-neutron doublet. The mass d i f f e r e n c e s as the hyper-

charge Y i s v a r i e d a r e much g r e a t e r (~146 MeV) than those observed 

a s the e l e c t r i c charge (oj i s v a r i e d ( f o r example Tt* -71° ss 1 Mev. ) . 

T h i s i m p l i e s t h a t i n v a r i a n c e under subgroup 3U(2) ( i s o s p i n ) r o t a t i o n s 

i s much l e s s badly broken than under the complete SU(3) symmetry 

( S q u i r e s , 1970). 
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The mas3 s p l i t t i n g between d i f f e r e n t isospin multiplets (Q = 
constant) follows n a t u r a l l y from the quark model i f the X quark i s 
assumed to be heavier by I46 MeV,than the n and p quarks. From Figures 
3.1 and 3-2 i t can be seen that increasing S by one corresponds to 
the replacement of an n or p quark by a X quark. This enabled the 
accurate prediction of the mass of the Q~ p a r t i c l e to be made (Zel'dovitch 
1965). 

Higher mass mu l t i p l e t s can be accounted f o r by taking i n t o consider­

ation the spin orie n t a t i o n of the quarks. Allowing the spin vectors to 

be p a r a l l e l or a n t i p a r a l l e l produces the higher ma3S states. The group 

representing t h i s enlarged set of quantum numbers i s SU(6). 

The "superraultiplets" predicted by SU(6) are, f o r mesons and barycns 

respectively (Kokkedee, I969) : _ 

6 ® 6 = 35 © 1 = (1,0) © (1,1) © (6,0) © (3,1) 

and 6 ® 6 ® 6 = 70 © 70 © 56 © 20 

= (1,1/2) © (8,1/2) © (8,3/2) © (10,1/2) 

© (1,1/2) © (8,1/2) © ( 8 , 3 / 2 ) © (10,1/2) 

© (8,1/2) © (10,3/2) 

© (1,3/2) © (8,1/2) 

(where the f i r s t number i n the brackets indicates the number of independent 

states i n a mu l t i p l e t and the second fig u r e the angular momentum of the 

mul t i p l e t states). 

3.2.2 Allowed values of Isospin and Charge 

The question arises as to why the maximum value of isospin should 

be 3/2 and maximum strangeness be ( -3) . This again follows n a t u r a l l y 

from the quark model, since quarks consist of a non-strange isospin 

doublet with I = l / 2 and a strange s i n g l e t (S = - l ) with 1 = 0 . 

3.2.3 C o l l i s i o n Processes and the Quark Model 

Experimentally i t ia found that the pion-proton t o t a l s c a t t e r i n g 

cross-section (~22inb) i s approximately two-thirds of the proton- proton 
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t o t a l cross-section (~33 nil)). This has a very straightforward explan­
atio n i n the quark model, i f quarks are considered to i n t e r a c t as 
though free particles and the t o t a l scattering amplitude i s j u s t 
the sum of independent, single quark-quark scattering amplitudes. 
At low energies the r e l a t i o n breaks down, presumable due to the 
fa c t that quark-antiquark scattering i s stronger than quark-quark 
scattering. Taking account of t h i s produces reasonable agreement 
with experiment. 

In i n e l a s t i c scattering processes i t can be considered that 

only one quark i n each hadron i s "active", the others being spectators 

and unable to exchange e l e c t r i c charge or strangeness. This forbids 

reactions such as 

TX~p —* <0°B ( where B i s any baryon) 

since the tp° i s composed i n the quark model of XX r hence both the 

mesons quark and antiquark (pn) would have to simultaneously change 

states, v i o l a t i n g the scattering rule above. The reaction i s i n fact, 

not seen to occur. 

The quark model has also been successfully applied to other 

scattering processes ( L i p k i n , 1968). 

I t should be noted that a free quark - proton t o t a l scattering 

cross-section might, from these arguments, be expected to be one-third 

of the proton-proton cross-section. This i s of importance when consider­

ing the propagation of quarks i n matter, with reference to the detection 

of free quarks, 

3.2.4 The Proton-Neutron Magnetic Moment Ratio 

Assuming the magnetic moments of quarks to be proportional to 

t h e i r charge such that [1.̂  = 2/3 | l ] t | l n = -1/3 and = - l / 3 \i1 

(whero i s unknown), and calculat i n g the p r o b a b i l i t i e s of the proton 

and neutron being i n allowed spin states, the r a t i o of the average 

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

of the. proton (ppn) i s given by 
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N -2/311! 

^1 
= - 0.667 

Experimentally the r a t i o i s found to be 

= - 0.685 

which i s i n reasonable agreement. 

The theory does not predict the absolute values of the magnetic 

moments. 

3.3 Predicted Properties of Quarks 

3»3«1 Free Quark Production Mechanisms 

Although several of the predictions of the quark model have been 

successful, i t i s s t i l l not clear whether quarks have physical existence 

or are purely mathematical abstractions. 

From consideration of the binding energies between quarks i t 
2 

seems that quarks must have masses of several GeV/c (see f o r example 

V/azed, 1965). Hence i f quarks do exis t as free p a r t i c l e s they can 

probably only be produced i n t h i s state i n high energy nucleon-nucleon 

interactions. Possible production mechanisms are 

N + N —> 3 q + 3 q. 

N + N —>N + 3 q 

N + N —>N + N + q + q 

Tt + 7E —> q + q + q + q 

71+71 ->7l + q + q 

The f i r s t three types of in t e r a c t i o n are central c o l l i s i o n s i n 

which the t o t a l centre of mass energy can go in t o quark production. 

The l e s t two types represent peripheral interactions between v i r t u a l 

pions from the "clouds" surrounding the i n t e r a c t i n g nucleons. In these 

peripheral interactions only a f r a c t i o n m̂ /My (=0.15) i s available 

f o r quark production. In Fi/nire 3»3 uan be seen the threshold k i n e t i c 
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energy f o r quark production by these f i v e mechanisms as a function 
of the quark mass (Ashton, 1973)• 

The quark-antiquark pair production process l i k e l y to dominate 

i s shown i n Figure 3»4» This process can be treated using a thermo­

dynamic model (Kaksimenko e t . al . ,1966 and Hagedorn et a l . f 1968), 

and when applied to baryon-antibaryon pair production shows good agree­

ment with experiment up to 30' GeV. 

Assuming that the quark-antiquark pair have s u f f i c i e n t energy 

at production to separate before annihilation we can predict the 

threshold energy of the process. From Figure 3«3» since the quark-

antiquark pair are produced i n a v i r tual it-Tt collision, the threshold 

energy of the incident nucleon i n the laboratory system f o r the pair 

to be produced, i s (Ashton, 1973) 

( i f 
Hence we require an estimate of the free quark mass i n order to 

obtain the threshold energy f o r quark production v i a t h i s mechanism. 

This of course i s of relevance to the design, of experiments to search 

f o r quarks, especially searches carried out at accelerators. 

3.3-2 Quark Mass Estimate 

In order t o obtain a rough estimate of the quark mass, Morpurgo 

(1967) has considered the quark-antiquark bound state i n the form of 

mesons. He considers the quark-ajiti quark pair- to be bound in a c y l i n d r i c a l l j 

symmetric potential well of radius r . Vector meson exchange provides 

the binding between the pair, and the range of the binding force to 
—1 —1 

be, say (M )~"» (5^.^)" . The lowest bound state w i l l have the mass 

of the pion. Calculating the minimum de Broglie wa.velengths which can 

resonate i n t h i s p o tential w e l l , Morpurgo predicts the s, p, d energy 
2 ? ? ? levels of the system to be 25 m^a/Mq, with a=(3.14) ,(4.5)~and (5.76)" 

f o r the three states respectively. From experiment i t i s known that 

the mass difference of even and odd angular momentum multiplets i s 
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Figure 3.4« Quark-antiquark pair production i n 
a high energy proton-proton c o l l i s i o n . 



approximately 500 MeV/c . Hence comparing t h i s with Morpurgo's re s u l t 
o 

gives Kq ss 10 CJeV/o'". I t must be noted, however, that as the range 

of the binding force i s altered, Mq varies. Since t h i s range i s not 

known, a l l that can be said i s that the l i k e l y mass range i s of the 
2 2 order of several GeV/c to several tens of GeV/c . 

Lipkin (1973)» however, suggests that both vector and scalar 

potentials should be present i n quark dynamics. The vector potential 

provides an a t t r a c t i v e force between quark-antiquark pairs, but a 

repulsive force f o r quark-quark interactions. Hence a scalar potential 

(weaker than the vector p o t e n t i a l ) providing an a t t r a c t i v e force'between 

both quark-quark and quark-antiquark pairs i s necessary to explain 

the baryon and meson states. 

Thus, i n the bound state quarks are characterised by an ef f e c t i v e 

mass m where e f f 
c / 2 ' m = m — b /c . e f f o 

S q i s the value of the scalar p o t e n t i a l at the bottom of the potential. 

w e l l . He therefore suggests that i f experiments are performed on 

bound quarks, the mass of the free quark cannot.be determined since 

S i s an unknown parameter, o 
Applying thi3 argument to Morpurgo's treatment, M ^ ^ ^ j , thus 

allowing nothing to be said about the free quark mass. I t should 

also be noted that Morpurgo's calculation i s n o n - r e l a t i v i s t i c . 

3*3*5 Predicted Properties of Free Quarks 

I f quarks do exist as free p a r t i c l e s , what properties do they 

e x h i b i t , and i n p a r t i c u l a r , what properties are the most accessible 

to experiment ? 

Perhaps the most obvious property on which to base an experimental 

search i s the charge of the quarks. The i d e n t i f i c a t i o n of pa r t i c l e s 

with f r a c t i o n a l charge would be taken as very strong evidence f o r the 

http://cannot.be


existence of quarks. From section 3.1 i t i s to be expected that at 

least one quark (the p quark) should be stable, and the n quark probably 

would have a r e l a t i v e l y long l i f e t i m e , so i f they are produced i n high 

energy nucleon-nucleon c o l l i s i o n s they should t r a v e l s u f f i c i e n t l y f a r 

from t h e i r point of o r i g i n to allow detection. The s t a b i l i t y of the 

p quark also suggests that i t may be found i n matter, and could there­

fore be detected by searches aimed i n t h i s d i r e c t i o n . 

I f quarks exi s t as free p a r t i c l e s they are almost c e r t a i n l y heavy 

(at least several times the proton rest mass), otherwise they would 

be more abundant. This property, along with that of f r a c t i o n a l charge, 

i s perhaps the one most accessible to investigation by experiment. 

From section 3.2.3» quarks probably have an in t e r a c t i o n length 

f o r strong interactions of about three times the proton. This, 

combined with the fact that the i o n i z a t i o n loss i s less than that 

of a charge e p a r t i c l e and f o r a given energy i t ' s range i s greater 

because of i t ' s mass, suggests that quarks should propagate f u r t h e r 

through matter than other p a r t i c l e s . This suggests that> say i n a 

search i n Extensive A i r Showers, i t should be possible to absorb most of 

the accompaniment without attenuating the quark f l u x too greatly. Hence 

underground experiments or experiments with absorber covering the 

apparatus suggest themselves. An a l t e r n a t i v e would be to observe 

large angle showers, where the increased amount of atmosphere acts 

as an additional absorber. 

3.3.4 D i f f i c u l t i e s of the Quark Model 

Several questions concerning the quark model remain to be answered. 

Why i s i t t h a t , while quarks i n d i v i d u a l l y have non-integer charge i n 

terms of the electronic charge, a l l observed p a r t i c l e s have integer 

charge? Also, i f the basic u n i t of charge i s e/3 then i t i s d i f f i c u l t 

to explain how the electron has u n i t charge, since experimentally i t 

i s found that the magnetic moment of the electron agrees very precisely 

with that predicted by quantum electrodynamics under the assumption 
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that the electron i s a point p a r t i c l e . To give the electron structure 

by assuming i t to be composed of leptonic quarks of f r a c t i o n a l charge 

would invalidate the the o r e t i c a l treatment, and the agreement would 

be l o s t . 

Most observed hadrons f i t very well i n t o the scheme predicted by 

the simple quark model, but there have been suggestions of v i o l a t i o n s , 

although the existence of none of these resonances has been proved 

d e f i n i t e l y . 

I t i s d i f f i c u l t also, to see why quarks and antiquarks do not 

combine to form exotic states such as qqqqq baryons or qqqq mesons. 

Exotic states are those which are apparently forbidden i n nature, but 

while the quark model provides a convenient description of them, as 

above, i t does not explain t h e i r non-existence. S i m i l a r l y , there i s 

nothing i n the quark model to stop an antiquark combining with three 

quarks, yet t h i s state i s not observed. A possible solution to these 

questions i s that quark binding forces saturate. 

Another problem arises when one considers the consequences of the 

quarks being fermions. Consider the A , which consists of three 

p quarks i n the same state. The Pauli Exclusion Principle states that 

the t o t a l wavefunction f o r the system must be antisymmetric f o r a 

system of fermions. Now since the spin and isospin wavefunctions are 

symmetric f o r the A , the s p a t i a l wavefunction must be t o t a l l y a n t i ­

symmetric. This i s d i f f i c u l t to achieve f o r the ground state such as 

the A + + , where no o r b i t a l spin contribution arises. 

This form of argument has led to the postulation of a modified 

quark model i n which there are three types of each quark, forming a 

combination of nine fundamental p a r t i c l e s . 

5.4 Coloured Quarks and other Models 

Giving quarks colour removes the d i f f i c u l t i e s imposed by the 

exclusion p r i n c i p l e , i f the p r i n c i p l e i s generalised to include colour 
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The baryon state can then be defined as t o t a l l y antisymmetric i n i t ' s 
colour wavefunction. Unfortunately, while no other baryon states 
are produced i n t h i s way, the m u l t i p l i c i t y of meson states increases 
from 9 i n " t n e ground state to 81, since each quark and antiquark i n the 
meson can have any colour without v i o l a t i n g the exclusion p r i n c i p l e . 
To overcome t h i s i t i s then necessary to assume that f o r meson states 
the colour wavefunction i s t o t a l l y symmetric. 

Since the symmetry group has now been enlarged beyond the 

basic 5U(3) or SU(6) symmetry, there i s more freedom allowed i n choosing 

the charges of the quarks. The Han-Nambu model (19&5) consists of 

quarks a l l of which have i n t e g r a l charge :~ 

4 - * - i 

The concept of i n t e g r a l quark charge follows more n a t u r a l l y from 

t h i s model than i n an e a r l i e r model proposed by Eacry et a l . , (1964), 

which required that the Gell-Mann- Nishijima r e l a t i o n be modified to 

Q = T 5 + Y/2 + D/3 

where J) was a new additive quantum number. 

Sim i l a r l y , the theory of Bjorken and Glashow (19&4) requires 

a modification of the Gell-Mann - Nishijima r e l a t i o n . In t h i s theory 

"charmed" quarks, d i f f e r e n t from the basic quark t r i p l e t , are added 

to the t r i p l e t to define a new conserved quantity, "charm". Charmed 

quarks are assumed to have a much higher mass than the three basic 

quarkj;, explaining why bound states of charmed quarks have so f a r not 

been jieen. 

Other "fundamental p a r t i c l e " theories have been proposed. Two 

are quite s i m i l a r . One, due to Schwinger (1968), suggests the existence 



of magnetic monopoles, which leads natura l l y to an explanation of why 

e l e c t r i c charge i s quantized. An alternative theory due to Yock (1975), 

proposes that the fundamental p a r t i c l e s carry high e l e c t r i c charge 

as opposed to Schwinger's model i n which the p a r t i c l e s have high magnetic 

charge. Both theories require s i x sub-nuclear p a r t i c l e s . They w i l l 

be discussed i n a l i t t l e more d e t a i l i n section 3.6.6. 

3.5 The Parton Model 

A more general approach to the problem of sub-nuclear structure 

has been proposed by Feynman (1969), i n which nucleons and other hadrons 

are composed of partons. This theory envisages the hadron to consist 

of a large number of p o i n t - l i k e constituents. This approach i s useful 

i n the application of current algebra to p a r t i c l e - p a r t i c l e interactions. 

I t i s assumed that the i n t e r n a l motions of partons are on a time-

scale comparable with the t r a n s i t time of l i g h t , thus allowing l i t t l e 

or nothing to be said about the instantaneous state of the hadron's 

constituents. The parton picture can however be applied us e f u l l y i f 

the hadron i s considered to be moving with almost the speed of l i g h t 

r e l a t i v e to some frame of reference. Time d i l a t i o n then allows the 

partori motions to be slowed to any extent, hence allowing them to be 

"seen" as point p a r t i c l e s . This model has been used extensively to 

account f o r the results of lepton-hadron deep i n e l a s t i c s c a t t e r i n g 

(section 3«6«5)» 

Now the partoh model i s a general model which can be applied to 

d i f f e r e n t specific types of sub-nuclear p a r t i c l e s . Hence i t is.possible 

to construct a quark-parton model ( f o r example Bjorken, 1973) i n which 

i n addition to the t r i p l e t of quarks of the Ceil-Kann - Zweig (CMZ) 

model there i s also an undefined number of quark-antiquark paiz-s forming 

a coro. These "current" quarks are therefore t o t a l l y d i f f e r e n t from 

the "constituent" quarks of the CMZ model, since i n the constituent 

quark model there can only be three pa r t i c l e s composing a baryon, say. 



In addition, as has been mentioned, i n the constituent quark model used 

f o r hadron spectroscopy the n o n - r e l a t i v i s t i c approximation i s made, 

while the current quark model considers an u l t r a - r e l a t i v i s t i c i n f i n i t e 

momentum frame, A furt h e r d i f f i c u l t y i n reconciling the two types 

of quark model i s that current quarks are predicted to have low mass 

(~300 MeV - see Bussian, 1974)J while the hadron spectrum has been 

b u i l t up from heavy constituent quarks. Experimental searches have 

been undertaken at accelerators and i n cosmic rays i n order to attempt 

to provide d e f i n i t e answers about 3ub-nuclear structure. 

3.6 Previous Searches f o r Quarks 

3.6.1 Introduction 

Since the advent of the quark theory i n IS64, numerous searches 

have been carried out to search f o r these p a r t i c l e s . These searches 

can be subdivided as follows. 

1. Searches i n Stable Matter 

2. Spectroscopic Searches 

3. Searches at Accelerators 

(a) Proton - target nucleon interactions 

(b) Proton - proton c o l l i d i n g beams 

(c) Lepton - hadron deep i n e l a s t i c scattering 

(d) Electron - positron a n n i h i l a t i o n experiments 

4. Searches i n Cosmic Rays 

(a) S u b - r e l a t i v i s t i c massive p a r t i c l e s 

(b) Delayed p a r t i c l e s i n Extensive Air Showers 

(c) Fractionally charged p a r t i c l e s 

( i ) Unaccompanied 

( i i ) Accompanied, selected by E.A.S. tr i g g e r 

These various searches w i l l be b r i e f l y summarised, 

3.6.2 Searches f o r Quarks i n Stable Matter 

Geophysical searches have been motivated by the p o s s i b i l i t y that 
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i f a constant f l u x of quarks (produced i n primary cosmic ray proton 

interactions with the atmosphere) has been incident on the surface of 

the earth throughout the earth's h i s t o r y , then a detectable concentration 

of quarks should have b u i l t up i n various surface materials, assuming 

that at least one quark i s stable. Adopting a model f o r the production 

and propagation of quarks i n the atmosphere ( f o r example Adair and 

Price, 1966), quark concentrations i n d i f f e r e n t materials have been 

calculated (Cooke et a l . , 19^9* Mr, I967). Under varying assumptions, 

experimenters have adopted d i f f e r e n t samples, ranging from sea-water 

(Chukpa et a l . 19^6, Rank I968, and Cook et . a l . 19^9)> meteorites 

(Chukpa et a l . , 1966) and rock (Cook et a l . , I969), to p e l l e t s cf 

niobium (Johnson 1969> and Hebard and Fairbank 1970). 

The results of t e r r e s t r i a l searches, with concentration l i m i t s 

reached, are shown i n Table 3«2. Only one group (Hebard and Fairbank, 

I97O) have reported positive r e s u l t s , i n an experiment employing a 

magnetic l e v i t a t i o n method to determine the charge on a niobium p e l l e t . 

The experiment i s , however, to be repeated with s t r i c t e r control of the 

experimental conditions. According to Cook et. a l (19^9)» a quark 
—20 —23 

concentration of the order of 10~ - 10~ quarks/nucleon i n surface 
—23 —28 

rock, or 10~ - 10~ quarks/nucleon i n sea-water corresponds to an 
9 

unchanging sea-level i n t e n s i t y over the l a s t 5*10 years of about 
—9 —2 —1 —1 

10 cm sec s t . This assumes a qua,rk mass of the order of 

5 GeV/c2. 

3.6.3 Spectroscopic search f o r Quarks i n the Solar Chromosphere 

Examinations of the emission l i n e spectrum of the solar atmosphere 

have been conducted i n an atteir.pt to observe t r a n s i t i o n s due to quarked 

atoms, that i s , nuclei with a -e/3 quark attached. Sinanoglu et.al . ( l 9 6 6 ) 

have studied the f a r u l t r a v i o l e t end of the spectrum and i d e n t i f i e d 

threo predicted l i n e s of quarked carbon and nitrogen atoms. Simil a r l y 

Vainshtein e t . a l . (1966) looked f o r and i d e n t i f i e d l i n e s predicted f o r 

quarked calcium and magnesium atoms. I t has been shewn, however, 
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Method Sample Concentration l i m i t Reference 

Surface 
evaporation 

Magnetic 
l e v i t a t i o / i 

O i l drop 

U l t r a v i o l e t 

spectroscopy 

Magnetic 
l e v i t a t i o n 

Surface 
evaporation 
mass 
spectrometer 

Magnetic 
l e v i t a t i o n 

Magnetic 
l e v i t a t i o n 

Magnetic 
l e v i t a t i o n 

A i r 
Seawater 
Meteorite 

Iron 

Oi l 

Seawater 

< 5. l ( f 2 7 

-29 < 3. 10 
< 1. 10 -16 

< 4. 10 •19 

< 1. 10 -20 

< 1. 10 
Seaweed,oysters < 1. 10 
and plankton 

-10 

-17 

Graphite 

A i r 

Rock 

Niobium 

Niobium 

< 1. 10 -17 

< 1. 10 

< 1. 10 

,-24 

-23 

< 1. 10 -19 

Graphite < 2. 10 -18 

< 2. 10 -20 

Chukpa 
e t . a l 
(1966) 

Stover e t . a l . 
(1966) 

Rank 

(1968) 

Braginskii e t . a l . 
(196a; 

1 

Cook e t . a l . 

(1969) 

Johnson 
(1969) 

Morpurgo e t . a l . 
(1970) 

Hebard e t . a l . 
(1970) 

Table 3.2. 

Summary of geophysical searches f o r quarks, 

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

concentration l i m i t s quoted are in terms of thg 

number of quarks/nucleon. 



by Bennett (19&6) t h . i t the l i n e s are more l i k e l y t o be weak d i p o l e 

t r a n s i t i o n s of." normal, "unquarked" atoms. 

P o s t u l a t i n g the existence of quark atoms i n which a +2e/3 quark 

aquires an o r b i t a l e l e c t r o n , Leacock et.al . ( l 9 6 8 ) have searched f o r 

the c h a r a c t e r i s t i c emission l i n e s o f such an atom i n the s o l a r photo-
-9 

sphere, but obtained only an upper l i m i t of< 1 0 f o r the photospheric 

abundance r e l a t i v e t o hydrogen o f the quark atom. 

3.6.4 Searches a t Proton A c c e l e r a t o r s 

A l a r g e number o f quark searches have been c a r r i e d out a t ac c e l e r a t o 

since 19&4« The experiments employing proton beams have been o f tv/o 

main types:- protons i n c i d e n t on a t a r g e t a t r e s t i n the l a b o r a t o r y 

system ( t a r g e t s of var i o u s metals have been used; see Table J.3), and 

proton-proton c o l l i d i n g beams. The d e t e c t o r s used have been p r i n c i p a l l y 

bubble chambers and p l a s t i c s c i n t i l l a t i o n counters. Where bubble 

chambers were used, bubble d e n s i t i e s were counted t o y i e l d the i o n i s a t i o n 

o f the p a r t i c l e , and i n s c i n t i l l a t i o n counter experiments the p a r t i c l e s 

were r e q u i r e d t o traverse s e v e r a l counters i n which dE/dx measurements 

were made. A l a r g e number of counters are needed (^6 ) i n order t o 

minimise f l u c t u a t i o n e f f e c t s which could make a charge e p a r t i c l e 

appear t o be f r a c t i o n a l l y charged. 

The c r o s s - s e c t i o n upper l i m i t s obtained from these experiments 

are displayed i n Figure 3»5» See Table 3.3 f o r a key t o the experiments, 

and f o r references d e s c r i b i n g the experiments. 

I n a l l cases the l i m i t s r e f e r t o the r e a c t i o n s 
N + N —>H. + N + q + q 

H + N->N + q(+2/3) + q(+2/3) + q ( - l / 5 ) 

For the p a i r p r o d u c t i o n process the c r o s s - s e c t i o n l i m i t has been, 

c a l c u l a t e d assuming an i s o t r o p i c centre of mass angular d i s t r i b u t i o n 

and four-body phase space. 

The thermodynamic model p r e d i c t i o n i s t h a t mentioned i n s e c t i o n 
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Label 
used i n 
Fig.3 . 6 . 

Experiment Primary 
beam energy 

(GeV). 

Target Mean o f 
d e t e c t i o n 

B Blum e t . a l 
(1964) 

27.5 

D 

E 

F 

H 

Bingham e t . a l 21.0 
(1964) 

Dorfan e t . a l . 30.0 
(1965) 

Leipuner e t . a l . 28 .0 
(1964) 

F r a n z i n i e t . a l . 30.0 
(1965) 

Antipov e t . a l . 70.0 
(1969) 

A l l a b y e t . a l - , 27.0 
(1969) 

Nash e t . a l . 200,300 
(1974) 

Bott-Bodenhausen ISR* 
et.al. (1972; 52GeV i n 

CMS 

Cu Bubble chamber 
(H 2) 

Cu Bubble chamber 
( C ^ C l ) 

Be,Fe Time o f f l i g h t 

Be dE/dx 
( s c i n t i l l a t o r ) 

W E l e c t r o s t a t i c separato 
and time o f f l i g h t 

A l d E / d x ( s c i n t i l l a t o r ) 
and time of f l i g h t 

Be d E / d x ( s c i n t i l l a t o r 
and spark chamber) 

Be dE/dx. ( s c i n t i l l a t o r ) 

dE/dx ( s c i n t i l l a t o r ) 

Table 3.3. 

