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ABSTRACT 

A measurement o f the energy spectrum of hadrons a t sea l e v e l an the 

energy range 10 G-eV t o 10 TeV has been performed. The hadrons i n t e r a c t e d 

i n a t h i c k i r o n or lead absorber and the b u r s t s i z e produced was detected 

by a s c i n t i l l a t i o n counter placed under each absorber. The b u r s t sizes 

were used t o estimate the energy o f hadrons. The r e s u l t on the hadron 

energy spectrum shows a constant slope o f the form E ^'^ over the 

whole energy range from 10 G-eV t o 10 TeV. There i s no change o r step i n 

the slope between 2 - 8 TeV as has been suggested by Baruch e t a l . ( 1 9 7 3 ) • 

A measurement o f the energy spectrum o f neutrons a t sea l e v e l i n the 

CHCJ.5J i c u i ^ t / J\I — i j u u u u-cv iia.6 u cen waut. ciiiu. Luc; c A p e i xuicn\.txx x e b u x i i B j J i c b -
— ' 9 - 0 1 

ented as a d i f f e r e n t i a l energy spectrum i n the form N(E) = K' ~ * i n 

the same energy range. This r e s u l t agrees w i t h previous Durham neutron 

spectrum measurements). 

A s t a t i s t i c a l method has been used t o derive the h i g h energy pion f l u x 

a t sea l e v e l f r o m the t o t a l measured hadron spectrum. The r e s u l t s show pn 

increase i n the IT /p r a t i o as the energy increases and over the energy rajjge 

40 GeV t o 7 TeV the d i f f e r e n t i a l v e r t i c a l f l u x decreases w i t h i n c r e a s i n g 
^ - 2 . 5 5 - 0 .10 energy as S • 

A search f o r e / 3 charged p a r t i c l e s (quarks) close t o the core o f a i r 
5 

showers o f median size 6 . 5 10 p a r t i c l e s has been c a r r i e d o u t . The search 

was conducted at sea l e v e l u s i n g a f l a s n tube chamber technique as a v i s i b l e 

d e t e c t o r . A i r showers were s e l e c t e d i n t h i s experiment by r e q u i r i n g a l o c a l 
- 2 

e l e c t r o n d e n s i t y above the chamber t o be gr e a t e r than 250 m • I n 7 » 0 0 9 

hours two quark candidates were observed and both were explained as due t o 

background incoherent muons. Yfith no d e f i n i t e quark t r a c k s having been 

observed, the upper l i m i t on the 8 / 3 quark f l u x i s < 4 » 3 10 ^ cm ~ sec ̂  s t * 



a t 9C5b confidence l e v e l . 

The energy spectrum o f hadrons i n EAS o f median shower size 6 .5 10 

p a r t i c l e s has been measured m the energy range 10 < E < 1 ,000 GeV. 

A slope o f Y = 1*07 - 0 .09 has been found f o r the i n t e g r a l spectrum f o r 

energies > 200 GeV0 
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PREFACE 

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

Physics Department o f U n i v e r s i t y o f Durham while he w as a research student 

under the s u p e r v i s i o n o f Dr. F. Ashton. 

An experiment t o study the energy spectrum o f 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 m the cosmic r a d i a t i o n a t sea l e v e l has been performed u s i n g a 

f l a s h tube chamber. The chamber has been used also t o study the p a r t i c l e s 

close t o the core o f extensive a i r showers, i n p a r t i c u l a r t o search f o r 

quarks and study the c h a r a c t e r i s t i c s o f hadrons. 

The c o n s t r u c t i o n o f the experiment, running o f the chamber, a n a l y s i s 

and i n t e r p r e t a t i o n o f the data have been the r e s p o n s i b i l i t y o f the author 

w i t h the assistance m some o f the e a r l y work from Dr. D.A. Cooper. The 

r e s u l t s described i n t h i s t h e s i s on t h e energy spectrum o f hadrons a t sea 

l e v e l , the eaergy spectrum o f charged pions a t sea l e v e l and the quark search 

have been r e p o r t e d e a r l i e r by Ashton and Saleh ( 1 9 7 5 a , b and c ) • 
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CHAPTER 1 

INTRODUCTION 

1*1 Basic developmenta In the study of cosmic rays 

The discovery of the existence of the cosmic radiation was a 

consequence of certain experiments undertaken at the end of the l a s t 

century and the beginning of the present century on the conductivity 

of gaseso This work showed that the conductivity of a gas was increased 

when i t was exposed to high energy radiation, for example, that produced 

by radioactive materials. I n attempts t o t e s t t n i s nypoihesis a number 

of workers flew lonisation chambers i n balloons and studied the v a r i a t i o n 

of conductivity with height* The e a r l y experiments were inconclusive 

due to t e c h n i c a l d i f f i c u l t i e s but i n 1912 Gockel, Hess and Kolhorster, 

sent suitable ionisation chambers up with balloons and measured the 

variation of conductivity of the contained gas as a function of altitudee 

They showed that the radiation, and hence the ionisation produced i n the 

gas, f i r s t dropped to a minimum and then increased considerably with 

height* From the experimental r e s u l t i t was d e a r that the whole of the 

res i d u a l i o n i s a t i o n observed a t sea l e v e l could not be due to the radio­

a c t i v i t y of the earth, nor can i t be a property of the gas with which the 

ionisation chamber i s f i l l e d * Thus, Hess put forward the hypothesis that 

the increase was due to the existence of a penetrating i o n i s i n g radiation 

which enters the earth*s atmosphere from outer space* He concluded that 

the radiation must be extremely penetrating f o r i t i s able to penetrate the 

whole of the earth's atmosphere* He also deduced further that the radiation 

was not of s o l a r o r i g i n from the absence of any s i g n i f i c a n t difference i n 
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ionisation between day and night experiments, BO the phenomenon came 
eventually to be c a l l e d