Quarks searches a t proton a c c e l e r a t o r s . A key t o Figure 3.6. The 

curves l a b e l l e d ( l ) and (2) i n Figure 3«6. are the p r e d i c t i o n s o f 

the thermodynamic model o f Hagedorn (1968). Curve ( l ) i s f o r 

p a r t i c l e s which are ground s t a t e s o f a s e r i e s o f resonances, 

curve (2) f o r p a r t i c l e s n ot having t h i s p roperty. 

*The CERN proton-proton i n t e r s e c t i n g storage r i n g s . 
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Figure 3«5« A c o m p i l a t i o n of a v a i l a b l e data on upper l i m i t s f o r the quark 
produ c t i o n cross-sections from proton a c c e l e r a t o r s . See Table 3 
f o r key. The cross-sections have a l l been c a l c u l a t e d assumi.ng 
an i s o t r o p i c centre of mas:?, d i s t r i b u t i o n and f o u r body phase 
space. Thermodynamic model p r e d i c t i o n s are in c l u d e d . 
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J . 6 . 5 . Lepton - Hadron Deep I n e l a s t i c S c a t t e r i n g 

I n t e r e s t has, r e l a t i v e l y r e c e n t l y , been d i r e c t e d towards 

experiments which are able to d i r e c t l y probe the s t r u c t u r e of nucleons. 

This i s achieved by s t u d y i n g the s c a t t e r i n g o f h i g h 'energy p o i n t 

p a r t i c l e s ( l e p t o n s ) on protons, neutrons and deuterons. At s u f f i c i e n t l y 

h i g h energies the s c a t t e r i n g i s deep i n e l a s t i c and can probe down t o 
— l c 

distances o f the order o f 10"" ̂ cm. The process i s represented by the 

diagrams o f Figure 

As mentioned i n s e c t i o n 3«5> i n the i n f i n i t e momentum l i m i t 

s c a t t e r i n g should occur from s i n g l e partons as i f they are p o i n t 

p a r t i c l e s . I n e l e c t r o n - p r o t o n s c a t t e r i n g experiments the e l e c t r o n 

energy l o s s ( v ) i n i t ' s c o l l i s i o n w i t h the proton i s measured. I f 

tli e proton has no s u b s t r u c t u r e , the energy l o s s d i s t r i b u t i o n o f the 

e l e c t r o n should r e f l e c t t h i s , p r o v i d i n g merely a measurement o f the 

proton momentum. However, i f the proton i s composed of partons, the 

s c a t t e r i n g d i s t r i b u t i o n o f the e l e c t r o n s should r e f l e c t the momentum 

d i s t r i b u t i o n o f the i n d i v i d u a l partons. I t has been shown by Bjorken 

(1969) t h a t f o r a p o i n t - l i k e p arton s t r u c t u r e , the s t r u c t u r e f u n c t i o n s 

d e s c r i b i n g deep i n e l a s t i c s c a t t e r i n g should be a f u n c t i o n o nly o f the 
2 2 / 2 r a t i o v/q , where the square o f the four-momentum t r a n s f e r q =EE s i n G&/2) 

and E i s the i n c i d e n t e l e c t r o n energy, E the s c a t t e r e d e l e c t r o n energy. 
2 

As a r e s u l t the i n e l a s t i c c r o s s - s e c t i o n decreases smoothly w i t h q . 

The same r e s u l t a p p l i e s t o n e u t r i o (antineutri.no - nucleon s c a t t e r i n g 

and i s known as Bjorken s c a l i n g . 

Several experiments have been performed u s i n g e l e c t r o n and n e u t r i n o 

beams o f s u f f i c i e n t l y h i g h energies t o approach the Bjorken l i m i t , 

and these have indeed found s c a l i n g t o apply. For d e t a i l s o f the 

eN experiments, see f o r example Bloom et.al.(1969)» M i l l e r et.al. (1972) , 

Dakin et.al.(1975)> 'and f ° r ^ n e r e s u l t s from vN ; VN experiments, see 

Eichten et.al. (1973)t Benvenuti et.al.(1973) and Barish e t . a l . (1973). 

http://antineutri.no
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Figure 3.6. Leptron-hadron deep i n e l a s t i c s c a t t e r i n g , (a) represents 
e l e c t r o n s c a t t e r i n g and i s .an electromagnetic i n t e r a c t i o n ; 
(b) represents n e u t r i n o s c a t t e r i n g and occurs v i a the 
Fermi(vreak) i n t e r a c t i o n . 



These r e s u l t s have been explained by several authors i n terms 

o f a quark parton model (QPM). I n the experiment o f Dakin e t . a l . 

(1973)> a l a r g e excess of p o s i t i v e hadrons over negative hadrons, a l l 

predominantly pions, was observed to be produced. Dakin e t . a l . i n t e r p r e t 

t h i s i n terms o f the QPM by assuming t h a t the v i r t u a l photon p r e f e r e n t i a l l y 

i n t e r a c t s w i t h a p quark ( t h e c r o s s - s e c t i o n i s p r e d i c t e d t o be propor­

t i o n a l t o the square o f the quark charge), which then fragments producing 

an excess o f p o s i t i v e pions. 

K u r t i et.al.(1971) use a QPM t o compare w i t h the MIT - SLAC r e s u l t s , 

i n which the three Cell-Mann ~ Zweig quarks form valence quarks 

c a r r y i n g the t o t a l quantum numbers of the nucleon, and an i n d e f i n i t e 

number o f quark-antiquark p a i r s form a core bound by gluons." I n t e r ­

a c t i o n s should occur w i t h the valence quarks o n l y . .A s i m i l a r QPM i s 

suggested by Gronau et.al„(1973)• Both t h e o r i e s agree approximately 

w i t h the r e s u l t s o f lepton-hadron deep i n e l a s t i c s c a t t e r i n g . That i s , 

they p r e d i c t p o i n t - l i k e sub-nuclear p a r t i c l e s w i t h i n the nucleons w i t h 

s p i n l / 2 , and p r e d i c t approximately the c o r r e c t form f o r the deep 

i n e l a s t i c s c a t t e r i n g electromagnetic s t r u c t u r e f u n c t i o n s f o r the proton 

and neutron. 

Recently, however, i t has been suggested t h a t s c a l i n g should break 
2 

down f o r l a r g e q as the experiments probe deeper i n t o the s t r u c t u r e 

o f the nucleon. Chanowitz and D r e l l (1973) speculate t h a t the b i n d i n g 

f o r c e between partons i s s u p p l i e d by the exchange of massive gluons, 

and t h a t the partons are surrounded by gluon clouds, hence having 

s t r u c t u r e . The dimensions o f t h i s f i e l d provide an estimate o f the 

gluon mass. The parton s t r u c t u r e G(q ) can be represented by 
G(q 2 ) = (1 +. q 2/M c

2) ^ 

such t h a t the Bjorkon s c a l i n g r e s u l t i s modified t o 
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VW — > F (-q 2/Mv). G(q 2) 
q —>oo 

w h e r e . i s one of the electromagnetic s t r u c t u r e f u n c t i o n s d e s c r i b i n g 
p 

deep i n e l a s t i c s c a t t e r i n g discussed e a r l i e r , and the terms v » q 

have the same n o t a t i o n as d e fined above. The o t h e r s t r u c t u r e 

f u n c t i o n , Ŵ , i s s i m i l a r l y m o d i f i e d . 
This behaviour i s not apparent from r e s u l t s on electron-nucleon 

2 • 2 • s c a t t e r i n g since the values of q reached extend only t o 10 GeV , but 

the r e s u l t s o f vN and VN experiments (Benvenuti et.al.1973 and B a r i s h 

e t . a l . , 1973) could i n d i c a t e a breakdown of s c a l i n g a t distances 

$4.10~ 1^cms. Barger (1974) i n t e r p r e t s the NAL data of Barish e t . a l . 

i n terms o f a gluon mass M_ —10 GeV, but t h i s must be very t e n t a t i v e . 

More data i s required, a t high four-momentum t r a n s f e r s . 

Experiments on lepton-hadron deep i n e l a s t i c s c a t t e r i n g , then, 

seem to c o n f i r m t h a t there e x i s t w i t h i n nucleons fundamental p a r t i c l e s , 

partons, which are c o n s i s t e n t w i t h quarks i n t h a t they have s p i n l / 2 

( i . e . f e r m i o n s ) . Clear r e s u l t s concerning measurements of the parton 

charge have y e t t o be obtained. 

3.6.6 E l e c t r o n - P o s i t r o n A n n i h i l a t i o n Experiments 

The above r e s u l t s , then, seem t o support some form o f quark theory, 

and i t seemed t h a t a reasonably c o n s i s t e n t p i c t u r e o f nucleon s t r u c t u r e 

was emerging. Eecent r e s u l t s from experiments on e +e a n n i h i l a t i o n 

w i t h multi-hadron pr o d u c t i o n have cast doubt on the correctness o f 

two o f the models, the n a i i v e quark model and the coloured quark model. 

Assuming the v a l i d i t y o f a quark parton model, the p r o d u c t i o n 

of hadrcn f i n a l s t a t e s would go v i a the channel shown i n Figure 3«7f 

t o be compared w i t h the channel f o r muon p a i r p r o d u c t i o n . The diagram 

drawn f o r hadron produ c t i o n i s the one-photon exchange process, i n 

which a quark-antiquark p a i r are produced as an i n t e r m e d i a t e stage. 



(a) 

J J 

( b ) 

Figure 5»7« E l e c t r o n - p o s i t r o n a n n i h i l a t i o n diagrams i n which 
(a) quark-antiquark are produced -n-hich then fragment 
t o produce hadrons, and (b) a muon p a i r i s produced. 



Now a q u a n t i t y R can be de f i n e d , where 

38. 

R = °tot ^ e e ~ ^hadrons) l y 

a t o t ( e V — 

To o b t a i n t h i s r a t i o from the quark model, the cross-sections 

f o r q q and [i^jT" p r o d u c t i o n are assumed ( i n the asymptotic r e g i o n ) 

t o be p r o p o r t i o n a l t o the square of the p a r t i c l e charge summed over 

a l l p o s sible channels. Thus R i s obtained, f o r the n a i i v e quark model, 

as 

H = ( 2 / ? ) 2 + ( l / ? ) 2 + ( 1 / 5 ) 2 .=2 /5 

( I ) 2 

The coloured quark model o f Han-Nambu (1965), w i t h three times 

as many o f each type of quark, y i e l d s the value li = 2. 

Wore g e n e r a l l y , c o n s i d e r i n g s p i n :-

Ho J q . 2
 + 1/4 2 q / 

s p i n J; s p i n 0 

partons partons 

(Bjorken, 1973) where q^ i s the parton charge f o r partons of s p i n 

1/2 and s p i n 0. Since the process e e ;—>|1 \L i s w e l l understood 

t h e o r e t i c a l l y (from quantum electrodynamics), the r a t i o R i s accessible 

t o experiment. Several experiments have r e c e n t l y been c a r r i e d out 

t o measure t h i s q u a n t i t y . See L i t k e et.al . ( l 9 7 3 ) f o r a c o m p l i c a t i o n 

of data and references. Figure 3»8 i s taken from the paper o f 

L i t k e e t . a i . and shows the experimental p o i n t s . Also shown are the 

constant l i n e s r e p r e s e n t i n g the asymptotic value o f R p r e d i c t e d by the 

two quark t h e o r i e s mentioned above. Even i f the asymptotic r e g i o n 

has not y e t been reached, i t i s d i f f i c u l t t o see how agreement between 

e i t h e r o f these t h e o r i e s and experiment can be found. Presumably 
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coloured quarks. A f t e r L i t k e et.al. (1973) . 
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quark parton models could produce a h i g h e r asymptotic value o f R. 
For a comprehensive review of t h e o r i e s r e l a t e d t o t h i s f i e l d , see 
Bjorken ( 1 9 7 3 ) . 

I n s e c t i o n 3-4 the models o f Yock and Schwinger were mentioned, 

i n which the fundamental p a r t i c l e s a re, r e s p e c t i v e l y , h i g h l y e l e c t r i c a l l y 

charged and h i g h l y m a g n e t i c a l l y charged. Yock (1974) suggests t h a t 

these two models p r e d i c t behaviour f o r R which i s c o n s i s t e n t w i t h the 

experimental r e s u l t s obtained so f a r . I n a d d i t i o n , Yock's model q u i t e 

n a t u r a l l y produces a form f a c t o r f o r parton s t r u c t u r e since h i s partons 

are i n f a c t the o r i g i n a l Yukawa p a r t i c l e s , which themselves are composed 

of quarks ( h i g h Z ) . . 

Obviously these two f i e l d s o f research, lepton-hadron deep i n ­

e l a s t i c s c a t t e r i n g and e l e c t r o n - p o s i t r o n a n n i h i l a t i o n are now producing 

important r e s u l t s as regards the s t r u c t u r e o f hadrons s and i t i s necessary 

f o r f u r t h e r experiments t o be performed i n these f i e l d s , extending the 

measurements t o higher energies. These experiments are a t present i n 

progress. 

3 . 6 . 7 Searches i n Cosmic Rays 

V/hile a c c e l e r a t o r searches have been able t o put very low l i m i t s 

on the c r o s s - s e c t i o n f o r the pr o d u c t i o n of f r e e quarks of mass l e s s 

than a few GeV, energy l i m i t a t i o n s have made i t impossible so f a r t o 

extend the search t o h i g h quark masses ( s e v e r a l tens o f GeV). This 

has been the m o t i v a t i o n f o r the l a r g e number o f searches c a r r i e d out 

since 1964 i n cosmic r a y s , where energies s e v e r a l orders o f magnitude 

above those a t a c c e l e r a t o r s are a v a i l a b l e . 

The quark searches i n cosmic rays have been o f the f o l l o w i n g types:-

(a) searches f o r s u b - r e l a t i v i s t i c massive p a r t i c l e s 

( b ) delayed p a r t i c l e s i n Extensive M r Showers (E.A.S.) 

( c ) searches f o r unaccompanied f r a c t i o n a l l y - c h a r g e d p a r t i c l e s 

( d ) searches f o r f r a c t i o n a l l y - c h a r ; ; e d p a r t i c l e s close t o E.A.S. cores. 
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(a) Searches f o r s u b - r e l a t i v i s t i c heavy-mass p a r t i c l e s . 

These searches have r e l i e d on time o f f l i g h t and range measurements. 

F r a n z i n i e t . a l . ( 1 9 ^ 3 ) operated t h i s type of d e t e c t o r a t l a r g e z e n i t h 
—8 

angles. Obtaining no s i g n a l , they quoted an upper l i m i t o f 2 . 2 . 1 0 -

- 2 - 1 - 1 
cm sec s t . -Another experiment l o o k i n g a t l a r g e z e n i t h angles 
(Kasha e t . a l . , 19&8), and i n c l u d i n g a magnet f o r d e t e r m i n a t i o n o f the 

p a r t i c l e momentum, again found a negative r e s u l t and quoted an upper 
—8 —2 —1 —1 

l i m i t o f 2 . 4 . 1 0 cm "sec"" s t ~ . The lowest l i m i t obtained by the 

v e l o c i t y / r a n g e technique i s t h a t of Ashton e t . a l . ( 1 9 6 9 ) , who quoted 

an upper l i m i t o f 4.9.10~ 1^cm~ 2sec~' 1'st"" 1. More r e c e n t l y , Galper e t . a l . 
(1970) , . o p e r a t i n g under 80 cms. concrete, obtained an. upper l i m i t o f 

—8 —2 —1 —1 

3 . 4 . 1 0 cm sec s t ~ ! . A p o s i t i v e r e s u l t has, however, been r e p o r t e d 

by Yock (1973).- Using a s i m i l a r telescope t o t h a t used by Ashton e t . a l . 

b ut under 600 g.cm concrete (see Alcock e t . a l . , 1974)» two strange 

events ( i d e n t i f i e d as due t o massive p a r t i c l e s ) have been observed 

i n a p r e l i m i n a r y experiment, corresponding t o a f l u x o f approximately 
-2 - 1 . - 1 2 . 1 0 cm sec s t . 

( b ) Delayed p a r t i c l e s i n EAS 

The b a s i 3 o f t h i s method i s t h a t i f quarks are produced i n high 

energy i n t e r a c t i o n s o f a primary proton w i t h a i r n u c l e i they should 

be present i n EAS (assuming s u f f i c i e n t energy goes i n t o the n u c l e a r -

electromagnetic cascade to produce an a i r shower t h a t s u r v i v e s t o sea-

l e v e l ) . Row i f quarks are massive they w i l l l a g behind the shower 

f r o n t , which can be considered t o form a s p h e r i c a l s h e l l o f thickness 

3 metres. T y p i c a l l y , the time delay ( A t ) between the a r r i v a l o f the 

shower f r o n t and the a r r i v a l o f any quarks produced a t a h e i g h t H 

(the p o i n t of f i r s t i n t e r a c t i o n ) i s 

A t = _H_ H _ H 1 . 
p qc ™ c ~ c * 2 Y q 2 

assuming t h a t the shower fx*ont i s moving w i t h almost the v e l o c i t y o f 
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l i g h t ( c ) . 

The delays should range from zero up t o «~100ns, depending on 

the model adopted f o r the pr o d u c t i o n o f the quarks and hence the energy 

of the quark. 

Several experiments have been performed i n an attempt t o d e t e c t 

delayed massive p a r t i c l e s . D i s c r i m i n a t i o n against low energy shower 

p a r t i c l e s which could also e x h i b i t l a r g e time delays i s necessary, t h i s 

u s u a l l y b eing achieved by e i t h e r measuring d i r e c t l y the energy o f the 

delayed p a r t i c l e or o p e r a t i n g underground and hence imposing a t h r e s h o l d 

energy requirement on the p a r t i c l e s . 

K e l l y ( 1969) has made an exhaustive survey o f experiments up t o 

19^9» and l a t e r searches have been reviewed by Jones ( l 9 . 7 l ) . Host 

experiments pronu.ced negative or uncl e a r r e s u l t s . Only the T u r i n group 

(Dardo e t . a l . , 19&8, 1972) and the Tata I n s t i t u t e group (Tonwar e t . a l . , 

1971» 1973) have r e p o r t e d p o s i t i v e r e s u l t s , o t h e r groups producing 
—10 —2 —1 —] 

upper l i m i t s on the f l u x o f delayed p a r t i c l e s of about 10 ~ cm" sec"* s t '. 
The T u r i n group obtained a s i g n a l a t a l e v e l of a few times 
—8 —2 —1 —1 

10 cm sec s t , two orders o f magnitude above the upper l i m i t s s e t 

by the other groups. However having no v i s u a l d e t e c t o r i t i s po s s i b l e 

t h a t the delayed events were due t o showers produced l o c a l l y by muons 

i n the rock. More r e c e n t l y , Clark et.al. ( 1 9 7 3 ) have produced a new 
- 9 - 2 -1 - 1 

estimate o f the f l u x o f 2+1 . 10 cm sec ,st . Tonwar e t . a l . do not 

give any f l u x f i g u r e s i n t h e i r l a t e s t paper (Tonwar e t . a l . , 1 9 7 3 ) » 

but they observed two events w i t h energies o f 36 and 28 GeV and delayed 
1 

by 41ns and 25ns r e s p e c t i v e l y . For energy d e t e r m i n a t i o n of the delayed 

p a r t i c l e s the Ta.ta group employ a m u l t i p l a t e cloud chamber, s c i n t i l l a t o r s 

being used t o measure the time delay. 

( c ) Searches f o r unaccompanied,fractionally-charged p a r t i c l e s . 

This area has produced the most numerous experiments o f any i n 

searches f o r quarks i n cosmic rays. A l l have employed energy l o s s 



techniques, r e l y i n g on the assumption t h a t the energy l o s s o f a charged 

p a r t i c l e by i o n i s a t i o n i s p r o p o r t i o n a l t o the square of the charge. 
i 

I n general sev e r a l l a y e r s o f de t e c t o r s were employed t o minimise the 

e f f e c t s o f f l u c t u a t i o n s , the dete c t o r s c o n s i s t i n g o f s c i n t i l l a t i o n 

counters, p r o p o r t i o n a l counters and chambers, or spark chambers. A l l 

experiments have y i e l d e d negative r e s u l t s . For reviews o f these 

experiments see K e l l y ( 1 9 6 9 ) , S i t t e ( 1970) and Jones ( l 9 7 0 , 1 9 7 1 ) . The 

lowest i n t e n s i t y l i m i t s imposed so f a r a r e : -

—2 —1 —1 
Charge Flux l i m i t ( c m ~ sec" s t ) Experiment 

e / 3 <0 . 5 7.10" 8 Chin e t . a l . (1971) 

2 e / 3 < 0.8 .10"8 Ashton e t . a l . ( 196S) 

I t should be noted t h a t since these experiments r e j e c t a l l events 

i n which there i s accompaniment, the energy of the proton (say) causing 
12 

the i n i t i a l i n t e r a c t i o n i s l i m i t e d t o about 5*10 eVT t h i s f i g u r e 

b e ing derived from c o n s i d e r a t i o n o f the l a t e r a l d i s t r i b u t i o n of 

el e c t r o n s i n a i r showers (Ashton, 1 9 7 3 b ) . Ashton concludes t h a t t h i s , 

would correspond t o an upper l i m i t f o r the quark mass o f 7 « 5 GeV/c . 

(d) Searches f o r f r a c t i o n a l l y - c h a r g e d p a r t i c l e s i n EAS. 

In order t o attempt t o d e t e c t quarks i f t h e i r mass i s g r e a t e r 

than 7 . 5 GeV/c", i t i s necessary to look close t o the core of a i r 

showers of r e l a t i v e l y high primary energy (^ l O ^ - lO^^eV). This 

r e q u i r e s the use o f v i s u a l d e t e c t o r s , e n a b l i n g i n d i v i d u a l p a r t i c l e 

t r a c k s t o be observed and the i o n i s a t i o n estimated. Counters cannot 

be used since the accompaniment would cause events to be r e j e c t e d . 

The Sydney group were the f i r s t t o perform an experiment i n 

which they looked close t o a i r shower cores using cloud chambers 

t r i g g e r e d by a l o c a l e l e c t r o n d e n s i t y d e t e c t o r system. They r e p o r t e d 

p o s i t i v e r e s u l t s a t a f l u x l e v e l of 5.1Q "^cm^scc* st"*' f o r charge 

2 e / 3 p a r t i c l e s (Cairns' e t . a l . , 1969 a n d HcCusker and Cairns, 1 9 » 9 ) . 
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This r e s u l t was c r i t i c i s e d by sever a l authors (A d a i r and Kasha 19&9» 

Eahm and L o u t t i t 1970, Fraunfelder e t . a l . 1970, K i r a l y and Wolfendale 

1 9 7 0 ) , but was s u f f i c i e n t t o s t i m u l a t e i n t e r e s t i n the technique, several 

groups i n i t i a t i n g s i m i l a r searches. 

Most groups adopted cloud chambers s i m i l a r t o McCusker's f o r 

t h e i r d e t e c t o r s , and also used a l o c a l d e n s i t y trigger . No d e f i n i t e 

quarks have so f a r been observed by any other group. Indeed, McCusker 

observed no more candidates i n another two years a f t e r having made 

improvements t o h i s d e t e c t o r . 

Table 3 « 4 shows the s i t u a t i o n as i t was i n 1972 as regards the 

quark search close t o the cores of EAS. 

However, the fundamental importance o f quarks i f any e x i s t was 

f e l t t o be s u f f i c i e n t t o j u s t i f y a f u r t h e r search i n a i r showers, sines 

t h i s seemed t o be the most f r u i t f u l area t o i n v e s t i g a t e . Hence i n 

1970 the f l a s h tube chamber" described i n Chapter 2 was b u i l t by Ashton 

and King. An e x p l o r a t o r y experiment was reported by Ashton e t . a l . 

( I 9 7 l ) » Chapter 4 describes a d e t a i l e d experiment performed a t 

Durham t o search s p e c i f i c a l l y f o r e / 3 charge p a r t i c l e s . 
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CHAPTER 4 

THE QUARK EXPERIMENT 

4.1 Introduction' 

I t was shown in Chapter 2 that the f l a s h tube chamber i s s e n s i t i v e 

to p a r t i c l e s of charge e / 3 but not to charge 2 e / 3 p a r t i c l e s , since these 

cannot be resolved from the d i s t r i b u t i o n of charge e p a r t i c l e s . Hence 

the search was directed towards the detection of e / 3 quarks, and since 

i t appears that the most f r u i t f u l area for a search of t h i s kind i s 

close to the core of extensive a i r showers (see Chapter 3 for d i s c u s s i o n ) , 

the trigger for the present experiment was designed for t h i s purpose. 

Hear the core of EAS the density of p a r t i c l e s i s high, so while 

the so f t component (electrons and photons) can be absorbed above the 

detector by the lead s h i e l d , good s p a t i a l resolution i s necessary to 

enable the tracks of individual p a r t i c l e s to be studied i n the presence 

of other p a r t i c l e s . The f l a s h tube chamber has a resolution i n the 

projected plane of approximately 2 cms. (the diameter of a f l a s h tube) 

for each track, hence s a t i s f y i n g t h i s c r i t e r i o n . The aim of the present 

experiment was to look for p a r t i c l e s which produced tracks in the 

chamber having a low number of flashes along the track, corresponding 

to the p a r t i c l e s having produced l e s s ionisation i n the f l a s h tubes 

on t h e i r passage through the chamber. These tracks were then examined 

i n order to determine whether or not they s a t i s f i e d the requirements 

of a track produced by a p a r t i c l e of charge e / 3 . 

The time delay T^ (the time between the p a r t i c l e s passing through 

the chamber and the high voltage pulse being applied to the electrodes 

between the layers of f l a s h tubes) v/as chosen to be 20|jS, t h i s being 

considered to be the optimum, allowing wide separation of e / 3 quark 

tracks from the e f f i c i e n c y d i s t r i b u t i o n of charge e p a r t i c l e s while 

being s u f f i c i e n t l y short to ensure that the quark tracks were not l o s t 
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i n the background due to spuriously f l a s h i n g tubes (or tubes which 
f l a s h because of residual r a d i o a c t i v i t y i n the glass of the tube ) . 

4•2 Basic Experimental Data 

With the l o c a l electron density trigger set at a lower threshold 

of 40 p a r t i c l e s per square metre, i n a running time of 2570 hours a 

tot a l of 12 ,057 triggers occurred, each event being recorded photo­

graphically. The analysis procedure consisted of projecting the negative 

obtained onto a scanning table, where each event could be examined i n 

d e t a i l . The reconstructed event was reduced r e l a t i v e to i t ' s s i z e i n 

r e a l space by the r a t i o 1 : 4 . 5 * 

An acceptable track was one which produced at l e a s t one f l a s h 

in PI and F4 (see Figure 2 . 1 ) . This ensures, since the defining layers 

PI and P4 are shorter than the measuring layers F2+F3, that the track 

has passed through F2+F3 within the volume of f l a s h tubes covered 

by electrodes. 

The number of flashes i n F2+Fj5 (N^) along a track was then measured 

i f the track was accompanied by a p a r a l l e l track (within + 5 ° i - n the 

projected plane) of projected length greater than 60 cms. I f the track 

was obviously of low e f f i c i e n c y ( < 6 0 f l a s h e s ) i t was measured i r r e s p e c t i v e 

of whether or not i t had an accompanying p a r a l l e l track. A small-scale 

diagram of a l l measured events was made. The high e f f i c i e n c y tracks 

(produced i n general by muons) thus provided a c a l i b r a t i o n for charge e 

parti.cle tracks. 

Table 4 . 1 shows a summary of the data, with a breakdown into the 

m u l t i p l i c i t y of measurable tracks per event. 

As can be seen from Table 4 » 1 , a t o t a l of 4501 tracks were measured, 

the d i s t r i b u t i o n i n the number of flashes ( f l j ) being shown i n Figure 4 . 1 . 

The arrows in d i c a t i n g the expected positions of plateau and minimum 

ionisi n g p a r t i c l e s of charge e were calculated from the paper of Cr i s p i n 

and Fowler ( 1 9 7 0 ) , who give the most probably ionisation l o s s i n neon 

as a function of muon momentum. I t was assumed that the median massentum 



Number of measurable 

tracks per photograph (n) 

Number of Photographs 

0 0 

N x n 

1 1604 1604 

2 758 1516 

3 254 762 

4 04 336 

5 42 210 

6 7 42 

7 3 21 

8 0 0 

9 0 0 

10 1 10 

TOTAL 2753 4501 

Table 4»1» The frequency d i s t r i b u t i o n of the number 

of triggers N having n measurable tracks, from a t o t a l 

of 12,057 photographs obtained i n a running time of 

2570 hours. 
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N ( F 2 + F 3 ) 

Figure 4.1 The frequency d i s t r i b u t i o n of the number of flashes 
M(?2+ F^) along a track i n the 96 layers of f l a s h tubes. 
Tracks with ^{F^+l?^) > 60 were only measured i f they had 
at l e a s t one other shower track p a r a l l e l (+5°) to i t of 
length >60 cms. The arrows indicate the expected positions 
for minimum and plateau i o n i s i n g e, 2e/3 and e/3 p a r t i c l e s . 
The small bars indicate the uncertainty'in t h i s position and 
tha large bars indicate the width of the d i s t r i b u t i o n . The 
to t a l number of tracks measured waa 450.1. N=78.11£.07, 0"-'/».73. 
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of the muona used i n the c a l i b r a t i o n run described i n Chapter 2 was 
2.1 GeV/c (derived from the spectrum of Hayman and Wolfendale, 1962). 
Now the Lloyd parameter (af^Q^) f i t t i n g muons of t h i s energy was found 
to be 9 + 1 (Figure 2.10), hence knowing the r a t i o of the amount of 
ionisation produced by these muons to that of plateau and minimum 
ion i s i n g muons (from C r i s p i n and Fowler), the Lloyd parameter appropriate 
to these cases could be calculated and hence the expected value of N̂ . 
could be estimated. The expected positions for e/3 and 2e/3 quarks are 
obtained by dividing the Lloyd parameter calculated for charge e p a r t i c l e 

1 

by l / 9 t h . and 4/9th. respectively, since the value of the Lloyd parameter 

proportional to the charge squared of the traversing p a r t i c l e . The 

widths expected for the d i s t r i b u t i o n s indicated i n Figure 4.1 were 

calculated assuming the standard deviation of the di s t r i b u t i o n s to 

follow the experimental curve drawn i n Figure 2.9. 

I t can be seen from Figure 4«1 that 20 tracks were observed whose 

N^ value was l e s s than the one standard deviation upper l i m i t of 50 

for plateau i o n i s i n g e/3 quarks. I t was estimated that the lowest 

density track that would be seen with the scanning technique employed 

would be approximately = 20, whilst the lowest expected tl^ value 

for an e/3 quark ( a t a one standard deviation l e v e l ) would be 28. 

Hence a l l e/3 quark tracks not obscured by other tracks or by el e c t r o ­

magnetic cascades produced in the shielding should be recorded with 

almost lOOJo e f f i c i e n c y . The 20 quark candidates were examined in 

d e t a i l i n an attempt to determine whether they are tracks produced 

by genuine quarks. 

4*3 Consideration of Background E f f e c t s 

4.3*1 Reduction i n f l a s h i n g e f f i c i e n c y due to a c l e a r i n g f i e l d 

When breakdown of the gas occurs in. a neon f l a s h tube, large 

numbers of electrons and positive ions remain a f t e r cessation of the 

pulse. Many of these adhere to the glass wall of the tube. The time 



for n e u t r a l i s a t i o n of these charges to occur can be of the order of 

minutes, being determined largely by the surface resistance of the 

gla3s. Whi]e~ these electrons and positive ions remain uncoiiibined 

they can give r i s e to an e l e c t r i c f i e l d within the tube. This f i e l d 

i s s u f f i c i e n t l y strong to sweep from the gas any new ions produced by 

the passage of another ion i s i n g p a r t i c l e within the time needed for 

n e u t r a l i s a t i o n to occur. This has the e f f e c t of reducing the i n t e r n a l 

e f f i c i e n c y . Hence i f a p a r t i c l e passes through the f l a s h tube chamber 

a short time a f t e r a dense shower has triggered the chamber, the p a r t i c l e 

w i l l be seen to have a smaller number of flashes along i t ' s track, 

In. order to avoid the p o s s i b i l i t y that t h i s e f f e c t could make an ordinary 

shower track appear as a track due to a quark, the e f f e c t was studied 

in some d e t a i l so as to allow the elimination of any quark ca.ndid.ate 

produced by t h i s mechanism. In events which followed a dense shower, 

tracks or parts of tracks were examined and the reduction in e f f i c i e n c y , 

i f any, measured. The r e s u l t s are shown i n Figure 4-2. For comparison 

the r e s u l t s obtained by Ashton e t . a l . ( l 9 7 l ) at a time delay of 40 jis 

are also shown. 

In p a r t i c u l a r the quark candidates were checked to see whether 

any had been produced by t h i s e f f e c t . I t v/as concluded that none had. 

4.3.2 The rate of background maon3 

The major background ef f e c t i s due to incoherent muons which 

traverse the chpjnber immediately before the chamber i s triggered by 

an a i r shower. For a background muon to have an. e f f i c i e n c y i n the 

range N̂ . = 28 - 50 requires that i t had traversed the chamber i n the 

period 103 - 144 M>S before the a i r shower trigger: occurs (see Figure 

2.10). I t i s therefore necessary to estimate the probability of a 

muon traversing the chamber i n t h i s period. 

Assuming a minimum momentum of 0.78 Ge'V/c for'muons to traverse 

the f l a s h tube chamber within the geometrical acceptance, from the 

sea-level v e r t i c a l muon momentum spectrum of Hayman and Wolfendale 

http://ca.ndid.ate
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the flux of muons through the chamber should be 6.3.10 cm sec s t 

['Phis should be compared with a measurement of the coincidence rate for 

the p l a s t i c s c i n t i l l a t o r s A and B of 11.5+0.4 sec"*'''. For t h i s 

geometry (see Figure 2.1) the calculated rate using the above flux i s 

11.2 sec i n good agreement]. Using t h i s figure the flux of incoherent 

muons through the whole chamber, within the acceptance geometry for 

measurable tracks, was calculated to be 104.2 sec"*. In addition, 

i t can be shown that the probability d i s t r i b u t i o n for a background 

muon track to produce a track with N̂ . i n the quark region (28-50) 

should be f l a t (Appendix A). 

Since quarks are expected to a r r i v e more or l e s s p a r a l l e l to the 

shower di r e c t i o n , only the low e f f i c i e n c y tracks which were within 

+ 5° to the shower d i r e c t i o n were accepted. Hence i t i s necessary to 

estimate the number of background, muon tracks which would s a t i s f y t h i s 

additional c r i t e r i o n . In order to calculate t h i s quantity, approximately 

500 events were scanned to evaluate the proportion of events which 

could have contained, a background track simulating a quark, i . e . the 

proportion of events i n which there was a shower track of length 

> 60 cms. i n F2+F3 and which was free from obscuration. This was 

estimated to be 0.312, giving a number for the t o t a l number of photo­

graphs which could have contained a background track of 12,057*0.312=3>760 

events. 

Hence the t o t a l s e n s i t i v e time for incident incoherent muons to 

simulate a quark (that i s , have traversed the chamber between 103-144 }JLS 

before the a i r shower trigger and have at l e a s t one shower track of 

length > 60 cms. in F2+F3 i n the event) i s 3760x41.10 ^ = 0.154 seconds. 

The maximum angle for the acceptance of a track i s 36°, therefore 

the probability of a random background muon being within + 5° of a 

shower track (assuming a f l a t angular v a r i a t i o n for the rr.uon i n t e n s i t y ) 

i s 5/36. Thus the expected number of background tracks simulating 

quarks i s given by 104,2 x 0.154 x 5/36 = 2.2. 
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Now when the angular r e s t r i c t i o n i s placed on the 20 quark candidates 
with i n the range 28 - 50, the number i s reduced to 6, This d i s t r i b u t i 
i s shown in Figure 4»3« 

4.3• 3 The number of knock-on electrons along1 a track 

Since the probability of a p a r t i c l e producing a knock-on electron 

(KO) i s proportional to the square of the charge of the p a r t i c l e , i t 

i s to be expected that quark tracks should have s i g n i f i c a n t l y l e s s 

KO's than those of charge e p a r t i c l e s . Now knock-on electrons are 

a noticeable feature of muon tracks observed i n the f l a s h tubes, hence 

t h i s technique should provide a means of ide n t i f y i n g genuine quark 

tracks. 

In order to te s t the s e n s i t i v i t y of the f l a s h tubes to knock-on 

electrons, the 1,046 muon tracks obtained at a time delay of 20 (is during 

the c a l i b r a t i o n run described i n section 2.5-1 were scanned, the angle 

of emission and range of the electrons being measured. To obtain an 

approximate value for the energy of an electron, electrons were assumed 

to lone energy only by io n i s a t i o n (a reasonable approximation below 

the c r i t i c a l energy, —25 HeV), being about 1 KeV per f l a s h tube traversed. 

Only projected angles and track lengths could be measured, t h i s l i m i t i n g 

the resolution. The r e s u l t s are shown i n Figures 4.4 and 4«5« From 

1,046 muon tracks measured, the number of knock-^on electrons of energy 

>3 KeV produced i n the 96 layers of F2+F3 was found to be 383. Figure 

4.5 shows that the energy d i s t r i b u t i o n has e s s e n t i a l l y the correct 

form. The large s c a t t e r i n the points shown in Figure 4.4 i s presumably 

due to multiple s c a t t e r i n g of the tracks, which, i s considerable a t low 

energies, and also to the f a c t that we are dealing with projected angles. 

Because of the multiple s c a t t e r i n g , below -3 MeV i t i s not possible 

to estimate energies with any accuracy. 

Mow for application to the i d e n t i f i c a t i o n of quark tracks, knock-on 

electrons of energy l e s s than 3 MeV need to be u t i l i s e d i n order to 

increase counting s t a t i s t i c s . Since individual energy measurements 
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i n t h i s region are not possible, i t was decided to adopt the technique 

of counting single flashes adjacent to the track. For an electron to 

fla s h one tube off the parent track requires approximately 1 MeV, hence 

the predicted number per track i s given by 

C O 

2Cm C 2 f dE' 

E'=lMeV 

UN Z 2 Z 2 

where C = — - — r = 0.15 7 (g cm~ ) (Rossi, 1952) 
A G A 

and N - Avogadro's number 

Z = Atomic number of target material 

A ~ Mas3 number of target nucleons 
2 2 " r = e /m c ^ c l a s s i c a l radius of the electron e ' e 

P = v / c = v e l o c i t y of incident p a r t i c l e 

E = energy of incident p a r t i c l e 

E'= energy of secondary electron 

Evaluating t h i s i n t e g r a l for the 96 laye r s of f l a s h tubes (plus 

aluminium electrodes) i n F2+F3 gives the t o t a l number of electrons 

produced with energy greater than 1 MeV to be 6.8. For e/3 quarks the 

figure would be 6.8/9 = 0.76. 

I t i s necessary to know the v a r i a t i o n of the number of knock-ons 

seen i n F2+F3 with time delay T^ i n order that old muon tracks simulating 

quarks can be recognised. For t h i s purpose two de f i n i t i o n s of a 

knock-on electron were adopted. A Type 1 knock-on was defined as = 1 

fl a s h l y i n g adjacent to but off the track of the parent p a r t i c l e , a 

Type 2 knock-on being defined as = 2 adjacent flashes i n any lay e r 

where one f l a s h l i e s on the trigger p a r t i c l e track, The muon tracks 

photographed at di f f e r e n t time delays for the determination of the 

ef f i c i e n c y - time delay v a r i a t i o n (see section 2.2,4) were re-scanned, 
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the t o t a l number of Type 1 and Type 2 K.O.*s per track being counted. 
Figure 4-6 shows the frequency d i s t r i b u t i o n s obtained for the number 
of Type 1 K.O.'s for di f f e r e n t time delays, and also for a sample of 
EAS muon tracks taken at a time delay of 20 J1S. 

In Figure 4.6, no correction has been made for spurious background 

fla s h e s , attributed mainly, to natural r a d i o a c t i v i t y i n the g l a s s . 

This background was measured for events at two d i f f e r e n t time delays, 

to e s t a b l i s h whether there was any v a r i a t i o n . Figure 4«7 shows the 

r e s u l t for events at 20 and 200 |1S. As expected there i s no s i g n i f i c a n t 

difference. The most probable number of background flashes i s 47«5> 

out of a t o t a l of 8,112 f l a s h tubes in the 96 layers of F2+F3, hence 

the most probable number of background flashes l y i n g alongside a track 

i s 

2 
x 47.5 = 1.09 

84.5 

(The number 84.5 i s the mean number of f l a s h tubes i n a l a y e r ) . 

Figures 4.8 and 4.9 show the v a r i a t i o n of K.O. number as a function 

of time delay, corrected for background. The f u l l curves drawn through 

the points correspond to a value of a ^ Q ] ~ 9t the Lloyd parameter 

describing the f l a s h tube behaviour as determined i n section 2.2.4c 

Note that i n Figure 4.9 the curve has been expressed as (af^Q^ =9) 

since both the tube on the track and the tube adjacent to i t are 

required to f l a s h . 

Now the experimental points i n these figures, while having b a s i c a l l y 

the same shape as the f i t t e d curves, appear to f a l l off rather more 

sharply a f t e r extending to longer time delays. This r e f l e c t s the f a c t 

that the ionisation produced by low energy, stopping electrons i s greater 

than that produced by the r e l a t i v i s t i c muons for which the value of 

af Q = 9 was determinedSines? the value of af - 0, i s proportional 

to the number 01 ion pairs i n i t i a l l y produced in the ga.s, a 
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higher value f o r the Lloyd parameter would be expected t o f i t the 

p o i n t s shown i n Figures 4.8 and 4«9» although t h i s value could not be 

pr e d i c t e d w i t h great accuracy since the s t a t i s t i c a l e r r o r s on the 

experimental p o i n t s are l a r g e . 

The l a r g e d i f f e r e n c e between the observed number o f knock-ons 

a t small time delays and the number p r e d i c t e d w i t h energy >lMeV i s 

presumably due t o the f a c t t h a t most e l e c t r o n s , produced t y p i c a l l y 

w i t h i n 20 degrees o f the muon d i r e c t i o n , never t r a v e l beyond the f l a s h 

tubes d e f i n i n g the muon t r a c k . 

I n Figure 4.6, the d i f f e r e n c e between the mean number o f K.O.'s 

obtained f o r s i n g l e muons a t T^ = 20|lS and a i r shower t r a c k s a t the 

same time delay i s a t t r i b u t e d t o the f a c t t h a t i n EAS events the 

number of background f l a s h e s i s somewhat g r e a t e r , presumably because 

o f the presence of low energy photons i n the shower. Taking the observ 

number o f Type 2 K.O.'s per t r a c k a t small time delays t o be 1.6 (see 

Figure 4.9)» the expected number o f K.O.'s along a quark t r a c k should 

be e s s e n t i a l l y zero, w h i l e f o r background muons a t lo n g time delays 

the mean number i s ~ 0.4 - 0.8. The number o f Type 2 K.O.'s vere 

counted f o r the s i x remaining quark candidates and also f o r the 14 

events r e j e c t e d as being background t r a c k s . Figure 4.10 shows the 

d i s t r i b u t i o n o f Type 2 K.O.'s f o r these 20 t r a c k s . I t can be seen 

t h a t two of the s i x quark candidates have no knock-on e l e c t r o n s , w h i l e 

3 of the 14 background t r a c k s are f r e e from K.O.'s. D e t a i l s o f the s i 

quark candidates are given i n Table 4.2. Now r a t h e r than s u b t r a c t 

the background flashes from each t r a c k , which because o f the l a r g e 

s t a t i s t i c a l u n c e r t a i n t y i s not r e a l l y j u s t i f i a b l e , the s i x quark 

candidates were compared d i r e c t l y w i t h the 14 background t r a c k s , the 

number o f spurious flashes assumed t o be s i m i l a r f o r a l l 20 events. 

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

being possible quarks, although they are most l i k e l y background muons. 

Taking the p r e d i c t e d number of muons which could s a t i s f y a l l other 
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Event F2+F3 f o r No. o f shower Angle quark c a n - No. of K.O. »s 
quark t r a c k s i n d i d a t e t r a c k makes ( i . e . p a i r s o f 
Candidate p i c t u r e exclud - t o other shower adjacent flashes' 

i n g quark 
candidate 

E8-48 31 1 3° 1 

E16-66 39 2 4° 7 

E19-45 28 3 5° '0 

E34-117 38 3 5° 0 

E53-125 47 2 0° 1 

E69-95 41 2 . 0 ° 1 

Table 4.2 D e t a i l s o f the 6 events shown i n 

Fig.4 .3 w i t h F2 + F3<50. 



quark t e s t s t o be 2.2 ( s e c t i o n 4 .5 .1) , since 3/14 of the observed background 

t r a c k s had no K.O.'s the expected number o f muons s i m u l a t i n g quarks w i l l 

be 2.2. x 3/14 m 0.47. Thus the p r o b a b i l i t y of observing two pseudo-quarks 

w i l l be ~ 8%, although there w i l l be a lar g e e r r o r on t h i s f i g u r e . One 

of the two remaining quark candidates i s shown i n Plate 4.1. 

Since two events could not be excluded from p o s s i b l y being quarks, 

the upper l i m i t obtained, based on these events, i s less than 1.4.10~ 

-2 -1 -1 

cm sec s t . This l i m i t does n o t take account of the lo s s of quarks 

due to i n t e r a c t i o n s i n the chamber. Assuming the quark-nucleon i n e l a s t i c 

c r o s s - s e c t i o n t o be 11 mb ( s e c t i o n 3 .2 .3) , the p r o b a b i l i t y of a quark 

t r a v e r s i n g the chamber w i t h o u t i n t e r a c t i n g i s c a l c u l a t e d to be O.I65. 
-11 -2 -1 -

This r a i s e s the upper l i m i t of the quark f l u x t o less than 8.10 cm sec s t 

4.4 Conclusion 

While the two quark candidates could not be excluded from being genuine 

quarks, the background due t o inuons s i m u l a t i n g quarks i s a t approximately 

the same l e v e l . Hence i t wa3 concluded t h a t no advantage could be gained 

from o p e r a t i n g the f l a s h tube chamber f o r a longer per i o d of time w i t h o u t 

modifying i t i n such a way t h a t the background from muons wa3 e i t h e r removed 

or s u b s t a n t i a l l y reduced. 

One way i n which i t was thought the s i g n a l - t o - n o i s e r a t i o could be 

improved was to lo o k a t a smaller distance from the core of the showers, 

and also t o increase the mean shower energy. This was achieved by i n c r e a s i n g 

the l o c a l e l e c t r o n d e n s i t y t r i g g e r theshold. Two runs were performed 

w i t h which the author wa.3 associated to a c e r t a i n e x t e n t but which 

w i l l not be described here. B r i e f l y , e l e c t r o n d e n s i t y thresholds o f 

A £ l60nf 2 (Ashton e t . a l . 1973b) and A £ 500 m - 2 (unpublished) 

were chosen f o r new experiments. I t was found t h a t w i t h these t r i g g e r s 

the obscuration due t o nuclear-electromagnetic cascades (produced by pions 

associated w i t h the a i r shower i n t e r a c t i n g i n the absorber above the chamber) 

increased, consequently reducing the e f f i c i e n c y f o r d e t e c t i n g quarks. Thus 



Plate 4- .1 Event E19--45. A p o s s i b l 

quark t r a c k i s i n d i c a t e d 
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i t i s concluded t h a t o f the three values o f A £ s t u d i e d so f a r 
-2 

A = 40 m i s the optimum d e n s i t y f o r the quark search . 

I f the d e t e c t o r were taken underground, thus c u t t i n g out most of the 

shower accompaniment while not being a t so great a depth t h a t too l a r g e 

a f r a c t i o n o f the quarks would be l o s t , quarks could i n theory be seen 

very close t o the shower core. The same argument would apply t o an 

experiment i n which the d e t e c t o r was turned onto i t ' s s i d e , h o r i z o n t a l 

showers being observed ( i n t h i s case the increased atmospheric depth 

acts as an a d d i t i o n a l a bsorber). 

While the methods named above would enable the search f o r quarks to 

be extended i n t o the very core o f EAS, hence improving, h o p e f u l l y , the 

s i g n a l - t o - n o i s e r a t i o , i t should be possible t o almost e l i m i n a t e background 

i n the present d e t e c t o r by i n c o r p o r a t i n g a previous p a r t i c l e i n d i c a t o r . 

This would c o n s i s t of two l a y e r s of p l a s t i c s c i n t i l l a t o r s completely coverin 

the s e n s i t i v e area of the f l a s h tubes. For t h i s purpose the two p l a s t i c 

s c i n t i l l a t o r s A and B (see Figure 2.1) would be extended. The passage 

of s i n g l e p a r t i c l e s through A and B i n coincidence would be recorded i f a 

shower t r i g g e r e d the chamber i n the f o l l o w i n g 200 |1S, thus a l l o w i n g back­

ground t r a c k s due t o " o l d " muons to be recognised and r e j e c t e d . A possible 

c i r c u i t f o r a previous p a r t i c l e i n d i c a t o r i3 shown i n Figure 4'.H» 



CHAPTER 5 

THE PRODUCTION OF HUCLEAR-ELECTROMACHETIC 

BURSTS IN THICK ABSORBERS 

5.1 I n t r o d u c t i o n 

During the Extensive A i r Shower experiment described i n preceding 

chapters, i t was n o t i c e d t h a t a considerable number of events photo­

graphed contained dense showers o f p a r t i c l e s d i r e c t l y below the lead 

s h i e l d i n g and al s o below the 15 cm. l a y e r o f i r o n near the top of the 

chamber, the b u r s t s sometimes t r a v e r s i n g the whole chamber. Those p a r t i c l e s 

form an electromagnetic cascade, produced by the passage o f hadrons or 

muons through the absorber, and since i t can be seen from the r e s u l t s 

o f c a l c u l a t i o n s described i n Chapter 2 than when an a i r shower t r i g g e r 

occurs the mean distance from the core i s only a few metres, i t i s 

thought t h a t the m a j o r i t y o f these bursts were produced by hadrons r a t h e r 

than by muons, due t o the high energy t r a n s f e r i n v o l v e d . This i s discussed 

f u r t h e r i n Chapter 7» 

The cascade o f p a r t i c l e s produced when a hadron i n t e r a c t s s t r o n g l y 

w i t h a t a r g e t nucleus can y i e l d i n f o r m a t i o n about the energy o f the 

p a r t i c l e i f the p h y s i c a l processes o c c u r r i n g are understood and can be 

pr e d i c t e d . I n t h i s chapter a method o f o b t a i n i n g the energy o f the 

i n t e r a c t i n g p a r t i c l e w i l l be described, based upon assumptions about 

the p h y s i c a l processes and u t i l i s i n g the i n f o r m a t i o n about the cascade 

which can be obtained from the f l a s h tube chamber. I n i t i a l l y pure 

electron-photon cascades w i l l be discussed, c o n s i d e r a t i o n then being 

extended t o nuclear-electromagnetic cascades, 

5»2 Q u a l i t a t i v e d e s c r i p t i o n of the cascade process 

Consider a hadron i n c i d e n t on a dense absorber, of depth comparable 

w i t h or gr e a t e r than the i n t e r a c t i o n l e n g t h o f the hadron. The p r o b a b i l i t y 

t h a t i t undergoes a s t r o n g i n t e r a c t i o n f o l l o w s an exponential d i s t r i b u t i o n 
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w i t h the amount of absorber t r a v e r s e d . V/hen i t i n t e r a c t s , depending on 
the energy, a number of secondary p a r t i c l e s a r e produced, mainly pions. 
I f the i n c i d e n t p a r t i c l e i s a charged pion i t can be considered to l o s e 
a l l of i t s energy i n the i n t e r a c t i o n . A nucleon would l o s e some f r a c t i o n 
of i t s energy and continue through the absorber, p o s s i b l y to i n t e r a c t 
a g a i n . The f r a c t i o n of energy l o s t i n an i n t e r a c t i o n i s c a r r i e d away 
by the secondary p a r t i c l e s . Now the charged pions w i l l t r a v e l some 
d i s t a n c e through the absorber i n almost the sa.me d i r e c t i o n as the parent 
p a r t i c l e u n t i l they i n turn i n t e r a c t or a r e l o s t from the absorber 
(decay p r o b a b i l i t i e s can be n e g l e c t e d f o r charged pions i n a dense 
m a t e r i a l ) . The n e u t r a l pions, however., w i l l decay more or l e s s i n s t a n t a n ­
e o u s l y i n t o two photons. These photons w i l l e i t h e r m a t e r i a l i s e or undergo 
a Compton c o l l i s i o n . The e l e c t r o n s and p o s i t r o n s produced w i l l , i f t h e i r 
energy i s above the c r i t i c a l energy f o r the medium, l o s e energy predom­
i n a n t l y by r a d i a t i o n , the photons i n tu r n producing more e l e c t r o n s . Now 
s i n c e the p r o c e s s e s i n v o l v e d produce s e c o n d a r i e s w i t h e n e r g i e s of the 
same order of magnitude as t h a t of the p r i m a r i e s , the energy degradation 
i n the cascade i s r e l a t i v e l y slow and a l l o w s a s i g n i f i c a n t i n c r e a s e i n 
the t o t a l number of p a r t i c l e s to occur as the cascade develops w i t h 
depth. E v e n t u a l l y the p o i n t i s reached when the mean energy of the 
e l e c t r o n s f a l l s below the c r i t i c a l energy, c o l l i s i o n l o s s e s become more 
important than bremstrahlung, and the t o t a l number of p a r t i c l e s i n the 
cascade d e c r e a s e s . The cascade e v e n t u a l l y degenerates u n t i l the energy 
input to the cascade has gone e i t h e r i n t o the e x c i t a t i o n and i o n i s a t i o n 
o f atoms i n the absorber o r the cascade emerges from the absorber. 

Now i n the above d e s c r i p t i o n the cascade has been c o n s i d e r e d as 

a one-dimensional process whereas i t does i n f a c t e x h i b i t a l a t e r a l 

s p read. The angu l a r divergence i s produced by 

( a ) the t r a v e r s e momentum d i s t r i b u t i o n of produced TC°'s 

(b) m u l t i p l e s c a t t e r i n g of the strongly i n t e r a c t i n g p a r t i c l e s 

( c ) the angu l a r s e p a r a t i o n of photons from TX° decay 
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( d ) the angular separation of the e l e c t r o n s created i n p a i r productio 

( e ) m u l t i p l e s c a t t e r i n g o f e l e c t r o n s i n the electron-photon cascade. 

The cascade can be considered i n tv/o p a r t s . The nuclear cascade 

i s e f f e c t i v e l y the skeleton o f the t o t a l cascade and determines the 

depth o f prod u c t i o n and energy i n p u t t o the e l e c t r o n - photon cascades 

produced by TC° decay. These cascades then develop according to the 

laws governing electromagnetic processes and can be considered s e p a r a t e l y . 

5•3 The one-dimensional development o f electron-photon cascades 

5.3»1 I n t r o d u c t i o n 

The general problem t o be solved i n any attempt t o describe the 

development of electromagnetic cascades i s the f o l l o w i n g : assuming an 

e l e c t r o n or photon o f known energy t o be i n c i d e n t on an absorber, what 

i s the d i s t r i b u t i o n , f o r e l e c t r o n s and photons a t depth t , of energy, 

angle and l a t e r a l displacement ? R e s t r i c t i n g the problem to the one-

dimensional development of the cascade, d i f f u s i o n equations can be set­

up of the form (Rossi, 1952) 

OO OO 

9 T l ( B > t ) - = / Y ( E \ t ) <{> ( E ' . t ) d E 1 H- /Tt(E't) <P (E'.E'-EjdE 1 

9 t •» ? J e 

E E 

E 
/lt(E,t)<(>(E,E')dE' - p 9 T l ( E , t ) J 3E 
0 

OO 

dV(E,t) = /T^E'.t) <p (E',E) dE' - f Y(E,t) <P (E,E')dE' 
6 t J 6 J P 

E 0 

where Tt(E,t) represents the number of e l e c t r o n s of energy E a t depth t , 

Y(E,t) i s the number o f photons o f energy E a t depth t , p i s the average 

i o n i s a t i o n l o s s per r a d i a t i o n l e n g t h , ip e(E,E') i s the d i f f e r e n t i a l 

p r o b a b i l i t y per r a d i a t i o n l e n g t h f o r the production of a photon of 

energy E' by an e l e c t r o n o f energy E« and tn p(E,E f) i s the d i f f e r e n t i a l 



p r o b a b i l i t y per r a d i a t i o n l e n g t h f o r the production of an e l e c t r o n of 

energy E* by a photon of energy E . 

To s o l v e these equations a n a l y t i c a l l y c e r t a i n s i m p l i f y i n g assumptions 

can be made. A l t e r n a t i v e l y the equations can be s o l v e d by numerical 

i n t e g r a t i o n u s i n g e x a c t p r o b a b i l i t i e s . F i n a l l y , a t o t a l l y d i f f e r e n t 

approach t h a t has been used i s the Monte C a r l o technique, i n which 

i n d i v i d u a l p a r t i c l e s a r e fo l l o w e d through the absorber, the competition 

between the v a r i o u s p r o c e s s e s being r e p r e s e n t e d by weighted random c h o i c e s * 

5*3.2 S o l u t i o n of the d i f f u s i o n equations under Approximation A 

and Approximation B 

Approximate s o l u t i o n s of the d i f f u s i o n equations a r e p o s s i b l e i f 

assumptions are made concerning the p h y s i c a l p r o c e s s e s i n v o l v e d . I n 

Approximation A i o n i s a t i o n l o s s e s and Compton s c a t t e r i n g a r e ignored, 

w h i l e the p r o b a b i l i t i e s f o r p a i r production and bremstrahlung a r e 

d e s c r i b e d by t h e i r asymptotic v a l u e s f o r complete s c r e e n i n g . Approximation 

B makes the same s i m p l i f y i n g assumptions except t h a t a c o n s t a n t c o l l i s i o n 

l o s s i s i n c l u d e d . The approximations made l i m i t the a p p l i c a b i l i t y of 

the r e s u l t s of these c a l c u l a t i o n s . Both t h e o r i e s a r e a p p l i c a b l e only 

t c l i g h t a b s o r bers s i n c e i n high -Z m a t e r i a l s the t o t a l photon a b s o r p t i o n 

c o e f f i c i e n t i s s t r o n g l y energy dependent. I n a d d i t i o n , Approximation A 

i s only v a l i d a t e n e r g i e s w e l l above the c r i t i c a l energy due to the 

n e g l e c t i o n o f i o n i s a t i o n l o s s e s . Hence i n g e n e r a l t h i s treatment i s 

used to d e s c r i b e the e a r l y development of a casca d e . While the r e s u l t s 

of Approximation B tend to be about 10% low i n the number of e l e c t r o n s 

p r e d i c t e d ( T h i e l h e i m and Z t t l l n e r , 1972), the n e g l e c t i o n of i o n i s a t i o n 

l o s s e s i n Approximation A tends to produce an ov e r e s t i m a t e i n e l e c t r o n 

numbers. 

l o s s i (1952) d e a l s i n d e t a i l w i t h the s o l u t i o n of the d i f f u s i o n 

equations under the d i f f e r e n t approximations, w h i l e T h i e l h e i m and Z b l l n e r 

(1972) p r e s e n t a u s e f u l review of Approximations A and B. 

I t should be noted t h a t because of the assumptions made, the r e s u l t s 
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o f Approximation A are independent o f absorber i f depth i s measured 
i n r a d i a t i o n l e n g t h s . S i m i l a r l y , Approximation B y i e l d s r e s u l t s 
independent of absorber i f depth i s mea.sured i n r a d i a t i o n lengths and 
energies are expressed i n u n i t s o f the c r i t i c a l energy. 
5.3.3 Numerical s o l u t i o n o f the d i f f u s i o n equations 

Thielheim and ZHllner (1972) have been able t o solve the d i f f u s i o n 

equations w i t h o u t assuming asymptotic cross-sections by employing a method 

of numerical i n t e g r a t i o n . They have been able to use exact cross-sections 

and include a l l r e l e v a n t processes, namely bremstrahlung, p a i r p r o d u c t i o n , 

M i l l e r and Ehahba s c a t t e r i n g ( high energy t r a n s f e r s ) , i o n i s a t i o n l o s s 

(low energy t r a n s f e r s ) , Compton s c a t t e r i n g and the p h o t o e f f e c t . T h e i r 

paper presents a d e t a i l e d t a b u l a t i o n o f the cross-sections used i n 

c a l c u l a t i o n s f o r lead, and also compares r e s u l t s obtained w i t h those o f 

Approximations A and B, Monte Carlo methods and sever a l experiments. 

Results o f t h e i r c a l c u l a t i o n s are estimated t o be accurate to w i t h i n 1%, 

5.3*4 The Method of Moments 

An a n a l y t i c a l approach t o the s o l u t i o n o f the cascade d i f f u s i o n 

equations has been used by Ivanenko arid Samosudov (l959» 1967a and 1967b). 

Unlike Approximations A and B t h i s treatment can take account o f the 

energy dependence o f the t o t a l photon absorption c o e f f i c i e n t , and also 

includes the e f f e c t o f the increased t r a c k l e n g t h due t o m u l t i p l e 

s c a t t e r i n g o f the shower electrons.. This allows the r e s u l t s to be 

app l i e d t o dense absorbers. The approach, the method of moments, c a l c u l a t 

the average behaviour o f the cascade by e v a l u a t i n g the cascade moments. 

These moments are simpler t o c a l c u l a t e than the terms on the r i g h t hand 

side o f the d i f f u s i o n equations i n s e c t i o n 5'3«1» 

The degree o f accuracy a t t a i n a b l e w i t h t h i s method depends on the 

order t o which the moments are c a l c u l a t e d . Ivanenko and Samosud-ov 

evaluate the f i r s t f o u r moments, e n a b l i n g an accuracy o f 5 - 1096 t o be 

obtained. They present r e s u l t s c o v e r i n g a wide range o f enfcrgies f o r 

i r o n , l ead, copper, aluminium and g r a p h i t e absorbers. Results are given 
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f o r d i f f e r e n t energy c u t - o f f s f o r the e l e c t r o n s . 

5.3•5 Monte Carlo s i m u l a t i o n s 

V/ith the advent of modern computers i t has become p o s s i b l e t o 

simulate the cascade processes d i r e c t l y , e nabling exact i n t e r a c t i o n 

p r o b a b i l i t i e s t o be used and hence i n theory t o produce very accurate 

r e s u l t s . U n f o r t u n a t e l y , the amount of computing time t h a t i s needed t o 

simulate a cascade increases r a p i d l y as the energy o f the primary p a r t i c l e 

i s increased, thus i n general only r e l a t i v e l y low energy cascades have 

so f a r been simulated f o r dense absorbers. 

Because of the s t a t i s t i c a l nature of the method, r e s u l t s concerning 

the mean shower behaviour are s u b j e c t .to f l u c t u a t i o n s , the r e s u l t i n g 

e r r o r depending on the number o f s i m u l a t i o n s performed a t each energy. 

A"t low energies, however, i t must be considered the most r e l i a b l e method 

of s t u d y i n g electromagnetic cascades. 

Groups producing r e s u l t s f o r heavy absorbers i n c l u d e Zerby and 

Moran (1963), V o l k e l (1965) and Vessel and Crawford (1970). 

5.3•6 Comparison of t h e o r e t i c a l p r e d i c t i o n s w i t h experiment 

Figures 5.1 a n a" 5*2 show a c o m p i l a t i o n of r e s u l t s from theory 

and experiment f o r a lead absorber. The c a l c u l a t i o n s a t low energies 

(Figure 5.1) can be seen t o show q u i t e close agreement. Two o f the 

experimental curves, however, are w e l l above both the c a l c u l a t i o n s and 

the experimental curve o f Heutch and P r e s c o t t . This apparent disagreement 

between the experimental r e s u l t s i s l i k e l y t o be due to experimental 

d i f f i c u l t i e s i n d e f i n i n g the c u t - o f f energy. At h i g h energies (Figure 5.2 

there are no d i r e c t experimental r e s u l t s or Monte Carlo r e s u l t s . The 

numerical c a l c u l a t i o n s of Thielheim and Z o l l n e r are shown along w i t h 

the p r e d i c t i o n s o f Ivanenko and Samosudov. Also shown i s the curve 

predicted by M l l l l e r . This curve wa3 obtained by f i t t i n g data from an 

ac c e l e r a t o r experiment performed a t energies up to 15 GeV. The r e s u l t s 

o f Approximation A were modified t o f i t t h i s data, which then allowed 

M l l l l e r t o e x t r a p o l a t e up to energies of 1000 GeV. I t appears t h a t thfc 
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F i g u r e 5•1 T r a n s i t i o n c u r v e s i n a lead, absorber f o r primary e l e c t r o n s 
of 1 GeV". The c u t - o f f energy E i s 10 MeV. The p o i n t s 
a r e r e s u l t s of Monte C a r l o c a l c u l a t i o n s , c u r v e s 1> 2, and 
3. r e f e r to experiments and curves 4 and 5 are the r e s u l t s 
of c a l c u l a t i o n . See t e x t f o r d e t a i l s . 
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F i g u r e %2 T r a n s i t i o n c u r v e s i n a l e a d absorber f o r primary e l e c t r o n s 
of energy 1000 GeV. The c u t - o f f energy E Q i s 10 MeV. 
Curves 1 and 2 are the r e s u l t s of c a l c u l a t i o n s . Curve 
3 i s based on an e x t r a p o l a t i o n of a c c e l e r a t o r d a t a . 



r e s u l t s may he s l i g h t l y high - c e r t a i n l y higher than the other predictions 

This would be consistent with the f a c t that Approximation A overestimates 

electron numbers due to the neglect of ionisation losses. 

Coats (1967) compares the r e s u l t s of Ivanenko and Samosudov for 

iron with experimental r e s u l t s obtained at intermediate energies and 

finds reasonable agreement, indicating that these calculations are v a l i d f 

the wide range of energies required i n the present experiment for both 

lead and iron. In addition, Ivanenko and Samosudov quote r e s u l t s for an 

energy cut-off relevant to the present experiment, ~1 MeV. This 

corresponds approximately to the energy needed by an electron to traverse 

one f l a s h tube. Hence i t was decided .to adopt the t r a n s i t i o n curves of 

Ivanenko and Samosudov for the present calculations. 

Figures 5*3 and 5*4 show the t r a n s i t i o n curves for photon-initiated 

cascades i n iron and lead for an energy cut-off of ~1 MeV. 

5.4 One-dimensional Simulation of Nuclear-Electromagnetic 

Cascades i n a Thick Absorber 

5.4.1 Introduction 

Since in the present application the bursts being dealt with are 

not purely electromagnetic i n nature but have a nuclear cascade super­

imposed, we must consider how th i s a f f e c t s the overall cascade. Now 

while electromagnetic interactions are thought to be well understood, 

strong interactions are f a r l e s s perfectly comprehended. This means 

that r e s u l t s obtained by cal c u l a t i o n are strongly model dependent. 

Calculations have been ca r r i e d out by several workers. Jones 

(1969a and 1969b) has used Monte Carlo simulations of the hadronic 

cascade to predict cascade curves for protons in iron. These were 

compared with the r e s u l t s obtained when an iron ionisation spectrometer 

was exposed to protons of momentum 10,20.5 and 28 GeV/c at an accelerator. 

Reasonable agreement was found, although since Jones uses Approximation B 

to convert photon energies to cascade p a r t i c l e s he might be expected to 



Figure5 . 3 Transition curves for photon-induced cascades 
in iron, predicted by Ivanenko and Samosudov. 
The numbers by each curve r e f e r to the energy 
of the primary photon. A l l energies are i n 
un i t s of 0.437p » where p i s the c r i t i c a l energy 
and i s taken as 21 MeV. The cut-off energy £ i s 
0.1 or ~ 0.92 MeV. Lines of constant s (age 
parameter) have been calculated from Approximation 
A. 

Figure 5.4 Transition curves for photon-induced cascades 
i n lead, predicted by Ivanenko and Samosudov. 
The numbers by each curve r e f e r to the energy of 
the primary photon. A l l energies are in units 
of 0.437 P i where p i s the c r i t i c a l enez'gy 
and i s taken as 7»6 MeV. The cut-off energy 
i s 0.35 or ~ l . l 6 MeV. Lines of constant s 
were calculated as for Figure 5»3» 



in ID 
o 

o in CN i n O 
in in LD CN o Q o 

in CN -J 

in (Nfv) CO 

in 
co <N 

in 

ro 
<N 

(V 
00 

CO 

\ 
in 

I 

ID CM CM 
I I 

) 0 N J V 1 6 0 1 

in 
CM to 1 CO t- O 

CM in o ro ID i~ 
o ^ CM 

com 
CM co CO 

«- CM CM CO CO oo CM 
»- CM 

CO 

CM 
CO 

CM 

LJ 00 

ID 

I 

to 

! 
CM CO CM 

01 



62, 

s l i g h t l y underestimate electron numbers. There are several s i m i l a r i t i e s 
between the model Jones uses and that adopted i n the present c a l c u l a t i o n s , 
hence r e s u l t s would not be expected to d i f f e r very markedly between 
the two methods (although there are s i g n i f i c a n t differences, such as 
the energy going into heavy fragments which Jones considers and which 
has been neglected in the present c a l c u l a t i o n s ) . 

Vatcha e t . a l . (1972) have performed f u l l Monte Carlo calculations 

in iron for three different nuclear interaction models up to hadron 

energies of 1000 GeV. The simulations were performed for the same 

geometry as was used in a multiplate cloud chamber operated at Ootacamund, 

India. From the r e s u l t s obtained Vatcha et. a l . conclude that the absorpiion 

of cascades in the TeV region i s much fa s t e r than that predicted by any 

of the models used, and suggest that one possible interpretation i s the 

gammanisation process suggested by Nikolski (19&7) in which high energy 

photons are produced d i r e c t l y in nuclear interactions above some threshold. 

Alternatively, Vatcha e t . a l . suggests that a higher i n e l a s t i c i t y combined 

with a higher m u l t i p l i c i t y could explain the i r observations. This 

conclusion i s consistent with the observation that the cascades studied 

at Ootacamund i n the high energy region are almost c e r t a i n l y pions which 

can be considered to undergo t o t a l l y i n e l a s t i c c o l l i s i o n s with the iron 

nuclei. In addition, the models employed by Vatcha e t . a l . do not contain 

a term i n the m u l t i p l i c i t y d i s t r i b u t i o n of secondary pions to include 

the intra-nuclear cascading which w i l l increase the m u l t i p l i c i t y . Hence 

i t i s concluded that the r e s u l t s of the Indian group are consistent 

with accepted theories of nuclear interactions. 

Calculations have also been carried out by Finkau and Thompson (1966) 

using a straightforward CKP model (to be discussed i n the next section) 

and evaluate electron numbers as a function of depth i n d i f f e r e n t absorbers 

for several values of the i n e l a s t i c i t y K and m u l t i p l i c i t y n̂ ,. 

In the present work a conservative model has been adopted since t h i s 

appears to produce reasonable agreement with experiment, e s p e c i a l l y a i r 
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shower work, and i s based on the model used by the Durham EAS group 
(Turver, 197^). The procedure adopted wa3 to simulate, using Monte Carlo 
techniques, the nuclear cascade to the point at which the TC 0 ,s produced 
decay into two photons. These photons were then converted into electron 
numbers below the iron or lead, absorber by interpolating from the curves 
of Ivanenko and Samosudov (Figures 5.3 and 5-4). 
5.4.2 Nuclear interaction model 

The model used i n the calculations was based upon the empirical 

CKP (Cocconi, Koester and Perkins) model (1961) used i n cosmic 

ray physics a great deal over the past few years. Modifications to i t 

include revised values for the nucleoli i n e l a s t i c i t y in dense materials 

and allowance for the e f f e c t of intra-nuclear cascading on the m u l t i p l i c i t y 

of secondary pions. Calculations were carried out for four cases; pions 

and protons incident on iron and pions and protons incident on a lead 

absorber. In a l l cases the absorber thickness wa.s taken to be 15 cms. 

A f u l l l i s t of values of constants used i s given i n Table 5«1» The 

assumptions made were the following. 

(a) Ionisation losses for the hadrons were neglected 

(b) The p a r t i c l e , incident v e r t i c a l l y on the absorber, was allowed 

to i n t e r a c t at successive depths t (radiation lengths) according to 

the probability d i s t r i b u t i o n 

p ( t ) dt = y e _ t/A d t 

where A. i s the interaction length of the primary p a r t i c l e i n radiation 

lengths. 

(c) For a primary pion the i n t e r a c t i o n was assumed to be t o t a l l y 

i n e l a s t i c (K = l)„ For protons the mean i n e l a s t i c i t y was assumed to be 

a function of the absorber material (Pinkau e t . a l . , 1969). The d i s t r i b u t i o n 

in the i n e l a s t i c i t y i s a parameter not well defined experimentally. 

Some workers have assumed a beta d i s t r i b u t i o n (Jones, 1969)1 a. sinusoidal 



Material Density Radiation X \ Moliere unit 

11.6x 9T'94X 1 . 5 3 cms. 

3 4 . 5 4 X Q 3 3 . 0 8 X O 1 . 3 8 cms. 

4.9XG 

Table 5 . 1 ( a ) A l i s t of constants used through­

out the ca l c u l a t i o n s . 

(g.crn" 5) length 
X Q(g.cm-

Fe 7.6 14.1 
Pb 11.34 6.5 
Al 2.5 2 8.4 

Glass 2.7 26.3 

Material Mean i n e l a s t i c i t y of Vies.ii i n e l a s t i c i t y 
protons K of pions K n 

Fe 0.63 1 . 0 

Pb 0 . 8 0 1 . 0 

Table 5«l(h) Values of the mean i n e l a s t i c i t i e s adopted 

fo r proton-nucleu3 and pion-nucleu3 

c o l l i s i o n s . See Figures 5«5 and 

5.6. 

http://Vies.ii
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variation of the form Sin 0 about the mean (Q =TC/2) between the values 
0.2 to 1.0 (Vatcha e t . a l . 1972), a f l a t d i s t r i b u t i o n between K - 0.25 
and K + 0.25 (Bradt and Rappaport, 1967), or a d i s t r i b u t i o n of the 
form 

f(K) = - ( l +a) 2 (1 - K) t t In (1 - K) 

adopted by Brooke e t . a l . (1964) to define nucleon-air nucleus c o l l i s i o n s . 

This expression i s not v a l i d , however, for K much greater than 0.5« I t 

appears that the r e s u l t s of calculations do not depend c r i t i c a l l y on the 

shape of the d i s t r i b u t i o n . The distr i b u t i o n s adopted for the present 

work are shown i n Figures 5-5 and 5.6. These step functions were derived 

from binomial d i s t r i b u t i o n s with the required mean. The d i s t r i b u t i o n 

i s represented by the successive terms in the expansion of [p+(l-p) ] n , 

where the product np defines the mean. The parameter n was varied (keeping 

the product np constant) to provide a reasonable spread about the mean, 

whence the function was re-normalised to r e s t r i c t K to the range 0.0 to 

1.0. 

(d) The mean m u l t i p l i c i t y of created pions was taken to be 

n a = 3.0 A 0' 1 9 (KE)°-25 

where E i s the energy of the incident p a r t i c l e and A i s the mass number 

of the absorber material. I n addition, at low energies the mean m u l t i p l i c i 

was constrained by conservation of energy considerations. This equation 

i s based on a combination of surveys (e.g. Greider, 1971i Wdowczyk, 1973) 

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

mean m u l t i p l i c i t y was used to determine the mean energies of the forward 

and backward cones of created pions. Individual pions, a f t e r being 

assigned with equal probability to either of these cones, were allocated 

an energy E' at random from the d i s t r i b u t i o n 
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g (E«) dE' = J e -E'/U dE» 1 - E 7 T 
T dE' 

where U i s the mean energy of the forward cone and T the mean energy of 

the backward cone. 

Pions were selected arid assigned energies from the above d i s t r i b u t i o n 

u n t i l the tot a l remaining energy (KE) f e l l below a cut-off energy of 

0.2 GeV. In t h i s way a m u l t i p l i c i t y d i s t r i b u t i o n was generated. The 

pion energy d i s t r i b u t i o n obtained i s shown in Figure 5«7» 

(e) The created pions were assigned a charge from a f l a t probability 

d i s t r i b u t i o n such that on the average one-third of the pions w i l l be 

neutral and two-thirds charged (no d i s t i n c t i o n was drawn between positive 

and negative pions). I f the energy of the created U was l e s s than 

0.2 GeV the p a r t i c l e was ignored, since the photons, produced by the 

decay of the 71° almost at r e s t , would not contribute s i g n i f i c a n t l y to 

the electromagnetic cascade. S i m i l a r l y , i f the t o t a l energy of the 

charged pion created was l e s s than 1 GeV i t was ignored since the 

i n e l a s t i c cross-section drops very sharply at t h i s value (Hayakawa, 

1969), hence the p a r t i c l e would not contribute to the cascade. 

( f ) Charged pions were allowed to interact at greater depths 

determined at random from the d i s t r i b u t i o n 

those described above. 

(g) Neutral pions were assumed to decay instantaneously into two 

The t o t a l number of electrons a r r i v i n g at the bottom of the absorber 

was calculated for each photon by interpolating from the curves of 

Ivanenko and Samosudov shown in Figure 5»3 and 5»4» 

(h) The hadrcnic cascade terminated when a l l of the hadrons 

(primary and produced) had e i t h e r passed out of the absorber or the i r 

p ( t ) dt 1 - v x •TC dt 

and the interaction c h a r a c t e r i s t i c s were assumed to be i d e n t i c a l to 

photons of equal energy which then i n i t i a t e d electron-photon cascades. 
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Figure 5»7 The energy d i s t r i b u t i o n of secondary pions i n 
the laboratory system, expressed as a fr a c t i o n 
of the t o t a l available energy. The forward and 
backward cones can clea.rly be seen.. 



F i g u r e 5.8 Flow diagram of Monte C a r l o program, 

showing the s i m u l a t i o n of one 

proton-induced cascade. 
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energy had f a l l e n below 0.2 GeV. At t h i s point the to t a l number of 

electrons emerging from the absorber, summed over a l l electron-photon 

cascades, was evaluated. 

A flow diagram of the computer program i s shown i n Figure 5«8--

5.5 Results of the Calculations 

5»5«1« Introduction 

For the four cases considered, pions and protons incident on lead 

and iron absorbers, approximately 1000 cascades were generated at each 

of four energies; 10 CeV, 100 GeV, 1 TeV and 10 TeV. I t was necessary 

to simulate a large number of cascades in order to determine average 

c h a r a c t e r i s t i c s because of the large fluctuations in individual cascades. 

Since the a n a l y t i c a l r e s u l t s of Ivanenko and Samosudov were used to 

evaluate electron numbers no fluctuations were included in the electron-

photon cascade. This was dictated by limitations imposed on to t a l 

computing time (the time required to f u l l y simulate the highest energy 

cascades would have been p r o h i b i t i v e ) . However t h i s approach can be 

j u s t i f i e d , since fluctuations in the electromagnetic component w i l l be 

small compared to the eff e c t of fluctuations cased by the d i s t r i b u t i o n 

of the depth of interaction, i n e l a s t i c i t y and energy of the secondary 

pions. 

5.5*2 The average behaviour of the cascade 

• The mean numbers of electrons obtained as a function of incident 

p a r t i c l e energy are shown in Figures 5*9 to 5.12. The dashed curves 

represent the one standard deviation l i m i t s . Smooth curves have been 

drawn through the points obtained. The standard error on the points 

i s given approximately by the expression 

a = CT/CIOOO)1/2 

where 1000 i s the number of cascades simulated. 

I t can be seen that for a given material the pion and proton curves 
are almost p a r a l l e l , the reduction in electron number at a given energy 
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The mean burst s i z e (li) produced by a pion of 
a given energy i n 15 cms. iron. The one standard 
deviation l i m i t s of the di s t r i b u t i o n are shown. 
The open c i r c l e s represent simulations performed 
for pions incident at a zenith angle of 30°. 
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Figure 5olO The mean burst s i z e (N) produced by a proton 
of a given energy in 15 cms. iron. The one 
standard deviation l i m i t s of the d i s t r i b u t i o n 
are shown. 
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Figure 5.11 The mean b u r s t s i z e (N) produced by a pion o f 
a given energy i n 15 cms. lead. The one standard 
d e v i a t i o n l i m i t s of the d i s t r i b u t i o n are shown. 
The open c i r c l e s represent s i m u l a t i o n s performed 
f o r pions i n c i d e n t a t a z e n i t h angle o f 30°• 
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Figure 5.12 The mean b u r s t s i z e (N) produced by a proton 
of a given energy i n 15 cms. l e a d . The one 
standard d e v i a t i o n l i m i t s of the d i s t r i b u t i o n 
are shown. 
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being approximately p r o p o r t i o n a l t o the i n e l a s t i c i t y . I t should be 
noted t h a t while up to the h i g h e s t energy simulated i n the lead absorber 
there i s a s c a l i n g r e l a t i o n s h i p between b u r s t s i z e and energy, the 
curves i n i r o n show a d e f i n i t e f l a t t e n i n g a t high energies. This i s 
i n t e r p r e t e d as being due t o the f a c t t h a t a t high energies the cascades 
cannot f u l l y develop i n the r e l a t i v e l y t h i n i r o n absorber (8.19 r a d i a t i o n 
l e n g t h s ) , whereas i n the lead s a t u r a t i o n i s not reached because of the 
r e l a t i v e l y g r e a t e r depth a v a i l a b l e f o r cascade development (32.17 r a d i a t i ' 
l e n g t h s ) . The open c i r c l e s i n Figures 5*9 and 5«H represent cascades 
simulated a t a z e n i t h angle o f 30°» performed i n order t o estimate the 
s e n s i t i v i t y of the r e s u l t s to the z e n i t h angle. These r e s u l t s are 
c o n s i s t e n t w i t h the conclusions reached above. I n the lead t a r g e t the 
cascades i n c i d e n t a t 30° produce l e s s e l e c t r o n s below the absorber 
because of the g r e a t e r depth through which the cascade passes. I n the 
i r o n , however, the increased path l e n g t h allows the cascade t o develop 
more f u l l y a t h i g h energies, producing l a r g e r b u r s t s i z e s . 
5.5*5 The b u r s t s i z e d i s t r i b u t i o n 

While the Monte Carlo technique p r e d i c t s the average p r o p e r t i e s of 

the cascade, i t also provides d i r e c t i n f o r m a t i o n on the f l u c t u a t i o n s 

i n h e r e n t i n the cascade and can thus produce the d i s t r i b u t i o n i n b u r s t 

s i z e f o r a f i x e d primary energy. Figures 5*15 t o 5«l6 show the i n t e g r a l 

p r o b a b i l i t y t h a t = N e l e c t r o n s w i l l be produced below the absorber by 

a primary p a r t i c l e o f energy E. To show more c l e a r l y the way i n which 

the w i d t h of the d i s t r i b u t i o n v a r i e s w i t h energy, the r e s u l t s can be 

represented as shown i n Figure 5.17. I t can be seen t h a t i n general 

the widths of the d i s t r i b u t i o n s decrease as the energy increases, due to 

the averaging which occurs when a l a r g e number o f electromagnetic cascade 

are superimposed. This i s not t r u e i n the i r o n , however, where the 

w i d t h o f the d i s t r i b u t i o n has a minimum between 100 GeV and 1 TeV 

and then increases again as the energy increases. This i s due t o the 

f a c t t h a t the electromagnetic cascades cannot develop f u l l y . 



Figure 5.13 The i n t e g r a l p r o b a b i l i t y t h a t 
a pion of energy w i l l produce 
a b u r s t of s i z e >N below 15 cms. 
of i r o n . 

Figure 5.14 The i n t e g r a l p r o b a b i l i t y t h a t 
a proton o f energy E^ w i l l produce 
a b u r s t o f s i z e >N below 15 cms. 
o f i r o n . 
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Figure 5.1*3 The i n t e g r a l p r o b a b i l i t y t h a t 
a pion o f energy w i l l produce 
a b u r s t o f s i z e > K below 15 cms. 
o f lead. 

Figure 5.16 The i n t e g r a l p r o b a b i l i t y t h a t 
a proton o f energy Ep w i l l produce 
a b u r s t of s i z e >N below 15 cms. 
o f l e a d . 
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The r e s u l t s of the Monte Carlo c a l c u l a t i o n s have been compared 
v i t h r e s u l t s obtained u s i n g an approximate numerical method (Saleh, 
p r i v a t e communication). S i m i l a r n u c l e a r - p h y s i c a l assumptions were made 
i n both cases, such t h a t the two approaches should be d i r e c t e d comparable. 
The approach adopted i n the numerical method was t o d i v i d e the absorber 
i n t o several l a y e r s and consider the cascade which would develop from 
an i n t e r a c t i o n produced i n the middle o f each l a y e r . Mean m u l t i p l i c i t i e s , 
i n e l a s t i c i t i e s e t c . were put i n t o the c a l c u l a t i o n s . D i s t r i b u t i o n s i n 
these parameters could not e a s i l y be in c l u d e d . To compare the r e s u l t s 
obtained by the two methods the v a r i a t i o n o f e l e c t r o n number w i t h depth 
of the i n i t i a l i n t e r a c t i o n was studied". Figure 5«18 shows t h i s comparison 
f o r pions i n t e r a c t i n g i n 15 cms. o f i r o n . A t o t a l o f 200 cascades were 
simulated a t each energy and are shown i n the form o f a s c a t t e r p l o t . 
The f u l l curves are the r e s u l t s of the numerical method. I t can be seen 
t h a t the r e s u l t s are q u i t e close, although the small discrepancies a t 
the highest energies are t o be expected. These s c a t t e r p l o t s c l e a r l y 
show t h a t a t hi g h energies no maximum i s reached i n the b u r s t s i z e 
d i s t r i b u t i o n as a f u n c t i o n o f depth. For comparison, Figure 5*16 ( c ) 
shows the p r e d i c t i o n of Vatcha e t . a l . f o r a 1000 GeV pion i n i r o n ( t h e i r 
model C). 

5.6 The L a t e r a l Spread of Bursts 

5.6.1 I n t r o d u c t i o n 

To estimate the energy of b u r s t s o c c u r r i n g i n e i t h e r the i r o n or 

lead absorbers i t i s necessary t o r e l a t e the number o f e l e c t r o n s emerging 

from the absorber to a parameter which i s measurable i n the f l a s h tubes. 

Now since the amount of m a t e r i a l represented by the glass of the f l a s h 

tubes i s small the cascade cannot develop s i g n i f i c a n t l y i n the f l a s h tubes 

themselves. Hence the parameter most accessible to measurement below 

both the lead and i r o n i s the wi d t h of the b u r s t d i r e c t l y below the 

absorber. To r e l a t e t h i s t o the b u r s t s i z e i t i s necessary t o adopt 



Figure 5.18 S c a t t e r p l o t s showing the c o r r e l a t i o n 
between the depth o f the i n i t i a l i n t e r ­
a c t i o n and the b u r s t size below 15 cms. 
of i r o n f o r pions a t f o u r energies. 
The smooth curves are p r e d i c t i o n s ' f o r 
an average treatment. The r e s u l t s o f 
c a l c u l a t i o n s by Vabcha e t . a l . are 
shown f o r comparison f o r 1 TeV pions. 
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some d e f i n i t i o n of b u r s t w i d t h . Thus the w i d t h o f the b u r s t was defined 
as t h a t w i d t h i n the f l a s h tubes w i t h i n which a l l o f the f l a s h tubes had 
f l a s h e d . Thus tubes f l a s h i n g away from the core o f the b u r s t s , produced 
say by a s i n g l e e l e c t r o n or perhaps a l a r g e angle charged pion, would 
not be considered when the w i d t h o f the b u r s t was measured. 

The l a t e r a l spread of low energy e l e c t r o n s might be expected t o be 

dominated by the e f f e c t of m u l t i p l e s c a t t e r i n g o f the cascade e l e c t r o n s 

r a t h e r than by e f f e c t s connected w i t h the nuclear cascade. Thus an 

attempt was made to p r e d i c t the l a t e r a l spread o f pure electromagnetic 

cascades. 

5.6.2 C a l c u l a t i o n of the l a t e r a l spread o f electromagnetic 

cascades 

Nishirnura and Kamata (1952) have obtained a t h e o r e t i c a l expression 

f o r the l a t e r a l s t r u c t u r e f u n c t i o n of pure electromagnetic cascades. 

This r a t h e r complex expression has been approximated by the e m p i r i c a l 

expression by Greisen (1956):-

f C r / ^ ) = c ( s ) ( r / r i ; S - 2 ( l + r / r ^ 8 " 4 * 5 

where s i s the age parameter and r a d i i are measured i n Moliere u n i t s 

( r ^ ) . The f u n c t i o n i s normalised by the constant c ( s ) such t h a t 

00 

J 2TCx f ( x ) d x = 1 where x = ( r / r ^ ) 
o 

By a simple argument one can o b t a i n the approximate form o f the 

w i d t h dependence on b u r s t s i z e . We can w r i t e 

c( \ * 8 - 2 \S-4.5 _ (2s-6.5) „ 
f ( x j & x ( 1 + x ) c x v ' f o r x »»-l 

Now the d e n s i t y a t a distance x from the core i s given by 

N f ( x ) 
A(x) . — — 

r l 

.-. A(x) a n x ( 2 s " 6 , 5 ) 

file:///S-4.5
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Consider t h a t s i s a s l o w l y v a r y i n g f u n c t i o n f o r the range o f N being 
considered and i s equal t o one ( t h i s can be shown to be a reasonable 
assumption). Then the distance a t which the d e n s i t y f a l l s t o A(x) 
i s r e l a t e d approximately t o the b u r s t s i z e by the power law dependence 

I n order t o c a l c u l a t e the dependence more accurately the Nishimura -

Kamata - Greisen (NKG) formula was integrated, f o r three d i f f e r e n t age 

parameters. Now the e l e c t r o n d e n s i t y i s e f f e c t i v e l y measured by the 

f l a s h tubes, t h e r e f o r e t o c a l c u l a t e the d e n s i t y of e l e c t r o n s per tube 

the i n t e g r a t i o n must be c a r r i e d out not r a d i a l l y but along s t r i p s correspond 

i n g t o f l a s h tube c r o s s - s e c t i o n s . The r e s u l t s of the i n t e g r a t i o n s are 

shown i n Figure 5«19» To o b t a i n the distance from the core a t which the 

d e n s i t y per s t r i p ( o f w i d t h one Moliere u n i t ) f a l l s t o a c e r t a i n d e n s i t y 

the ordinate should be m u l t i p l i e d by the b u r s t size ( t h e number o f e l e c t r o n s 

a t the measuring l e v e l of energy g r e a t e r than the minimum energy r e q u i r e d 

t o traverse one t u b e ) . The conversion to f l a s h tube diameters i s simply 

performed, t h e r e f o r e i t i s possible t o p l o t the width i n f l a s h tube 

diameters as a f u n c t i o n o f b u r s t s i z e . This i s done i n Figure 5*20. 

Also shown are the r e s u l t s o f two experiments performed by Coats (19^7) 

i n which the b u r s t spectra o f h o r i z o n t a l muons (electromagnetic) and 

v e r t i c a l p a r t i c l e s (mainly nuclear-electromagnetic) were measured i n 

i r o n o f thickness 25 cms. Flash tubes were u t i l i s e d i n these experiments 

t o a i d i n the i d e n t i f i c a t i o n o f spurious events, but Coats presents the 

r e l a t i o n s h i p between burst, s i z e and b u r s t w i d t h i n a form which can be 

compared w i t h the above c a l c u l a t e d r e l a t i o n s h i p . 

The l a c k of agreement between these curves can l a r g e l y be explained 

by the spreading of the low energy e l e c t r o n s i n the a i r gap between the 

absorber and the f l a s h tubes. These low energy e l e c t r o n s have an almost 

i s o t r o p i c angular d i s t r i b u t i o n (Messel and Crawfoi'd, 1970) and w i l l thus 

cause a considerable broadening of the cascade. I t i s n o t i c e a b l e , however, 



15 10 5 0 5 10 15 

Distance from core, x (moliere units) 

Figure 5.19 The p r o b a b i l i t y o f a p a r t i c l e t r a v e r s i n g a f l a s h tube 
as a f u n c t i o n of distance from the .core, expressed w i t h 
w i d t h i n K o l i e r e u n i t s . The number of p a r t i c l e s f a l l i n g 
on a s t r i p o f w i d t h 1 M o l i e r e - u n i t as a distance x from 
the core i s NF(x), where K i s the b u r s t s i z e . 
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(Coats, 1967); Curve C ~ as 15 but f o r nuclear-
electromagnetic b u r s t s . T-he—pe-i-rifcs—were—ob-ta-i-ne-d 



t h a t f o r s i m i l a r geometries the nuclear-electromagnetic cascades are 

s i g n i f i c a n t l y wider than the pure electromagnetic cascades as measured 

by Coats. This i s a t t r i b u t e d to the angular divergence of the cascade 

caused, by the e f f e c t s (a) t o ( c ) mentioned i n s e c t i o n 5.2. I t i s 

apparent t h a t t r a n s i t i o n e f f e c t s are extremely important i n d e t e r m i n i n g 

the b u r s t w i d t h , making a d i r e c t measurement of the b u r s t w i d t h - b u r s t s i z 

r e l a t i o n f o r the p a r t i c u l a r geometrical arrangement used i n the present 

experiment a n e c e s s i t y . 

5.7 Conclusion 

I t has been possible t o p r e d i c t the development of nuclear-

electromagnetic cascades i n the i r o n and lead absorbers o f the f l a s h 

tube chamber. I t has also been shown t h a t there e x i s t s a c o r r e l a t i o n 

between the w i d t h of the b u r s t measured i n the f l a s h tubes d i r e c t l y below 

the absorbers and the b u r s t s i z e , hence i n p r i n c i p l e the energy of an 

i n t e r a c t i n g p a r t i c l e can be estimated from a measurement o f the b u r s t 

w i d t h . However the exact form of t h i s r e l a t i o n s h i p between b u r s t w i d t h 

and b u r s t size i s not known. This f a c t was the m o t i v a t i o n behind the 

c o n s t r u c t i o n and o p e r a t i o n o f an experiment designed t o measure t h i s 

r e l a t i o n s h i p . The v e r t i c a l unaccompanied hadron spectrum was used f o r 

t h i s purpose. The experiment and r e s u l t s are described i n the f o l l o w i n g 

chapter. 



CHAPTER 6 

THE VERTICAL BURST EXPERIMENT 

6.1 Introduction 

I t was shown i n Chapter 5 that the energy of a hadron can be determined 

from the size of the cascade that i t produces below an absorber of lead 

or i r o n . I t was also shown that there i s a strong correlation between 

the size of the burst and the l a t e r a l width of the burst as measured i n 

flash tubes d i r e c t l y below the absorber. In order to obtain the conver­

sion r e l a t i o n s h i p f o r the flash tube chamber an experiment was performed 

to d i r e c t l y measure th i s r elationship. 

Bursts produced by single hadrons i n the near-vertical d i r e c t i o n 

were chosen as the most appropriate source, hence modifications were made 

to the flash tube chamber which allowed bursts i n either the i r o n or 

lead absorber to be selected. 

In addition to the primary aim, to obtain a ca l i b r a t i o n f o r the 

data obtained on bursts occurring close to the core of EAS, the recently 

reported anomaly i n the v e r t i c a l burst spectrum (Kellerman, 1973) has 

prompted fresh i n t e r e s t i n the high energy part of t h i s spectrum. I t 

was hoped that data could be obtained which would provide information on 

t h i s region. 

6.2 Experimental Arrangement 

6.2.1 Modification to the flash tube chamber 

The flash tube chamber described i n Chapter 2 was modified to allow 

near-vertical bursts i n the iron or lead to be selected. A suitably 

positioned p l a s t i c s c i n t i l l a t i o n counter was already i n place below the 

ir o n absorber ( s c i n t i l l a t o r A - see Figure 2.1). Therefore i t was 

necessary only to position another s i m i l a r s c i n t i l l a t o r (designated 

s c i n t i l l a t o r C) below the lead, i n l i n e with s c i n t i l l a t o r A. Fortunately 



there was s u f f i c i e n t space f o r the s c i n t i l l a t i o n counter to be positioned 

without the necessity of having to raise the lead roof. This meant 

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

i n order to f a c i l i t a t e the recognition of neutral particle-induced 

events, the upper eight layers of f l a s h tubes ( c o n s t i t u t i n g Fla) 

were brought forward by 15 cms., thus completely covering the i r o n . 

This new arrangement i s shown i n Figure 6.1. I n addition i t was 

decided to operate the centre l i q u i d s c i n t i l l a t o r , K, to obtain 

information on the EAS accompaniment ( i f any) when a p a r t i c l e produced 

a burst, 

6.2.2 Calibration of the s c i n t i l l a t o r s 

The s c i n t i l l a t i o n counters have been described i n Chapter 2. For 

t h i s experiment the two central photomultiplier tubes i n both pla.stic 

s c i n t i l l a t o r s were not used. This was necessary since while f i v e of the 

photomultiplier tubes used i n each s c i n t i l l a t o r were 53 AV'P tubes, the 

s i x t h tube, i n the middle at one end of the p l a s t i c s c i n t i l l a t o r had 

been designed f o r fast timing measurements and was a 56 AVP tube. Since 

the voltage output - H.T. characteristic was to be u t i l i s e d t h i s tube 

could not be used as i t s performance would d i f f e r from the other tubes. 

To symmetrize the counter the opposing photomultiplier tube was not 

used. The response of these s c i n t i l l a t i o n counters has been described 

by Ashton e t . a l . (1967). The l i n e a r i t y should not be greatly affected 

by the modification. 

For the c a l i b r a t i o n of the three s c i n t i l l a t i o n counters, single 

penetrating p a r t i c l e s were selected by a small geiger telescope. In 

order to use the geiger coincidence system the s c i n t i l l a t o r pulses 

were delayed by means of a delay l i n e by approximately 1 |ls. For 

the c a l i b r a t i o n of the s c i n t i l l a t o r s i t was necessary to know the 

loss i n pulse height f o r a pulse transmitted from the photomultipliers 

to the output of the delay l i n e . For t h i s purpose square -pulses of 

100 ns width (about the same width as the p l a s t i c s c i n t i l l a t o r pulses) 
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were fed int o the l i n e and the input/output characteristics shown i n 
Figures 6.2 and 6.5 were obtained. Also shown i n these diagrams i s 
the c i r c u i t r y used. 

For each of the photomultipliers the single p a r t i c l e pulse height 

d i s t r i b u t i o n was measured f o r d i f f e r e n t valuesof the H.T. voltage 

applied to the tubes, f o r p a r t i c l e s traversing the centre of each 

s c i n t i l l a t o r at v e r t i c a l incidence. The results obtained can be seen 

i n Figure 6.4, where the means of each d i s t r i b u t i o n are shown plotted 

against the voltage applied to the photomultiplier tubes. I t can be 

seen that f o r each s c i n t i l l a t o r a l l of the photomultiplier tubes produced 

approximately the same slope. Hence by supplying a l l the tubes from each 

s c i n t i l l a t o r from a single pov/er supply u n i t v i a potentiometers i t was 

possible, by adjusting the potentiometers f o r each tube separately, to 

normalise a l l tubes from one s c i n t i l l a t o r to produce i d e n t i c a l output 

pulse heights for a charged p a r t i c l e traversing the centre of the 

s c i n t i l l a t o r . After t h i s had been achieved i t was then possible to 

calibrate the complete s c i n t i l l a t o r by adding the outputs from the photo-

m u l t i p l i e r tubes. The pulse height d i s t r i b u t i o n s obtained f o r s c i n t i l l a t o r s 

A and C are shown i n Figures 6.5 and 6.6 The means of these d i s t r i b u t i o n s 

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

outputs of the photomultiplier tubes. The characteristics of the three 

s c i n t i l l a t i o n counters obtained i n t h i s way are shown i n Figures 6,7 and 

6.8. Since the photomultiplier tubes f o r both p l a s t i c s c i n t i l l a t o r s 

were operated from a single power supply the characteristic f o r the two 

counters should be i d e n t i c a l . I t can be seen that t h i s i s so within 

the l i m i t s of experimental error. The responses of the s c i n t i l l a t o r s 

obey a power law dependence of the form where n f o r the p l a s t i c 

s c i n t i l l a t o r s with 53 AVP photomultiplier tubes i s 7.8, and f o r the 

l i q u i d s c i n t i l l a t o r s with EMI 9583B tubes i s 

6.2.3 Experimental d e t a i l s 

The tr i g g e r required was a burst of greater than a certain s.i ?,e i n 



Fi/rure 6.4 The v a r i a t i o n of single p a r t i c l e pulse height 
as a function of H.T. applied to the photo-
m u l t i p l i e r tubes f o r each photomultiplier 
tube i n the three s c i n t i l l a t o r s , (a) 
s c i n t i l l a t o r A, (b) s c i n t i l l a t o r C and 
(c) s c i n t i l l a t o r M. The pulse height 
mean v/as determined from the distribution, 
f o r single penetrating p a r t i c l e s at 
v e r t i c a l incidence. Pulse heights are those 
measured at the output of the amplifier 
(see Figures 6. 2 and 6, 3). 
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Figure 6.S The single p a r t i c l e pulse height 
d i s t r i b u t i o n f o r s c i n t i l l a t o r A, 
measured at the output of the 
amp l i f i e r (see Figure 6.4). 
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Figure 6.6 The single p a r t i c l e pulse height 
d i s t r i b u t i o n f o r s c i n t i l l a t o r C, 
measured at the output of the 
amplifier (see Figure 6.3). 
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Figure 6.7 V a r i i i o n of output pulse height with photomultiplier 
H.T. f o r s c i n t i l l a t o r s A andC. The pulse height i s 
the voltage at the output of the photomultipliers, 
fo r single penetrating pa r t i c l e s traversing the 
centre of. the counter at v e r t i c a l incidence. 
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Figure 6.8 Variation of output pulse height with photomultiplier 
H.T. f o r s c i n t i l l a t o r M,. The pulse height i s the 
voltage at the output of the photomultipliers, f o r 
single penetrating p a r t i c l e s traversing the centre of 
the counter at v e r t i c a l incidence. 
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either s c i n t i l l a t o r A or C. The burst size N wa3 defined as a burst 
which produced a pulse height of N times the single p a r t i c l e pulse height. 
When t h i s occurred the pulse heights from the three s c i n t i l l a t o r s A, C 
and M were displayed on an oscilloscope and photographed. At the same 
time the flash tubes were triggered and photographed. The logic f o r the 
experiment i s shown i n Figure 6.9. 

The discriminators determining the t r i g g e r i n g threshold were set to 

a predetermined l e v e l using a pulse generator. I t was then possible to 

select a minimum burst size by a l t e r i n g only the H.T. applied to the photo­

m u l t i p l i e r tubes. The H.T. supplying the photomultiplier tubes of the 

l i q u i d s c i n t i l l a t i o n counter was set to record p a r t i c l e numbers i n 

the range 5 p a r t i c l e s to JG, 

Using t h i s arrangement the chamber has been operated from A p r i l 

1974 u n t i l the present time. Data was obtained at d i f f e r e n t threshold 

burst sizes enabling burst sizes from approximately 20 p a r t i c l e s up to a 

few thousand p a r t i c l e s to be studied. 

6.2.4. The analysis procedure 

Examples of the events obtained are shown i n Plates 6.1 tc 6.3. 

The analysis consisted of projecting both films of each event onto scanning 

tables. From the oscilloscope f i l m the pulse heights i n the s c i n t i l l a t o r s 

could be measured, the o r i g i n of the burst established and the existence 

of any a i r shower accompaniment determined. The flash tube f i l m was 

scanned and the width of the bursts were measured according to the c r i t e r i a 

adopted i n Chapter 5» The burst widths were expressed i n centimetres on 

the scanning table, hence to transform to real space the widths must be 

mu l t i p l i e d by a factor of 20, the scale of reduction of the projection 

system. 

6.3 Experimental Results 

6.5.1 The burst width - burst size r e l a t i o n 

In order to establish the relationship between the width of the 



Plate 6.1 Event Hi 5 - 77. 

A burst produced i n the lead which 

penetrated the iron , producing out­

puts from s c i n t i l l a t o r s C and A. 

There i s also EAS accompaniment, 

seen, i n the l i q u i d s c i n t i l l a t o r K. 

Prom l e f t to r i g h t of the oscilloscope 

trace, the s c i n t i l l a t o r outputs are:-

A, C and K 

C = 420 Particles 

A * 650 /, 

M = 1 9 / / 
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Plate 6.2 Event H.35 - 35 

A burst, produced i n the lead 

which penetrates the ir o n , giving 

pulses from s c i n t i l l a t o r s C and A. 

There i s no EAS accompaniment. 

C = 940 particles 

A a HBOParHcles 
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Plate 6.5 Event H.13 - 45 

A. burst produced i n the i r o n . 

The oscilloscope trace shows 

a pulse from s c i n t i l l a t o r A. 

A = 600 Particles 
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burst and the burst size (N), .scatter plots were produced f o r the i r o n 

and lead absorbers. These scatter plots are shown i n Figures 6,10 and 

6.11. The points were binned and t h e i r means found. A correction was 

applied, however, since f o r a certain burst size there i s a bias towards 

smaller burst widths. This arises because the p r o b a b i l i t y that an event 

i s accepted i s a function of the width of the burst. An acceptable 

event i s one i n which the whole width of the burst can be seen i n the 

f l a s h tubes, while as the burst width increases the p r o b a b i l i t y that the 

whole of the burst w i l l be contained in. the flash tubes decreases. The 

amount by which the flux w i l l be reduced i s equal to (D-d)/D, where D 

i s the width of a layer of flash tubes and d the width of the burst. 

Thus the burst width d i s t r i b u t i o n was corrected by d i v i d i n g each burst 

width c e l l by the loss factor. This i s v a l i d up to the largest burst 

sizes where very few events are accepted, and an accurate correction i s 

not possible. For this reason the few events at the largest burst sizes 

are not included i n the burst width - burst size graphs shown i n 

Figures 6.12 and 6.13. I t can be seen from these figures that the 

power law dependence predicted i n Chapter 5 holds only i n the mid-range 

of burst sizes. For comparison the results of the experiments of Coats 

(1967) f o r bursts produced i n 25 cms. of iron and predictions of the 

NKG l a t e r a l d i s t r i b u t i o n function are included i n Figure 6.12 f o r 

an iron absorber. I t can be seen from t h i s comparison that t r a n s i t i o n 

effects play an important role i n determining the l a t e r a l spread of a 

cascade. The deviation of the present experimental curves i s a t t r i b u t e d 

to the steadily changing value of the age parameter s, being less than 

one f o r large bursts and greater than one f o r small bursts. The r e s u l t i n g 

curves l i e somewhere between a power law relationship and a logarithmic 

law. I t i s i n t e r e s t i n g to note that Vatcha e t . a l . (197.3) predict a 

logarithmic dependence from the results of t h e i r Monte Carlo simulations. 

No correction has been applied to the burst size obtained to allow 

f o r cascade development i n the p l a s t i c s c i n t i l l a t o r s . I t i s predicted 



Figure 6.10 Scatter p l o t of burst width measured 
i n the f l a s h tube on the scanning 
sheet versus burst size measured i n 
s c i n t i l l a t o r A f o r bursts i n the i r o n . 
To obtain the true burst width the 
ordinate should be mult i p l i e d by 20. 

Figure 6.11 Scatter p l o t of burst width measured 
i n the f l a s h tubes on the scanning 
sheet versus burst size measured i n 
s c i n t i l l a t o r C f o r bursts i n the lead. 
To obtain the true burst width the 
ordinate should be multiplied by 20. 
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Present expt. 

J I ! 
. 10 2 

Burst size (N) 

12 Burst width (as measured on the scanning sheet) v a r i a t i o n 
with burst size (N) f o r Iron. To obtain the true burst 

w Owl 

width^the ordinate should be multiplied by 20. Curve A -
prediction f o r a pure electron photon-cascade; Curve B -
measured relationship f o r electromagnetic" cascades (Coats 
•I967); Curve C - measured relationship f o r nuclear-electro­
magnetic cascades (Coats, I967). See Figure 5.20. The 
experimental points r e f e r to the present measurements. 
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Figure 6.13 The burst width (measured on the scanning 
sheet)-burst size relationship measured 
under 15 cms. of lead. To obtain the 
true burst width the ordinate should be 
mul t i p l i e d by 20. 
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that f o r the p l a s t i c s c i n t i l l a t o r s i n use the e f f e c t w i l l overestimate 
burst sizes by approximately lC?fc, and w i l l tend to n u l l i f y the reduction 
i n electron number produced by t r a n s i t i o n effects i n passing from the 
absorber in t o an a i r gap and then into the s c i n t i l l a t o r . 

The burst size-burst width rel a t i o n s determined f o r the i r o n and 

lead absorbers should be applicable to the i n t e r p r e t a t i o n of the bursts 

observed i n the a i r shower experiment. However, i t i s possible to check 

the absolute c a l i b r a t i o n of the s c i n t i l l a t o r s and hence avoid the 

incorrect energy determination that would r e s u l t from systematic errors 

i n the burst size measurements. This i s possible by producing the burst 

spectrum of events obtained during the- present experiment and comparing 

the spectrum with that of other workers. 

6.3.2 The burst spectrum of charged p a r t i c l e s 

Too few neutral bursts were obtained during the running time of the 

experiment to produce a burst spectrum f o r them, therefore i t was necessary 

to use the charged events to produce the spectrum. This means that rather 

than measuring a single component, as would be done i f the neutral bursts 

were taken (that i s , neutrons), several d i f f e r e n t types of p a r t i c l e are 

responsible f o r the bursts. Coats (1967) has calculated the r e l a t i v e 

contributions of d i f f e r e n t p a r t i c l e s and concludes that s i g n i f i c a n t 

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

target of i r o n , above about 100 GeV he concludes that pions dominate the 

burst spectrum due to t h e i r higher i n e l a s t i c i t y . Coats measured the 

angular d i s t r i b u t i o n of charged p a r t i c l e s and neutral p a r t i c l e s , and 

assuming a cosnQ angular v a r i a t i o n of i n t e n s i t y he found n=8.7+2.1 f o r 

neutral p a r t i c l e bursts and n=3.8+1.3 for charged p a r t i c l e bursts. The 

difference i s a t t r i b u t e d to the muon contribution to the charged p a r t i c l e 

bursts, since the calculated values f o r pions and nucleons are n=8il5 

and n = 8.65 respectively. 

Now 3ince the aperture of a detector (as opposed to the geometrical 

acceptance) i s a function of n, i t i s necessary that t h i s parameter i s 



known. The method used by many workers i s that proposed by Lovati ( 1 " 3 5 4 ; -

Lovati calculates the absolute magnitude of the projected angular d i s ­

t r i b u t i o n , f o r events f a l l i n g w i t h i n the acceptance geometry of the 

detector, f o r d i f f e r e n t values of n. Thus by comparing the experimentally 

observed projected angular d i s t r i b u t i o n with those predicted f o r d i f f e r e n t 
2 

n and minimising using a X - t e s t , the best value of n and hence the 

absolute aperature of the apparatus can be obtained. An alternative 

approach i s to use the Monte Carlo technique to produce the aperture and 

projected angular d i s t r i b u t i o n that would be obtained i n the detector f o r 

d i f f e r e n t n. 

In the present experiment, an acceptable burst i n the i r o n was one 

i n which the incoming p a r t i c l e track was observed i n the flash tubes 

comprising Fla and the whole burst width v/as seen in Fib, the layer of 

fl a s h tubes located d i r e c t l y below the iron (and had passed through the 

s c i n t i l l a t o r ) . This c l e a r l y implies that the aperture i s a function 

of the l a t e r a l width of the burst. Furthermore, the angular d i s t r i b u t i o n 

of events w i l l vary as a function of burst width independently of n. 

The s i t u a t i o n i s s i m i l a r f o r bursts produced i n the lead absorber. Here 

the geometry i s defined as the two planes comprising the middle of 

s c i n t i l l a t o r C and the top layer of the f l a s h tubes i n PIa. Now since the 

l a t e r a l structure function i n the electron-photon cascade i s very steep, 

the va.st majority of electrons w i l l be contained inside a cylinder . 

of disjneter one Moliere u n i t , or less than 2 cms. f o r both the i r o n 

and lead. Hence the burst width i n the s c i n t i l l a t o r can be neglected. 

Again, however, the burst width measured i n the f l a s h tubes affects • 

the aperture. 

There are therefore several d i f f i c u l t i e s i n obtaining n:-

(a) I n order to exclude side bursts produced i n the walls of the chamber 

(baryies b r i c k ) by high energy muons, only events i n which the projected 

zenith angle v/as less than 5 0 ° were accepted. Now with i n this r e s t r i c t e d 

angular range there i s l i t t l e s e n s i t i v i t y to variations i n the exponent n 
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of the cos" Q v a r i a t i o n . I t i s necessary to look at large angles to 
obtain an accurate determination of t h i s quantity. 

(b) Since the aperture i s a function of the burst width a d i f f e r e n t 

geometry could be defined such that t h i s was not so. Thus events 

could be r e s t r i c t e d to the geometry shown i n Figure 6.14, only bursts 

of width less than d' being considered and requiring that the core of 

each burst f a l l s w i t h i n the l i m i t s defined. The method would be 

applicable when s u f f i c i e n t data was available, but t h i s cut was not 

feasible with the present data. 

(c) The angular d i s t r i b u t i o n could be grouped f o r d i f f e r e n t burst width 

ranges and n found i n t h i s way. Again, i n s u f f i c i e n t data was available 

and the r e s t r i c t e d angular range would make any results obtained i n t h i s 

way subject to large uncertainties. An added complication i s that 

since the composition changes with energy, i t i s to be expected that n 

w i l l also change slowly. 

In view of these considerations i t was decided that the absolute 

aperture of the apparatus should be obtained as a function of the burst 

width (d) f o r the value of n obtained by Coats f o r charged p a r t i c l e burst 

i n his experiment. 

The aperture was calculated using the Vaate Carlo technique. P a r t i c l 

were generated i n a random position i n the upper geometry-defining plane 

They were then given a zenith angle 0 determined randomly from a 

d i s t r i b u t i o n of the form 

1 = 1 cos ne o 

Each p a r t i c l e was also assigned a randomly chosen r o t a t i o n angle a 

r e l a t i v e to the plane of projection. From t h i s information the projected 

angle was determined. An event was then accepted i f i t crossed the 

area of the lov/er geometry-defining plane. The f r a c t i o n of events 

accepted, f ( d , n ) , a f t e r normalising the t o t a l number of events to a 

constant value of I Q i s then related to the aperture by the r e l a t i o n 
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•Figure 6 . 1 4 Scale diagram of the f r o n t of the chamber, showing 
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the core of a burst must l i e betveen,.but not i n , the 
shaded areas. 
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Aperture = f ( d , n ) . 2nk^ 

where A^ i s the area oft the upper plane. 

Apertures were calculated as a function of d f o r d i f f e r e n t n, the 

results being shown i n Figures 6 . 1 5 and 6 . 1 6 f o r bursts i n the i r o n 

and lead respectively. 

The value of n was taken to be 4 » a f t e r Coats. Figure 6 , 1 7 shows 

the predicted projected angular d i s t r i b u t i o n with n = 4 f o r three burst 

widths. 

Using the relevant curves i n Figures 6 . 1 5 and 6 . 1 6 the burst spectra 

obtained from the iron and lead absorbers were calculated. Burst widths 

and burst sizes were correlated using Figures 6 . 1 2 and 6 . 1 3 , such that the 

burst sizes determined from the s c i n t i l l a t o r s were assumed to have an 

aperture corresponding to the mean burst width shown i n these figures. 

The i n t e g r a l burst spectra obtained are shown i n Figures 6.18 and 6 J . 9 . 

Also given are the corresponding energies assuming (a) that a l l events 

are pionic, and (b) that a l l events are protonic. The energy conversions 

used are those of Figures 5 « 9 to 5 . 1 2 . 

I t can be seen that the rates are the same i n both the lead and the 

i r o n , while i f the bursts were purely pionic there should be approximately 

twice as many bursts i n the lead as i n the i r o n absorber. The apparent 

discrepancy i s interpreted as being due to the muon contamination. Since 

muons w i l l not be s i g n i f i c a n t l y attenuated i n the lead the proportion of 

muon-induced bursts i n the iron w i l l possibly be greater than i n the lead, 

even when the e f f e c t of increased cross-section i n the lead i s allowed 

f o r . I f t h i s i s so, since the angular d i s t r i b u t i o n of muons i s very f l a t 

the mean value of the exponent n w i l l decrease, producing an increase i n 

the aperture (see Figures 6 . 1 5 and 6 . 1 6 ) and consequently a higher rate 

of bursts i n the i r o n . The correctness of t h i s assumption can be v e r i f i e d 

by comparing the angular d i s t r i b u t i o n s of measured bursts below the two 

absorbers, and from Figure 6 . 2 0 i t can be seen that the d i s t r i b u t i o n in 
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Figure 6.15 The aperture of the d e t e c t o r f o r bu r s t s produced 
i n the i r o n , as a f u n c t i o n of the b u r s t w i d t h , 
Numbers by the curves represent d i f f e r e n t values 
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Figure 6.16 The aperture of the d e t e c t o r f o r b u r s t s produced 
i n the le a d , as a f u n c t i o n o f the b u r s t w i d t h . 
Numbers by the curves represent d i f f e r e n t values 
o f n, the exponent i n the assumed expression f o r 
the angular v a r i a t i o n o f i n t e n s i t y . 
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Figure 6.18 The i n t e g r a l b u r s t spectrum measured i n the i r o n . 
The pion and pro t o n energy scales represent the 
i n t e g r a l energy spectra obtained assuming a l l 
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r e s p e c t i v e l y . 



10 
8-5 
10 

100 
90 
105 

1000 Burst size (N) 
830 RON Energy IGeV) 
950 PROTON Energy (&V) 

Figure 6,19 The i n t e g r a l b u r s t spectrum measured i n the lead. 

The pion and proton energy scales represent the 
i n t e g r a l energy spectra obtained assuming a l l 
b u r s t s t o be produced by pions and protons 
r e s p e c t i v e l y . 
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the i r o n i s indeed f l a t t e r , as expected. 

6.3.3 Comparison w i t h other r e s u l t s 

The b u r s t spectrum i n lead was converted t o a d i f f e r e n t i a l energy 

spectrum i n order t h a t a comparison couldbe drawn between the r e s u l t s o f 

the present experiment and r e s u l t s obtained from other experiments, i n 

p a r t i c u l a r the r e s u l t s o f Baruch e t . a l . (l973)> who have suggested t h a t 

there may be a "knee" i n the spectrum a t an energy o f a few TeV. 

While Baruch e t . a l , have assumed the b u r s t s t o be proton-induced, 

i t was decided t h a t a more reasonable assumption i s t h a t a t high energies 

two components dominate, protons and pions, and t h a t pions w i l l be more 

important i n producing b u r s t s (Nam e t . a l . , 1971» Cowan and Matthews, "1973., 

Coats, 1967). Therefore f o r the energy conversion i t was assumed t h a t 

a l l o f the bursts were pion-induced, and f u r t h e r t h a t 53% of hadrons i n c i d e n i 

on the lead were detected. The d i f f e r e n t i a l energy spectrum obtained 

i s shown i n Figure 6.21, and i s compared w i t h two previous experiments, 

Cowan and Matthews (1971) and Baruch e t . a l . (1973). Where the sp e c t r a 

of the present experiment and t h a t obtained by Baruch e t . a l . o v e rlap there 

i s good agreement (al t h o u g h i t must be remembered t h a t Baruch e t . a l . 

have assumed, proton-induced b u r s t s ) , and the spectrum o f Cowan and Matthews 

i s also c l o s e . Thus i t was concluded t h a t the c a l i b r a t i o n o f the p l a s t i c 

s c i n t i l l a t o r s was s a t i s f a c t o r y . The energy a t which the " k i n k " r e p o r t e d 

by Baruch e t . a l . occurs has not been reached. 

6.4 Extension t o high e r energies 

Since w i t h the arrangement described above the r a t e o f hi g h energy 

events measured was very low due t o the small aperture f o r wide b u r s t s , 

the o p e r a t i o n of the f l a s h tube chamber was mod i f i e d t o a l l o w the accessible 

energy r e g i o n t o be extended. For t h i s the v a r i a t i o n o f f l a s h tube 

e f f i c i e n c y w i t h the time delay T^ was u t i l i s e d . 

I t was shown i n Chapter 2 t h a t the p r o b a b i l i t y t h a t a tube f l a s h e s 

( t h e i n t e r n a l e f f i c i e n c y ) decreases w i t h the time delay between the 
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i n i t i a l i o nisa.tion being deposited, and the high voltage pulse being 

a p p l i e d to the e l e c t r o d e s , and t h a t t h i s behaviour can be p r e d i c t e d 

by the a p p l i c a t i o n o f Lloyd's theory of e l e c t r o n d i f f u s i o n i n f l a s h tubes. 

Now since a t high energies the cascade w i d t h becomes too g r e a t , a knowledge 

of f l a s h tube behaviour a l l o w s the w i d t h of the b u r s t t o be decreased by 

a c o n t r o l l e d amount by s u b s t a n t i a l l y i n c r e a s i n g the time delay T^. 

From Figure 5«19 i t can be seen t h a t the d e n s i t y per tube decreases 

r a p i d l y w i t h d istance from the core, hence i f instead o f a l l o w i n g s i n g l e 

e l e c t r o n s t o d e f i n e the edge of a b u r s t a l a r g e r d e n s i t y were r e q u i r e d , 

the w i d t h o f the b u r s t would be reduced. Now the Lloyd parameter 

appropriate t o the t r a v e r s a l o f a f l a s h tube by a r e l a t i v i s t i c charge e 

p a r t i c l e was found t o be a^Q-^ = 9» and since the parameter i s a l i n e a r 

f u n c t i o n o f the amount o f i o n i s a t i o n produced, the value f o r t r a v e r s a l 

by say ten charge e p a r t i c l e s would be af^Q n = 90« The v a r i a t i o n o f 

i n t e r n a l e f f i c i e n c y w i t h af^Q^ a t several time delays i s shown i n 

Figure 6.22 f o r af^Q^ values i n t h i s range. For a given time delay 

i t can be seen t h a t the s e n s i t i v i t y t o d i f f e r e n t e l e c t r o n d e n s i t i e s 

(af^Q^ values) i s n o t g r e a t , t h e r e f o r e the f l a s h tube p a t t e r n should be 

d i f f u s e r a t h e r than having a w e l l - d e f i n e d edge. 

V/ith the f l a s h tube b u r s t widths thus reduced, the i n f o r m a t i o n on 

b u r s t p o s i t i o n can be used f o r d e f i n i n g the geometry w h i l e the energy 

i s measured by the pulse h e i g h t i n f o r m a t i o n from the s c i n t i l l a t o r s . 

I n i t i a l l y a time delay o f 330|iS was used, an example o f the f l a s h tube 

photograph obtained being shown i n Plate 6.4. The experiment i s c o n t i n u i n 

6.5 Conclusion 

A c a l i b r a t i o n o f the b u r s t w i d t h - b u r s t s i z e r e l a t i o n was obtained, 

the r e s u l t s o f which should be d i r e c t l y a p p l i c a b l e t o the data obtained 

i n the a i r shower experiment. I n c o n j u n c t i o n w i t h the energy-burst s i z e 

dependence c a l c u l a t e d i n Chapter 5 t h i s should be s u f f i c i e n t to determine 

the energy of the EAS b u r s t s . 



H a t e 6.4 Event H. 38 - 28 

This event shows two p a r a l l e l bur 

detected using a time delay T^ of 

330 j i S . 
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Figure 6.22 The v a r i a t i o n o f the i n t e r n a l e f f i c i e n c y o f 
f l a s h . t u b e s w i t h af^Q^ f o r l a r g e values o f 
af^Q^, a t d i f f e r e n t time delays T^. 
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I n a d d i t i o n , the v e r t i c a l charged p a r t i c l e b u r s t spectrum a t sea-
l e v e l was measured and found t o be i n agreement w i t h the spectra obtained 
by other groups. The re g i o n of immediate i n t e r e s t , i n which Baruch e t . a l . 
have found an anomalous " k i n k " i n the spectrum, was not reached. The 
op e r a t i o n o f the chamber was modified t o enable t h i s h i g h energy r e g i o n 
t o be i n v e s t i g a t e d , and the experiment w i l l continue f o r some time t o 
o b t a i n data a t these energies. 
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CHAPTER 7 

THE ENERGY SPECTRA OF NUCLEAR-ACTIVE 

PARTICLES IN EAS 

7.1 I n t r o d u c t i o n 

The hadron component o f an extensive a i r shower (EAS) determines 

the way i n which the shower as a whole develops. I n f a c t the development 

of an a i r shower i s i d e n t i c a l to the development of the n u c l e a r - e l e c t r o ­

magnetic cascade discussed i n Chapter 5 w i t h reference t o i r o n and lead 

absorbers, except t h a t since a i r i s a low d e n s i t y medium the c o m p e t i t i o n 

between i n t e r a c t i o n and decay p r o b a b i l i t i e s f o r charged pions becomes 

important, c e r t a i n l y f o r low energy pions. 

Measurements o f the hadron component provide the most d i r e c t way 

of s t u d y i n g the n u c l e a r - p h y s i c a l processes o c c u r r i n g a t these extremely 

h i g h energies, thus o b t a i n i n g i n f o r m a t i o n about t h i s component i s of 

considerable importance. I n a d d i t i o n , one of the mo3t important questions 

t o be answered w i t h regard t o the a s t r o p h y s i c a l aspects o f h i g h energy 

cosmic ray p a r t i c l e s i s - What i s the mass composition o f these high 

energy p a r t i c l e s ? The hadrons can provide a means of determ i n i n g the 

answer. 

Probably the reason why few r e l i a b l e experiments have been performed 

to study t h i s component of EAS i s the d i f f i c u l t y i n making accurate 

measurements. 

I n t h i s chapter a measurement of the charged and n e u t r a l hadron 

energy spectra w i l l be described, as measured by the f l a s h tube chamber, 

employing a l o c a l e l e c t r o n d e n s i t y d e t e c t o r t o provide the EAS t r i g g e r . 

These Measurements w i l l then be r e l a t e d to general shower c h a r a c t e r i s t i c s , 

the s i g n i f i c a n c e o f which w i l l be examined. 

\ 
\ 
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7.2 Analysis of the Data 

7.2.1 Scanning technique 

The 12,057 events photographed i n the a i r shower run designated the 

E-series and described i n s e c t i o n 2.5 were the source o f data f o r t h i s 

experiment. Table 7 . 1(a) shows the number of bursts observed i n the 

lead and i r o n , and Figure 7.1 shows the basic data on the b u r s t width 

d i s t r i b u t i o n s . Table 7 . 1(h) shows the p r o b a b i l i t y of i n c i d e n t protons 

and pions i n t e r a c t i n g i n the d i f f e r e n t p a r t s of the chamber. 

The negatives of the f i l m s were p r o j e c t e d onto a scanning t a b l e , 

the r e d u c t i o n i n scale being 20:1. The b u r s t widths were measured i n the 

f l a s h tube l a y e r s below the i r o n and lead absorbers according t o the 

d e f i n i t i o n adopted i n Chapter 5« For an event to be accepted the whole 

w i d t h of the b u r s t was required t o be contained w i t h i n the wid.th o f the 

uppermost f l a s h tube l a y e r . Only those events were measured which had 

a d e f i n a b l e w i d t h . For each event a small-scale diagram was drawn. 

7.2.2 Charge det e r m i n a t i o n 

The charge o f the p a r t i c l e i n i t i a t i n g a b u r s t i n the lead could not 

be determined, since no f l a s h tubes were located above the lead absorber. 

However, f o r b u r s t s o c c u r r i n g i n the i r o n charge i d e n t i f i c a t i o n was 

possible i n the e i g h t l a y e r s of f l a s h tubes ( F l a ) s i t u a t e d d i r e c t l y above 

the i r o n . The d e f i n i t i o n adopted f o r a b u r s t produced by a charged 

p a r t i c l e was t h a t i t must have an observable t r a c k i n F l a p a r a l l e l t o the 

b u r s t d i r e c t i o n and c o i n c i d e n t w i t h the middle of the b u r s t . A n e u t r a l 

p a r t i c l e b u r s t was defined as one f o r which the above d e f i n i t i o n of a 

charged p a r t i c l e was not s a t i s f i e d . 

Since no three-dimensional i n f o r m a t i o n was a v a i l a b l e , and hence the 

p o s i t i o n of the b u r s t i n the back plane could not be determined, i t was 

possible f o r a charged p a r t i c l e b u r s t to simulate a n e u t r a l p a r t i c l e 

b u r s t by e n t e r i n g the i r o n e i t h e r a t the extreme f r o n t or r e a r of the 

chamber where the i r o n was not completely covered by the f l a s h tubes 
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(Figure 2 . 1 ) . I t was f e l t , however, that t h i s type of event could be 

recognised and eliminated by the c h a r a c t e r i s t i c shape of the burst produced 

in t h i s way. Plate 7 *1 shows the e f f e c t . A p a r t i c l e has interacted i n the 

iron without producing a track in the upper layer of f l a s h tubes. 

However, when the burst reaches the bottom of the iron i t also misses 

the measuring la,yers of f l a s h tubes, Fib, and produces a c h a r a c t e r i s t i c 

step i n the width of the burst i n going from the recessed layers of f l a s h 

tubes of Fib to the projecting l a y e r s of F 2 where the f u l l width of the 

burst i s displayed. Thus t h i s event i s almost c e r t a i n l y not produced 

by a neutral p a r t i c l e and would be rejected by the scanning procedure. 

Edge e f f e c t events not detected by t h i s method should be rare due to the 

very peaked angular d i s t r i b u t i o n of-the hadrons about the zenith i n the 

EAS detected (measured to. vary as c o s ^ 0 - Parvaresh, private communication 

7 . 2 . 5 Energy determination and production of spectra 

The burst widths measured were converted into p a r t i c l e numbers 

using the relationship measured for unaccompanied v e r t i c a l bursts and 

described i n Chapter 6. The s c i n t i l l a t o r through which the bursts v/ere 

required to pass i n the v e r t i c a l burst experiment w i l l modify the form of 

the burst width-burst s i z e r e l a t i o n s h i p . This effect i s l i k e l y to be 
t 

small, however, since i n the experiment performed by Coats ( 1 9 & 7 ) with a 

thick iron absorber above two measuring l e v e l s of-flash tubes, a l i q u i d 

s c i n t i l l a t o r being positioned between the two layers, the difference i n 

burst width measured at the two f l a s h tube l e v e l s was small. An analogous 

effect can be seen i n the glass of the f l a s h tubes which constitutes an 

absorber not too d i s s i m i l a r from the p l a s t i c s c i n t i l l a t o r , where once, the 

burst has reached shower maximum the width of the burst i s almost constant. 

Hence the conversion to burst s i z e was made d i r e c t l y . 

To convert the burst s i z e obtained to an energy i t was f i r s t necessary 

to assume an ident i t y for the incident p a r t i c l e s . Thus a l l bursts produced 

i n the lead were taken to be pion-induced while in the iron charged 

bursts were assumed to be pion-induced and netitral p a r t i c l e bursts were 



Plate 7.1 Event E 28 - 68 

An edge e f f e c t event, simulating 

a neutral p a r t i c l e burst. The 

vidth of the burst increases 

immediately on passing from Fib 

to 72, 
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treated as neutrons (neutral kaons were neglected). With these assumption, 

i t was possible to use the energy conversions calculated in Chapter 5 

and hence produce the energy spectrum of a l l nuclear-active p a r t i c l e s 

producing bursts i n the lead and the spectra of charged and neutral 

p a r t i c l e s producing bursts in the iron. Examples of the d i f f e r e n t c l a s s e s 

of burst are shown i n Plates 7.2 to 7 . 5 . 

7 . 3 Results 

7 . 3 « 1 Corrections to the neutral p a r t i c l e energy spectrum 

The neutral p a r t i c l e spectrum measured w i l l be an underestimate of 

the true spectrum due to losses caused by m i s - i d e n t i f i c a t i o n of a neutral 

burst (burst induced by a neutral p a r t i c l e ) as a charged burst. This 

a r i s e s when the density of penetrating charged p a r t i c l e s becomes such 

that there i s a s i g n i f i c a n t probability that there w i l l be an unassociated 

charged p a r t i c l e track i n the f l a s h tubes d i r e c t l y above the neutral 

burst and with approximately the same di r e c t i o n . When t h i s occurs the 

burst w i l l be wrongly i d e n t i f i e d as due to a charged p a r t i c l e . 

An attempt was made to estimate the magnitude of this e f f e c t t 

Charged bursts were scanned for t h i s purpose. The procedure adopted 

was to ignore the charged p a r t i c l e track, i n the f l a s h tubes of F l a which 

had been taken to be the i n i t i a t o r of the burst, and then to see whether 

there was another p a r t i c l e track i n F l a which could have been i d e n t i f i e d 

as the parent p a r t i c l e . The f r a c t i o n of events with t h i s ambiguous origin 

was then estimated as a function of energy. The r e s u l t i s shown i n 

Figure 7.2. I t can be seen that the e f f e c t increases with increasing 

energy, consistent with the f a c t that the mean energy of the hadrons 

increases at small distances from the core, where the p a r t i c l e density 

i s higher. 

Thus t h i s correction can be applied to the neutral p a r t i c l e spectrum 

i f i t i s assumed that the losses at each energy are those given by Figure 

The a.ssumption made here i s that the l a t e r a l structure functions of neutron 



Plate 7.2 Event E 23 - 144 

A charged p a r t i c l e burst 

produced i n the iron. 

N=135 part ic les 

E=88GeV 





Plate 7.5 Event E 25 - 65 

A burst produced in the iron by 

a neutral p a r t i c l e . 

N=5£ part ic les 

E = 3 3 0eV 
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Plate 7 . 4 Event E 25 - 1 4 4 

A burst produced i n the lead 

and penetrating- the iron. 

N = 250 part ic les 

E =215 Gev 
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Plate 7.5 Event E 5 - 21 

An example of an event in which 

three d i s t i n c t cascades can be 

seen. 
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and charged pions are the same at a given energy i n a p a r t i c u l a r shower. 

Now t h i s i s obviously an approximation. The l a t e r a l structure function 

of neutrons and i t s energy dependence i s an unknown parameter. 

Theoretically, the shape of this function depends on the model of high 

energy interactions adopted. For the CKP theory, i n which the surviving 

nucleon (neutral charge probability about one-half) i s the only nucleon 

in the shower, the probability of observing the nucleon a s i g n i f i c a n t 

distance outside the core w i l l be very low, producing a steep structure 

function. Baryon-antibaryon production w i l l produce a greater l a t e r a l 

spread, but the energy of the neutrons and antineutrons produced by t h i s 

mechanism w i l l be predominantly low energy (Jabs, 1967). I t i s thus 

f e l t that applying the correction factor estimated from Figure. 7.2 to 

the neutral p a r t i c l e spectrum w i l l probably lead to an underestimate 

of the spectrum by perhaps some tens of percent, I t .is also possible 

that the shape of the spectrum could be altered. The corrected spectrum 

should therefore be considered as a lower l i m i t , 

7.3.2 The energy spectra 

Figures 7.3 and 7.4 show respectively the d i f f e r e n t i a l and integral 

forms of the energy spectra obtained in the present experiment- Three 

spectra are presented: the energy spectrum of al'J. bursts produced in the 

lead, the spectrum of charged bursts produced in. the iron and the spectrum 

of neutral bursts produced i n the iron. A l l spectra have been corrected 

for the energy dependence of the aperture due to the reduced probability 

of an event being accepted as the burst width increases, and represent the 

tot a l number of hadrons f a l l i n g on (and interacting in) the detector, 

independent of burst width. The integral spectra of bursts i n the lead 

and charged bursts i n the iron can be represented by a power law of 

constant exponent above about 200 GeV, the value of the exponent being 

-1.05;h0.10. The spectrum of the neutral p a r t i c l e s appears to be some­

what steeper than t h i s . The significance of this w i l l be discussed 

l a t e r . 
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Figure 7.2 The fracti o n of charged bursts for 
which the parent track in F l a could not be 
uniquely defined, expressed as a function 
of energy. 
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Figure 7 o D i f f e r e n t i a l energy spectra of hadrpns in regions 
-2 

of EAS with Ae = 40 m observed in a .running time 
of 2570 hours. A l l spectra have been corrected for 
aperture e f f e c t s and represent the flux f a l l i n g on 

2 
a detector of area 1.7x1.15 m . £ = bursts i n the 
lead., ij> = charged bursts in the iron, and = 
neutral bursts i n the iron. The dashed l i n e indicates •the corrected neutral spectrum. 
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Figure 7.4 Integral energy spectra of hadrons i n EAS with 
-2 

Ae =40 m observed i n a running time of 2570 
hours f o r a detector of t o t a l sensitive area 1 .7x1.151 

. ro". © = bursts i n the lead, ijb = charged bursts i n 
the i r o n , and £ = neutral bursts i n the i r o n . The 
dashed l i n e indicates the corrected neutral spectrum. 
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The e f f e c t of f o l d i n g the d i s t r i b u t i o n of burst size ( f o r an 
incident p a r t i c l e of a given energy) i n t o the energy spectrum has been 
investigated using the d i s t r i b u t i o n s generated by the Monte Carlo 
program described i n Chapter 5« I t was found that the e f f e c t was 
minimal. Fluctuations i n burst width were not considered separately 
since the high degree of c o r r e l a t i o n e x i s t i n g between the fluctuations 
in burst width and those i n burst size renders t h i s unnecessary. 
7 . 5 » 3 Comparison of the bursts produced i n the lead and iron 

absorbers 

The r e l a t i v e frequency of bursts i n the two absorbers provides 

information about the contribution to the burst spectra by muon-induced 

bursts. Assuming the bursts to be a l l pion-induced, the r a t i o of the 

number of bursts i n the iron to the number i n the lead should be 0 ,45 , 

Figure 7.5 shows t h i s r a t i o as a function of energy. V/hile there appea.rs 

to be some systematic v a r i a t i o n , the points mostly l i e within a standard 

deviation of the expected value. Any systematic v a r i a t i o n can be attributed 

to effects of the energy conversions used, which were t o t a l l y independent 

f o r the two absorbers. There i s no evidence for s i g n i f i c a n t muon 

contamination, which would be expected to produce a d i f f e r e n t r a t i o , 

caused not by attenuation of the muons i n the lead but by the d i f f e r e n t 

i n t e r a c t i o n p r o b a b i l i t i e s i n lead and i r o n . 

7.5•4 Bursts produced i n the f l a s h tubes. 

Additional experimental evidence against the presence of a large 

muon contamination i s afforded by a measurement of the i n t e r a c t i o n length 

of p a r t i c l e s producing bursts i n the glass of the flash tubes. The 

t o t a l amount of absorber represented by the flash tubes i n F2+F3 (see 
—2 

Figure 2 . 1 ) i n the v e r t i c a l d i r e c t i o n i s 91•5 g«cm . By measuring 

the v a r i a t i o n of the frequency of interactions with depth i n the f l a s h 

tubes the int e r a c t i o n length can be determined. This has been carried 

out by Nasri and Parvaresh (1974• private communication). Acceptable 

events were those which had traversed both the iron and lead absorbers, 
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the track being v i s i b l e i n the flash tubes of Fla and Fib. Measurements 

were made on bursts occurring i n F2 and F3. The correction f o r aperture 

was made a f t e r the method of Lovati (1954)i the value of n found being 

10 (where n i s the exponent i n the cos"© angular d i s t r i b u t i o n assumed). 

The results are shown i n Figure 7.6. F i t t i n g an exponential to the 
2 

points and minimising using the X - t e s t , the int e r a c t i o n length was found 
-2 -2 to be 119+44 g.cm , and i s consistent with the value of 1J0 g.cm 

calculated from the paper of Alexander and Y e k u t i e l l i (1961). For neutral 

p a r t i c l e s the same analysis procedure cannot be carried out since the 

di r e c t i o n of the i n t e r a c t i n g p a r t i c l e cannot be accurately defined. 

Hence the data presented i n Figure 7«7 i s uncorrected f o r aperture 

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

of the int e r a c t i o n length of neutral p a r t i c l e s from t h i s data i s 115 G.crn 

subject to large errors, to be compared with a predicted value of 102g.cm 

fo r neutrons. 

Since the interaction length of the charged p a r t i c l e s i s consistent 

with them being pions, i t i s concluded that muons (with a much longer 

mean free path) do not contribute greatly to the production of the 

bursts i n the glass. I t should be remembered, however, that the proba.b-
2 

i l i t y of a muon in t e r a c t i n g i s approximately proportional to E. /A, hence 

the r e l a t i v e contribution i n the lead and iron absorbers w i l l be greater 

than that i n the glass. This should be largely compensated f o r , though, 

since the charged p a r t i c l e s are required to have passed through 15 cms. 

of i r o n and 15 cms. of lead before i n t e r a c t i n g i n the flash tubes, thus 

reducing the pion contribution by about 75/o and e f f e c t i v e l y enhancing 

the muon contribution. Thus a measurement of the in t e r a c t i o n length 

i n the flash tubes i s relevant to the consideration of the muon burst 

contamination i n the lead and ir o n absorbers. Examples of charged and 

neutral bursts are shown i n Plates 7.6 and 7.7. 

7.4 Betermination of a i r shower characteristics 
7.4.1 Introduction 

The energy spectra measured i n the flash tube chamber with a loc a l 



r i a t e 7.6 Event E 4 - 100 

An example of a burst produced 

when a charged p a r t i c l e interacts 

i n the glass of a flash tube. 





Plate 7.7 Event E 69 - 76 

An example of a burst produced 

when a neutral p a r t i c l e interacts 

i n the glass of a flash tube. 
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Figure 7.6 
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Deplh of interaction in f lash tubes (cms) 

The int e r a c t i o n length of charged p a r t i c l e s i n the flash 
tubes. X = 119 + 44 g.cm . 
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Figure 7.7 The inte r a c t i o n length of neutral p a r t i c l e s i n the flash 
tubes. X •- 115 g.cm. . 
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density t r i g g e r must be rela.tod to the overall charactex-istics of EAS 

before any attempt to in t e r p r e t the data i s made. As can be seen from 

Figures 2.13 and 2.14, the type of EAS tr i g g e r used introduces a bias 

i n t o the measurements. Rather than obtaining a measurement of a l l 

hadrons i n an a i r shower f o r d i f f e r e n t shower sizes, the tr i g g e r provides 

selective information over a range of shower sizes and core distances. 

This information cannot immediately be unfolded from the results since 

f o r individual events no information wa.s available on shower size or the 

distance of the detector from the shower core. Therefore a.n i n d i r e c t 

method must be used, 

7.4«2 Parameterisation of the data • 

To relate the data obtained using the flash tube chamber (with a 

local electron density t r i g g e r of Ae =40m ) to mean shower characteristics 

i t i s necessary to know how the density of hadrons i n a shower depends on 

hadron energy, core distance and the size of the shower. As t h i s inform­

ation was not available i n the present experiment i t was necessary to 

adopt a general expression describing hadrons i n EAS which, could then 

be modified to f i t - the present data. 

For t h i s purpose the results of Kameda et. a l . ( l 9 6 5 ) were used, 

Kameda e t . a l . studied hadrons of energy greater than 100 GeV i n EAS of 

size 4.10^-4.10^, using a multiplate cloud chamber situated i n an a i r 

shower array at sea-level. By combining the information obtained from 

t h e i r detector with the information on shower size and core distance 

obtained from the a i r shower array, they were able to produce an 

empirical expression describing the hadrons in a form suitable f o r use 

i n the present application. 

The expression they give i s f o r the density of nuclea.r active 

pa r t i c l e s of energy (E,E+dE) at a distance (r,r+dr) from the axis of 

a shower of size (N/10^) p a r t i c l e s , and i s 

n(E,r,N)dE dr = 0.35 N 0* 5 5 E - 1* 2 e x p ( - r / r Q ) dEdr 



. 0 . ..0.32..-0.25 where r = 2.4 N E o 
and E i s i n units of 100 GeV and r i n metres. 

This, however, i s not consistent with a statement in the text of the 

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

with energy greater than 100 GeV was found to be 

1.0+0.15 
n ( >100 GeV) = ( - ^ j 

where C i s given as 7.2+1.5. 

Assuming t h i s l a t t e r statement to be correct, the Kameda expression 

was modified to f i t t h i s value, the expression obtained being 

n(E,r,N) = 0.14 N°* 3 5E~ 1 , 2exp(-r/r o) n f 2 (100 GeV) - 1 

. „ . ,,0.32 T-,-0.25 where r = 2,4 H . E o 
and E i s i n units of 100 GeV and r i n metres. 

This represents the density of hadrons per square metre with 

energy(E,E + dE) at a core distance r i n a shower of size (N/l0^). 

For ease of calculation i n the present application, the units were co 

verted, such that ¥. i s the shower size i n units of single p a r t i c l e s ana 

E i s i n GeV. The r e s u l t i n g expression f o r • the hadron density i s 

A(E,r,N) = 6.26.10~ 3N°'55 E- 1 , 2 expC-r/r^m^GeV-1 

where r =0.19 N ° ' 5 2 E ~ 0 , 2 5 

o 
'When integrated over a l l core distances, f o r a p a r t i c u l a r shower 

size the exponent of the energy spectrum of hadrons i s obtained from 

t h i s equation to be ~0.75» to be compared with (negative) values of 

1.0 - 1.2 found by most other workers (Chatterjee e t . a l . , 19^0, Fritze 

e t . a l . , 1969, Tanahashi, 1965 and Bohm e t . a l . , 1968). 

.While the N-dependence of the r e l a t i o n cannot be checked i n the 

present experiment, nor the value of the parameter r , the overall energy 

dependence can be. Thus, assuming the N-dependence and r Q to be 
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correct, a two-parameter f i t to the data obtained i n the present 

experiment was attempted. For thi s purpose, a parameterisation of the 

following form was adopted:-

A(E,r,N) = A N 0 , 5 5 E~ a e x p ( - r / r Q ) n f 2 GeV-1 

0 3? —0 25 

where = 0.19 N ~ E * , where r i s i n metres and energy in GeV. 

To evaluate A and a appropriate to the present experiment the 

following i n t e g r a l was solved. 
r N 
max max 

r(E, Ae = 40)dE = J J 2nr. A(E,r,N).R(N)dEdNdr 
r=0 n=N . 

mm where R(N) i s the rate of showers of size N, N . i s the minimum v ' ' mm 
shower size at a core distance r which can produce a loc a l electron 
density of = Ae, and N i s an a r b i t r a r i l y large shower size, taken 

max ' 
9 

to be 5*10 f o r the present calculations. The value of r was taken 
max 

to be 50 metres, beyond which the number of energetic hadrons was 

assumed to f a l l to zero. The number spectrum of EAS used was a derived 

d i f f e r e n t i a l form of the i n t e g r a l spectrum given by H i l l a s (1970), and 

was taken to be 

R(N)dK = 78.26N" 2 , 5dN cm" 2sec~ 1st~ 1 N<5.10' 

R(N)dN = 5.56l0 4N~ 5 , 0dH c!n~2sec1 s t - 1 5.105<N<3.107 

H(N)dN = 10.17 N"2,5dH cm" ̂ e c ^ s t - 1 ?.107<N<5.109 

The integrations were performed f o r a series of values of the 

exponent a, the slope of the energy spectrum which would be obtained 

with the l o c a l electron density t r i g g e r Ae =40 m being evaluated f o r 

each value of a. I t was found that a v:J.ue 0t= 1.7+0.1 would produce 

an energy spectrum measured with t h i s t r i g g e r of 1.05+0.1, the value 

measured i n the present experiment. For thi s value of a the constant 

A v/as calculated to be 0.252, the value required f o r the expression to 

predict the number of hadrons, with energy greater than 200 GeV f a l l i n g 
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2 on the 1.7x1.51m area of the flash tube chamber i n a running time of 
2570 hours, to be 600. This number was obtained from Figure 7.4 by adding 
the t o t a l number of bursts observed i n the iron to the number i n the 
lead and correcting f o r the f r a c t i o n of hadrons which w i l l traverse both 
absorbers without i n t e r a c t i n g (assuming a 100?o pion co n t r i b u t i o n ) . 
Other losses were assumed to be small. The value of the exponent of the 
hadron angular d i s t r i b u t i o n i n the showers was taken to be n = 10 
(Parvaresh, 1974 - private communication). 

Thus the expression obtained, normalised to the data of the present 

experiment, gives the density of hadrons of energy E GeV a distance r 

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

(E,r,H) = 0.252 N 0" 5 5 E"1'' exp(-r/r o)m~ 2GeV - 1 

where r = 0 . 1 9 N 0" 5 2 E~ 0 , 2 5. 
o 

Integrating t h i s expression over core distance gives the energy 

spectrum of hadrons i n a shower of size N, the value of the exponent 

being 1 . 2 + 0 . 1 , i n good agreement with the references quoted e a r l i e r 

i n t h i s section, and also with the predictions of Thielheim and 

Beiersdorf (1969)1 Bradt and Rappaport (1967) and Greider ( 1970) . 

I t should be noted that the exponent of the energy spectrum measured 

with the l o c a l electron density t r i g g e r ( 1 . 0 5 ) i s not very d i f f e r e n t 

from the value per shower of 1 .2. 

From the above expression the t o t a l number of hadrons of energy 

greater than 200 GeV per shower has been determined f o r the mean shower 

size observed i n t h i s experiment, 2.10 , to be 16, Figure 7.8 shows t h i s 

value and compares i t with results obtained a t sea-level from other 

experiments and from various predictions. These predictions w i l l be 

discussed i n greater d e t a i l i n section 7 . 5 . 2 . 

7 .4 .3 Muon contamination 

In sections 7 .3 .3 and 7.3*4 i t was concluded that the muon 



T T 
© Present work (Expt.) 

Karneda e t .a l . (1965J (Expt.) 
Compilation of exptal. 
data (after Tanahashi) 
Ueda & McCusker (1962b) (Theor.) 
Cowsik (1965) (Theor 
Greider (1970) (Theor.) 

1. I D F B " model 
2. S F B " model 

A Thielheim & Beiersdorf (1969l(Theo.| 
X Motano e t .a l . (19591 (Expt 
R Bradt & Rappaport 
y (1967) (Theor.) 

/ 
/ 

10* 10' 10* 10 c 10 

SHOWER SIZE Ne 

.gure 7.8 The number of hadrons, i n a shower of s i z e Ne, with energy 
>200 GeV. The point obtained i n the present experiment has 
been e v a l u a t e d a t the mean shower s i z e obtained i n the 
experiment (2.10 ). The c o m p i l a t i o n of ex p e r i m e n t a l • d a t a 
by Tanahashi i s taken from G r e i d e r (J.970). The data of 
Katano et.al. ( 1 9 & 9 ) has been e x t r a p o l a t e d . 
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c o n t r i b u t i o n to the b u r s t spectrum would not be l a r g e , from c o n s i d e r a t i o n s 
of the r a t i o of b u r s t s o c c u r r i n g i n the lead to those o c c u r r i n g i n the 
i r o n absorber, and a l s o from a measurement of the i n t e r a c t i o n l e n g t h 
of b u r s t - p r o d u c i n g p a r t i c l e s i n the g l a s s of the f l a s h tubes. A more 
d i r e c t attempt can, however, be made to p r e d i c t the c o n t r i b u t i o n q u a n t i t ­
a t i v e l y . 

The energy spectrum of muons above the f l a s h tube chamber det e c t e d 

with the t r i g g e r employed i n the present exper-iment was c a l c u l a t e d i n 

much the same way as was the hadron spectrum. The p a r a m e t e r i s a t i o n 

used was t h a t of G r e i s e n (Bennett e t . a l . , 1962), and g i v e s the d e n s i t y 

of muons as 

_ n 7 t - 0.75 O . l / l r 0 * 5 7 

P,(>E,r,N)dr = fjty 
^ ( l + r / 3 2 0 ) 2 , 5 VLO^ ^E+50 / V E + 2 y 

where r i s i n metres and the energy E i n GeV. 

T h i s e m p i r i c a l formula was d e r i v e d f o r the shower s i z e ' range 

a p p r o p r i a t e to the pr e s e n t experiment, but was evaluated, from d a t a f o r 

muons of energy only up to 10 GeV. The l a r g e e x t r a p o l a t i o n made here 

i s j u s t i f i e d i n th a t the formula i s not i n c o n s i s t e n t w i t h the da t a 

p r e s e n t l y a v a i l a b l e a t s m a l l core d i s t a n c e s ( G o o r e v i t c h and Peak, 1973 1 

B a r n a v e l l i e t . a l . , 19&5)* a™3 should be c o r r e c t to w i t h i n the accurac y 

r e q u i r e d i n the present c a l c u l a t i o n . G r e i d e r (1970) compares the 

r e s u l t s of Monte C a r l o s i m u l a t i o n s w i t h G r e i s e n ' s e x p r e s s i o n , c o n c l u d i n g 

t h a t the l i m i t of r e l i a b i l i t y o f the G r e i s e n formula i s a t about lO^GeV. 

The conversion from a niuon energy spectrum to a b u r s t spectrum has 

been performed f o r the i r o n absorber, n e g l e c t i n g the l e a d above the i r o n . 

R e s u l t s of c a l c u l a t i o n s c a r r i e d out by Hansen ( l 974» p r i v a t e communication), 

p r e d i c t i n g b u r s t p r o b a b i l i t i e s below a t h i c k i r o n absorber as a f u n c t i o n 

of muon energy, have been used f o r the conv e r s i o n . F o r a s u f f i c i e n t l y 

t h i c k absoirber the b u r s t s i z e d i s t r i b u t i o n produced by muons w i l l be 

almost independent of the t h i c k n e s s up to some l i m i t i n g energy, due to 
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the g r e a t a b s o r p t i o n l e n g t h of muoris. The l i m i t i n g energy i s determined 
approximately by the maximum energy cascade which can develop to shower 
maximum i n the whole depth of the absorber. The 8.19 r a d i a t i o n l e n g t h s 
of i r o n i n the f l a s h tube chamber can be seen from the t r a n s i t i o n c u r v es 
of Ivanenko and Samosudov ( F i g u r e 5»3) to be s u f f i c i e n t up to about 
1 TeV, thus the r e s u l t s of c a l c u l a t i o n s c a r r i e d out f o r a very t h i c k 
i r o n absorber should be a p p l i c a b l e . A f t e r e v a l u a t i n g the d e t a i l e d c r o s s -
s e c t i o n s f o r the r e l e v a n t p r o c e s s e s (knock-on e l e c t r o n production, 
bremstrahlung, d i r e c t p a i r p r o d u c t i o n and photo-nuclear production -
see Hansen, 1974 f o r d e t a i l s of c r o s s - s e c t i o n s u s e d ) , Hansen s o l v e s the 
i n t e g r a l 

0 (E.N)dN = J $ (E,N,t) 9 E ' ( H i t ) d M t 

t 

where 0(E,N,t) i s the p r o b a b i l i t y t h a t a muon of energy E w i l l produce 

a b u r s t of s i z e K below the i r o n absorber, i n i t i a t e d by an energy t r a n s f e r 

E* to a photon or e l e c t r o n a d i s t a n c e t from the bottom of the absorber 

(the cascade curves of Ivenenko and Samosudov (19^7) were u s e d ) . 

The r e s u l t s of these c a l c u l a t i o n s were made a v a i l a b l e as p r o b a b i l i t y 

d i s t r i b u t i o n s f o r a inuon of energy E to produce a b u r s t s i z e below the 

absorber of R p a r t i c l e s . These d i s t r i b u t i o n s were then f o l d e d i n t o the 

energy spectrum o f muons p r e d i c t e d above, a l l o w i n g the c o n t r i b u t i o n 

to the b u r s t spectrum obtained i n the pr e s e n t experiment to be e v a l u a t e d . 

The r e s u l t s a r e shown i n F i g u r e 7.9' I t can be seen t h a t muon contam­

i n a t i o n i s sm a l l and can be n e g l e c t e d . 

7.5 I n t e r p r e t a t i o n of the r e s u l t s 

7.5.1 I n t r o d u c t i o n 

The number of hadrons with energy g r e a t e r tban 200 GeV i n a shower 

of s i z e N was determined i n se.ction 7*4 = 2 from the r e s u l t s of the p r e s e n t 

experiment, and i s shown i n F i g u r e 7.8. I t can ibe seen t h a t t h i s i s 

s l i g h t l y h i g h e r than most oth e r experiments have found, but could be due 
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t o the way i n which the Kameda expression was modified t o f i t present 
data. I n p a r t i c u l a r there i s some evidence t h a t the N-dependence 
found by Kameda e t . a l . i s i n c o r r e c t , l e a d i n g to an e r r o r when a two-
parameter f i t o f the type adopted i n the present work i s u t i l i s e d . 

Models of the nuclear i n t e r a c t i o n s of nucleons can, i n general, 

be d i v i d e d i n t o three main groups. F i r s t i s the CKP model discussed 

i n e a r l i e r chapters, which envisages f i r e b a l l p r o d u c t i o n (two-centre) 

as the source of thepions (Cocconi, 1965). An extension t o t h i s theory 

i s the i n c l u s i o n o f isob a r production (Pal and Peters, 1964), i n which 

the nucleon ( l e a d i n g p a r t i c l e ) emerges from the i n t e r a c t i o n w i t h a 

c e r t a i n p r o b a b i l i t y of being i n an e x c i t e d s t a t e . This then decays 

t o the ground s t a t e e m i t t i n g pions. The f r a c t i o n o f energy going i n t o 

i sobar e x c i t a t i o n and i n t o f i r e b a l l production i s u s u a l l y a f r e e parameter 

i n i n t e r a c t i o n models. While the pi o n m u l t i p l i c i t y increases as 

i n the CKP model, isobar production produces a str o n g e r dependence o f 

the form E 1/ 2. 

At high energies there appears t o be an a d d i t i o n a l process o c c u r r i n g , 

t h a t of baryon-antibaryon (NN) production ( B e r t i n , 1972). Thus the 

f i r e b a l l emits not only pions (and kaons) b u t also nucleons and a n t i -

nucleons. This mechanism has been incorporated i n t o s e v e r a l models, 

u s u a l l y by i n c l u d i n g an energy dependent term which w i l l s a t u r a t e a t very 

high energies a t a l e v e l o f about 15% o f the t o t a l secondary energy. 

7.5•2 T o t a l numbers of hadrons i n a shower 

Pr e d i c t i o n s o f several models are shown i n Figure 7.8 f o r comparison 

w i t h experiment. The Monte Carlo c a l c u l a t i o n s of Theilheim and 

Beie r s d o r f (1969) Bradt and Rappaport (19&7) do not i n c l u d e KM 

production, whereas a l l o t h e r models shown do. The p r e d i c t i o n s o f f o u r 

models of Bradt and Rappaport are shown, r e p r e s e n t i n g two centre and 

isobar production f o r protons and i r o n n u c l e i . There i s l i t t l e s e n s i t i v i t y 

t o these d i f f e r e n t models. Thielheim and B o i e r s d o r f f i n d a s i m i l a r 

lack of r e s o l u t i o n f o r the mass o f the primary cosmic ray p a r t i c l e s , 
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although a t high energies conservation of energy produces a steepening 

o f the energy spectrum of hadrons f o r high -A showers (A i s the mass 

number). Two models are shown fro:n the Monte Carlo c a l c u l a t i o n s o f 

Greider (1970); the s i n g l e f i r e b a l l model and the intermediate double 

f i r e b a l l model. Both i n c l u d e NN production. 

Numerical c a l c u l a t i o n s which include the e f f e c t s of NN production 

have been c a r r i e d out by .Uedaand McCusker (l962a,b) and by Cowsik (1965), 

These, however, produce considerably higher hadron numbers than the 

Monte Carlo c a l c u l a t i o n s , and i n the c a l c u l a t i o n s of Cowsik i n p a r t i c u l a r 

the nucleons dominate the hadron spectrum a t a l l energies. This i s 

perhaps unexpected, since NN production would be expected, t o enhance 

mainly the low energy p a r t of the spectrum (Jabs, 1968, Greider, 1970). 

I t appears t h a t these numerical c a l c u l a t i o n s may overestimate hadron 

numbers, 

Nost o f the t h e o r e t i c a l p r e d i c t i o n s are given i n terms o f the primary 

p a r t i c l e energy, r a t h e r than shower s i z e , hence the conversion t o shower 

size had been made assuming 10 GeV per electron. (Grieder, 1970). This, 

however, i s an o v e r s i m p l i f i c a t i o n . 

I t can be seen t h a t there i s l i t t l e s e n s i t i v i t y to thu d i f f e r e n t 

i n t e r a c t i o n models i n the t o t a l number o f NAP's, although Greider concludes 

t h a t the double f i r e b a l l model (which shows an E^"^ m u l t i p l i c i t y dependence 

i s une.ble t o produce s u f f i c i e n t p a r t i c l e numbers i n the smaller a i r 

showers, due to the f r a c t i o n o f the energy going i n t o heavy p a r t i c l e 

p r o d u c t i o n . What i s important i s t h a t the r e l a t i v e c o n t r i b u t i o n s o f 

nucleons and charged pions changes s i g n i f i c a n t l y , depending on whether 

or not baryon-antibaryon production i s included. 

should be noted t h a t another parameter open to i n v e s t i g a t i o n i s 

the t:.me delay spectrum of hadrons i n EAS. For hadrons of a given energy, 

the time delay d i s t r i b u t i o n w i l l depend on the types o f p a r t i c l e present 

and t h e i r mode of production. While .Tonwar and Sreekantan . (197-1) 

i n t e r p r e t t h e i r r e s u l t s i n terms of an i s o b a r - p i o n i s a t i o n model, Greider 



(1970) concludes t h a t the time delay spectrum i s not very s e n s i t i v e to 

h i s d i f f e r e n t models although i t i 3 u s e f u l i n the c l a s s i f i c a t i o n o f 

p a r t i c l e type. 

7.5•3 The r a t i o o f charged t o n e u t r a l hadrons 

As mentioned above, the r a t i o o f the t o t a l number o f nucleons 

(and a n t i n u c l e o n s ) to charged pions i n a shower depends on the nuclear 

i n t e r a c t i o n model. This r a t i o can be broken down i n t o the number o f 

n e u t r a l hadrons (neutrons and a n t i n e u t r o n s - kaons being neglected) to 

the number o f charged hadrons (pi o n s , protons and a n t i p r o t o n s ) present 

i n a shower. 

Using the data o f Figure 7-3 the charge t o n e u t r a l r a t i o obtained 

i n the present experiment was evaluated as a f u n c t i o n o f energy, and i s 

shown i n Figure 7.10. I t can be seen t h a t the r a t i o increases from 

about 4«5sl a t low energies to —12:1 a t energies of — 200 GeV, although 

the e r r o r s on these values are l a r g e . This i s i n disagreement w i t h the 

r e s u l t s o f other experiments (Vatcha and Sreekanxan , 1973a and Kameda . 

e t . a l . , 1965). Kameda e t . a l . f i n d a charge to n e u t r a l r a t i o i n showers 

a t s e a - l e v e l o f s i z e 4.10^ - 4.10^ (independent of shower s i z e ) o f 

4«5 + 0.5 f o r a l l events, changing from 6 + 1 a t energies l e s s than 

500 GeV t o 2.5 + i * c above 500 GeV and 1.5 + 0.5 above 1000 GeV. Vatcha — 0.5 — 
and Sreekantan ( a t 800 g.crn. - ) f i n d a shower size dependence, being 

6.2 + 1.3 f o r hadrons of energies g r e a t e r than 25 GeV i n showers of 
5 

s i z e l e s s than 3.2.10 , and 3.1 + 0.5 f o r hadrons of energy g r e a t e r than 
5 6 

25 GeV i n showers of s i z e 3-2.10 - 1.8.10 . For a l l shower sizes the 

r a t i o f a l l s from 5»2 + 1.7 f o r hadrons of energy 10 - 25 GeV to 1.1 + 0.5 

f o r energies >200 GeV, a somewhat f a s t e r f a l l than t h a t found by Kameda 

e t . a l . While the discrepancy between these r e s u l t s and those obtained 

i n the present experiment can be explained by assuming a steep l a t e r a l 

s t r u c t u r e f u n c t i o n f o r the high energy n e u t r a l p a r t i c l e s (as discussed 

i n s e c t i o n 7»3«l)» l e a d i n g t o an underestimate of the absolute number 

of these high energy p a r t i c l e s , i t i s i n t e r e s t i n g to note t h a t the model 
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o f Greider (1970) shows the same trend, as t h a t observed i n t h i s 

experiment •- an increase i n the r a t i o w i t h i n c r e a s i n g energy. The charge 
7 

to n e u t r a l r a t i o has been deduced from Greider's s i m u l a t i o n of a 10 GeV 

shower f o r the IDFB model. This p r e d i c t s t h a t the r a t i o f o r hadrons of 

energy g r e a t e r than 10 GeV i s ~ 6.4, i n c r e a s i n g to ~ 13.6 f o r hadron 

energies g r e a t e r than 1000 GeV. Since NN production p r i n c i p a l l y enhances 

the numbers of low energy ha.drons (Jabs, 1968), t h i s i s not unexpected. 

The model produced by Vatcha and Sreekantan . (1973c), however, produces 

the opposite t r e n d . This model, though, while i n c l u d i n g NN product i o n 

has some r a t h e r novel f e a t u r e s ; f o r example, pion c o l l i s i o n s are assumed 

t o be p a r t i a l l y ' i n e l a s t i c and the i n t e r a c t i o n l e n g t h of pions e x h i b i t s 
_2 

an energy dependence, decreasing from 130 g.cm a t energies l e s s than 

10^eV t o 70 g.cm 2 a t energies above 2.10^ eV. This l a t t e r e f f e c t 

w i l l tend to degrade the pion spectrum more q u i c k l y . C l e a r l y t h i s i s an 

area which r e q u i r e s d e t a i l e d i n v e s t i g a t i o n . 

One f a c t t h a t does emerge from the r e s u l t s shown i n Figure 7«10 

i s the low value of the r a t i o . Assuming the primary p a r t i c l e s to be 

protons, Vatcha and. Sreekantan (1973b) show t h a t s i g n i f i c a n t NN production 

i s necessary t o produce a charge to n e u t r a l r a t i o o f t h i s order. Even 

w i t h 100j£ i r o n p r i m a r i e s , they conclude t h a t NN production i s necessary. 
7.6 Conclusions 

The energy spectra of charged a.nd n e u t r a l hadrons i n EAS o f mean 
5 

s i z e 2.10 have been obtained by the technique of measuring b u r s t widths 

below t h i c k i r o n and lead absorbers. The charged energy spectrum was 

r e l a t e d t o o v e r a l l shower c h a r a c t e r i s t i c s by adopting a parameterisation 

of the form obtained by Kameda e t . a l . (1965). 

The r e s u l t s obtained provide i n f o r m a t i o n on the nu c l e a r - p h y s i c a l 

process o c c u r r i n g i n EAS. In p a r t i c u l a r , i t i s necessary t o assume the 

presence of s i g n i f i c a n t . b a r y o n - a n t i b a r y o n production i n high energy 

c o l l i s i o n s t o account f o r the low value obtained f o r the r a t i o o f charged 
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to n e u t r a l hadrons. There i s a discrepancy i n the energy dependence of 

t h i s r a t i o found i n the present experiment compared w i t h t h a t found by 

two previous experiments. This could be explained by the l o s s o f high 

energy n e u t r a l hadrons which w i l l occur close to the core o f the shower, 

although the dependence found i n t h i s experiment i s i n agreement w i t h 

p r e d i c t i o n s which include Mil p r o d u c t i o n . At sea-level there i s l i t t l e 

s e n s i t i v i t y to the mass composition of the primary p a r t i c l e s , although 

the study of the f l u c t u a t i o n s involved should y i e l d i n f o r m a t i o n r e g a r d i n g 

the composition. This would r e q u i r e the m o n i t o r i n g not only o f the hadronic 

component of the a i r shower, but also o f the other components (Bradt and 

Rappaport, 19^7 and Thielheim and E e i e r s d o r f , 1969). 
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CHAPTER 8 

SUMMARY ANT) DISCUSSION OF FUTURE WORK 

A study of the p a r t i c l e s close t o the core o f extensive a i r showers 

has been c a r r i e d out i n an attempt to i n v e s t i g a t e sub-nuclear s t r u c t u r e 

and the nature of s t r o n g i n t e r a c t i o n s a t high energies, 

(a) The search f o r quarks d i d not re v e a l t h e i r e x i s t e n c e , even though, 

as was argued e a r l i e r , the cores of a i r showers are perhaps the most 

l i k e l y place f o r quarks to be found. An upper l i m i t was placed on the 

f l u x o f e/3 quarks selected, by a l o c a l e l e c t r o n d e n s i t y t r i g g e r w i t h 
-2 " l " 1 -2 -1 -1 Ae 2 40 m , of 8.0.10 "cm sec ' s t . At the time o f the t e r m i n a t i o n 

of t h i s experiment, June 1973» t h i s was the lowest i n t e n s i t y l i m i t f o r 

e/3 quarks obtained by any group. The l i m i t has since been depressed 
-11 -2 -1 -1 2 t o § 4 . 0 . 1 0 cm sec s t by a group o p e r a t i n g a 2.5 m area cloud 

chamber (Hazen e t . a l . , 1973). 

Thus w h i l e the t h e o r e t i c a l basis of the quark model i s q u i t e sound, 

continued attempts to d e t e c t f r e e quarks have f a i l e d . A c c e l e r a t o r 

experiments to de t e c t f r e e quarks give n u l l r e s u l t s . However experiments 

on deep i n e l a s t i c lepton-hadron s c a t t e r i n g appear t o have confirmed 

t h a t nucleons are composed o f fundamental (?) p o i n t - l i k e p a r t i c l e s 

w h i l e e l e c t r o n - p o s i t r o n a n n i h i l a t i o n experiments produce r e s u l t s i n ­

c o n s i s t e n t w i t h the n a i i v e quark model. Possibly quarks do e x i s t , but 

only i n the bound s t a t e , as has been suggested r e c e n t l y by Kauffma.nn 

(Feynrnan, 1974). This r e q u i r e s a novel f i e l d of force such t h a t the 

p o t e n t i a l energy increases l i n e a r l y w i t h d i s t a n c e . An a l t e r n a t i v e 

s o l u t i o n i s t h a t quarks are bound so t i g h t l y t h a t energies so f a r explored, 

are i n s u f f i c i e n t t o s p l i t the nucleons i n t o t h e i r component p a r t s . 

Possible modifications to the f l a s h tube chamber or i t s l o c a t i o n 

were suggested i n s e c t i o n 4.4-. Since f l a s h tubes are r e l a t i v e l y 

inexpensive, i t i s conceivable t h a t a very l a r g e area (~10 m^) chamber 
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could be b u i l t , perhaps underground. Only i n t h i s way can i n t e n s i t i e s 
of the necessary order be i n v e s t i g a t e d . 

(b) I t has been shown t h a t the technique of measuring cascade widths 

below t h i c k absorbers i s a v a l i d method of measuring the energy spectra 

of hadrons. Flo.sh tubes again have an advantage over more conventional 

d e t e c t o r s i n t h a t l a r g e areas can be rea.dily covered. The energy;, spectra 

of n u c l e a r - a c t i v e p a r t i c l e s measured, close to MS cores have been used 

to d e r i v e i n f o r m a t i o n about s t r o n g i n t e r a c t i o n s a t very h i g h energies. 

At present, the experiment measuring the energy spectrum of 

unaccompanied hadrons i n the n e a r - v e r t i c a l d i r e c t i o n i s c o n t i n u i n g , i n 

order t h a t the energy of the " k i n k " found by -Baruch.et.al. (1973) may 

be i n v e s t i g a t e d , enabling the measurements of Baruch e t . a l . to be checked. 

I n the longer term, a small a i r shower array i s being constructed, 

a t Durham around the f l a s h tube chamber and M.A.R.S., the s o l i d i r o n 

muon spectrograph (e.g. Ayre e t . a l . 1972 a,b). When t h i s i s completed, 

shower size and core distance i n f o r m a t i o n w i l l be a v a i l a b l e f o r each event 

This w i l l a l l o w a more d e t a i l e d study of hadrons i n a i r showers t o be 

made. As the chamber was p r i m a r i l y designed f o r use as.a quark d e t e c t o r , 

several improvements could be made f o r the study o f hadrons. Crossed 

f l a s h tubes i n the p a r t of the chamber where charge de t e r m i n a t i o n i s made 

would improve the r e s o l u t i o n of n e u t r a l p a r t i c l e b u r s t s . I n a d d i t i o n , 

while the f l u c t u a t i o n s associated w i t h i n d i v i d u a l energy determinations 

are l a r g e w i t h the present experimental arrangement (~100°'6), t h i s 

i s due mainly to the u n c e r t a i n t y i n determining the depth of i n t e r a c t i o n 

o f the i n c i d e n t p a r t i c l e . Thus a more s u i t a b l e arrangement would be to 

have many l a y e r s of i r o n or lead w i t h perhaps two l a y e r s of f l a s h tubes 

below each l a y e r of absorber. The energy should then be r e s o l v a b l e t o 

b e t t e r than 50^ i f the w i d t h i s measured below each l a y e r o f absorber. 

A f e a t u r e which emerges from the opera t i o n of the f l a s h tubes, u s i n g 

a long time delay before a p p l y i n g the high voltage pulse, i s t h a t m u l t i p l e 

b u r s t s which could not be resolved w i t h the normal mode c f o p e r a t i o n of 

http://-Baruch.et.al
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the f l a s h tube, can be seen as separate b u r s t s a t these l o n g time delays 

( f o r example, see Plate 6.4 This could be u s e f u l i n r e s o l v i n g bursts 

i n the core of a shower, perhaps counting the t o t a l number of f l a s h tubes 

which f l a s h over a c e r t a i n number of l a y e r s r a t h e r than d e f i n i n g a w i d t h 

t o determine t h e i r energy. 

Another a p p l i c a t i o n which presents i t s e l f i s i n the d e t e c t i o n of 

h i g h l y i o n i s i n g p a r t i c l e s such as magnetic monopoles or Yock's sub-

nuclear p a r t i c l e s (see Chapter 5)« The paths of these p a r t i c l e s should, 

be seen as high e f f i c i e n c y t r a c k s a t these l o n g time delays, whereas 

normal t r a c k s due to charge e p a r t i c l e s w i l l not be seen. 

F i n a l l y , w i t h the i n f o r m a t i o n provided by the a i r shower a r r a y , 

K.A.R.S. and f l a s h tube chamber, i t may be possible t o make measurements 

on the f l u c t u a t i o n s of the var i o u s components. This could provide 

i n f o r m a t i o n on the primary mass composition. I n a d d i t i o n , f a s t t i m i n g 

measurements would a l l o w the time delay spectrum of hadrons t o be measured, 

p r o v i d i n g an a i d to p a r t i c l e i d e n t i f i c a t i o n . 
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APPENDIX A 

THE DISTRIBUTION OF N f FOR BACKGROUND MUONS TRAVERSING 

THE FLASH TUBE CHAMBER 

I n order to c a l c u l a t e the muon background i n the quark search, i t i s 

necessary t o know how the number of fl a s h e s along a muon t r a c k (N^.) v a r i e s 

as a f u n c t i o n o f the time i n t e r v a l between the muon t r a v e r s i n g the chamber and 

an a i r shower t r i g g e r i n g the chamber. 

Assuming muons t r a v e r s i n g the chamber a r r i v e randomly i n time, the 

p r o b a b i l i t y t h a t a muon t r a v e r s i n g the chamber a time T^ before the 

master t r i g g e r has N̂ . flashes along i t ' s t r a c k can be obtained from the 

e f f i c i e n c y - time delay curve of Figure 2.10. The d i s t r i b u t i o n p r e d i c t e d 

i s shown i n Figure A l . The curve has been normalised such t h a t the t o t a l 

p r o b a b i l i t y between N^ = 22 and 77 i s u n i t y , N̂ . = 22 being the minimum 

number of flashes f o r a t r a c k to be recognised e f f i c i e n t l y a gainst the 

background o f spurious f l a s h e s , and N^ = 77 being the maximum t h e o r e t i c a l 

value. 

In order t o compare the form o f t h i s curve w i t h experiment, the 1,046 

events obtained i n the s i n g l e muon c a l i b r a t i o n run ( s e c t i o n 2.5.1) were 

scanned, the in-geometry background t r a c k s being measured. Now since the 

p r o b a b i l i t y o f two coherent muons causing a t r i g g e r , i s low i t was assumed 

t h a t i n a l l events c o n t a i n i n g a t l e a s t two in-geometry t r a c k s w i t h an 

angular separation of >5 degrees, the t r a c k w i t h an value f u r t h e s t 

from the mean of the s i n g l e p a r t i c l e d i s t r i b u t i o n f o r T^ = 20 j i s 

(Nj. = 74.77 + 0.14) was a background t r a c k . 

The number of background t r a c k s found was 16, t o be compared w i t h 

the expected number o f 15«7. To compare the t h e o r e t i c a l d i s t r i b u t i o n o f 

Nj. w i t h t h i s measured d i s t r i b u t i o n , i t i s necessary t o f o l d the w i d t h o f 

the d i s t r i b u t i o n o f i n t o the curve. The wid t h (^N^) was evaluated 

from Figure 2.9. This new curve i s also shown i n Figure A l , the experimental 
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d i s t r i b u t i o n being included f o r comparison. I t can be seen t h a t the 

shapes o f the d i s t r i b u t i o n s have approximately the same form, and agree 

w i t h i n the s t a t i s t i c a l e r r o r s . 
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APPENDIX B 

INVESTIGATION OF SOME PROPERTIES OF 

A "TRIGATRON" SPARK GAP 

The op e r a t i o n of the t r i g g e r i n g system f o r the f l a s h tubes was 

described i n s e c t i o n 2.2.2. Figures 2,4 and 2.5 show r e s p e c t i v e l y the 

H.T. p u l s i n g u n i t and the c i r c u i t r y o f the lumped delay l i n e f e e d i n g 

the t r i g a t r o n spark gap. A scale diagram of the spark gap i t s e l f i s 

shown i n Figure B . l . 

I t was found i n i t i a l l y t h a t i n op e r a t i o n the v o l t a g e working range 

o f the spark gap ( t h a t i s the voltage range over which the gap could be 

t r i g g e r e d e f f i c i e n t l y w h i l e a t the same time not breaking down spontaneously) 

was narrow, and t h a t a f t e r a s h o r t time i n continuous o p e r a t i o n the small 

changes i n f i e l d due t o s l i g h t p i t t i n g o f the electrodes were s u f f i c i e n t 

t o make the gap unstable. An attempt v/as thus made to extend the voltage 

working range o f the spark gap. 

A 5 v o l t square pulse was used t o t r i g g e r the t h y r i s t c r o f Figure 

2.4. I n i t i a l l y the transformer a t the output of t h i s stage gave a 

negative pulse to be f e d onto the t r i g g e r p i n of the spark gap, but i t 

was arranged t h a t t r i g g e r pulses of both p o l a r i t i e s could be used. 

The spontaneous breakdown p o t e n t i a l f o r d i f f e r e n t separations of 

the main electrodes was measured, and i s shown i n Figure B.2. The 

t r i g g e r i n g e f f i c i e n c y o f the spark ga.p as a f u n c t i o n o f voltage was • 

obtained next, by repeatedly a p p l y i n g a t r i g g e r pulse and determining 

the percentage of "s u c c e s s f u l " t r i g g e r s . Results obtained w i t h t r i g g e r 

pulses o f both p o l a r i t i e s are shown i n Figure B.3(a). These r e s u l t s 

i n d i c a t e the importance of the t r i g g e r pulse p o l a r i t y , 

presumably due to the r e t a r d i n g f i e l d i t produces. I t can be seen from 

t h i s f i g u r e r however, t h a t f o r p o s i t i v e pulses there i s a. large range 

over which the spark gap t r i g g e r s w i t h reduced e f f i c i e n c y . This i s due 
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to variations in the position along- the trigger electrode at which the 
trigger spark occurs. 

I t was found that the gap triggered most e f f i c i e n t l y when the 

trigger spark occurred at the end of the electrode. This can be 

explained i n terms of the photoelectrons produced by i r r a d i a t i o n of 

the cathode. I f the spark occurs inside the anode, the U.V, photons 

w i l l be seen by the cathode with reduced i n t e n s i t y . In addition, Sletten 

and Lewis ( 1 9 5 & ) suggest that the ejection of a region of hot, low 

density gas into the main gap a f t e r the trigger spark has occurred i s 

important in causing the main gap to break down. This would again be 

inhibited i f the spark does not occur at the end of the trigger electrode 

To ensure that the .spark did occur at the front of the trigger 

electrode, t h i s electrode was shaped to produce a s l i g h t l y conical form 

such that the>largest cross-section was at the front, thus producing 

a shorter distance between the electrode and the anode at t h i s point* 

With t h i s arrangement a marked improvement was obtained.. The r e s u l t 

i s shown in Figure B . 3(b) 

I t was found that with the modification, and using a positive trigge 

pulse, the s t a b i l i t y of the spark gap was greatly improved and could be 

used in continuous operation for longperiods of time. 
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APPENDIX C 

MULTIPLE SCATTERING MEASUREMENTS ON 

COSMIC KAY MUON TRACKS 

C.l Introduction 

When charged p a r t i c l e s pass through matter, small deflections occur 

due to electromagnetic interactions with the atoms of the medium. 

Because of the many deflections which occur i n a small distance, the 

process can be considered to be continuous. The sc a t t e r i n g probability 

i s a function of the mass and veloci t y of the particle,hence i f a mass 

i s assumed for the sca t t e r i n g p a r t i c l e the momentum can be estimated, 

or conversely, i f the momentum and range i s known the mass can be 

estimated. The ef f e c t has been investigated by studying the tracks of 

5283 unaccompanied muons traversing the f l a s h tube chamber. I n i t i a l l y . 

IO46 events were obtained (as described i n section 2,5«l) in connection 

with the quark search, but t h i s was latex- increased to the present 

number to study the properties of these muon tracks. 

C.2 The Multiple Scattering D i s t r i b u t i o n of Muons 

The H.K.S. projected angle of sc a t t e r i n g of a charged p a r t i c l e 

traversing t radiation lengths of material i s given by (Rossi, 1952) 

where K i s a constant equal to 21 MeV, p i s the p a r t i c l e momentum 

and (3c i s the velocity of the p a r t i c l e . Now the multiply-scattered 

tracks were observed, to approximate well to arc3 of c i r c l e s . Thus i t 

was possible to define a s a g i t t a d as the maximum distance between the t r 

and a chord joining the ends of the track at the top of F2 and the bottom 

F3 (see Figure 2.1). For the 5283 tracks photographed, the s a g i t t a d 

was measured by projecting the negative of the film obtained, onto a 

scanning table. The smallest measurable value of d cori-esponded to a 
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distance i n rea l space of 2 cms. The dis t r i b u t i o n of d obtained i s 
shown in Figure C . l . The dashed histogram i n this figure i s the theoretic 
prediction. This was obtained by simulating the t r a j e c t o r i e s of muons 
through the absorber represented by the 9b layers of f l a s h tubes (and 
associated aluminium electrodes) of F2+F3. The Monte Carlo technique 
was used, the s e n s i t i v e volume being divided into thin l a y e r s , the spaces 
between the glass (mainly neon gas) were allowed for geometrically, though 
no s c a t t e r i n g was considered to take place i n the gas. The s c a t t e r i n g 
formula given above was used, a constant energy l o s s being assumed. 
The s a g i t t a distributions were obtained for di f f e r e n t muon momenta and 
then, folded into the momentum spectrum of Hayman and Volfendale (1962) 
for muons at sea - l e v e l . The d i s t r i b u t i o n was broadened by including 
a measuring error of 1.1 cms., the f i n a l r e s u l t being the dashed h i s t o ­
gram of Figure C . l . I t can be seen that the agreement i s good. 

C.3 The Mass Distribution of Stopping P a r t i c l e s 

Of the 5283 tracks recorded, 27 were produced by stopping p a r t i c l e s 

(presumed to be muons) exhibiting noticeable multiple s c a t t e r i n g along 

t h e i r track, which then decayed with the emission of a decay electron. 

Since the range of these p a r t i c l e s can be measured, i t i s possible to 

estimate t h e i r mass. 

Consider the R.tf.S. s c a t t e r i n g angle to be given by the formula 

of section C.2. The energy loss, of a low energy charged p a r t i c l e i s 

given by 

o 

writing E = >Tc ( Y - l ) and integrating, the range i s given by 

R = A He" g(|3) where A i s a constant 

writing — = A I f = A g ^ ^ - which i s independent 
ppc Mc 

of mass and depends only on p . 
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Figure C 2 shows this dependence, evaluated from the range-energy 

tables of Serre ( 1 9 ^ 7 ) for aluminium ( s i m i l a r to glass i n atomic number). 
From th i s curve i t can be seen that once R/p0c i s known, (3 can be ev a l ­
uated and hence the mass of the p a r t i c l e can be found from 

2 (1 - 0 ) He = P 0 c ^ p 2
P > 

To evaluate p p c for the 27 stopping p a r t i c l e s , i t was assumed 

that the t r a j e c t o r i e s of the multiply-scattered muons formed arcs of 

c i r c l e s , a good approximation u n t i l close to the end of t h e i r range. 

Then, using the notation of section C.2 

0 = f . d 

• Thus by measuring d, 1 and the corresponding value of t for a part 

of the track i n F2+F3, arid i d e n t i f y i n g 0 with G , i t was possible using 

the-formula of section C.2 to obtain the p 0 c value for the middle of the 

arc taken. Then, measuring the range from t h i s point to the stopping 

point of the track, i t was possible to obtain a mass estimate as above. 

The 27 points obtained are shown on a s c a t t e r plot in Figure C.3. Also 

shown are predicted curves for d i f f e r e n t p a r t i c l e s . I t can be seen that 

most of the stopping p a r t i c l e s l i e close to the muon curve, as expected, 

although three events with apparent mass l e s s than 10 electron masses 

were obtained. These could be interpreted as pions, in which a large 

angle nuclear s c a t t e r i s superimposed on the continuous multiple 

scattering, causing an underestimate of p 0 c ana hence a spuriously low 

mass value. The maximum value of p 0c measurable in F2+F3 was 710 MeV. 

The curve in Figure C3 la b e l l e d 10 Hp corresponds to the expected 

position for a massive p a r t i c l e of ten proton masses. I t suggests that . 

the method, with modifications, might be used, in a search for massive 

p a r t i c l e s . Possibly alternate layers of absorber and f l a s h tubes could 

be used to extend the range of p 0c that can be investigated. 
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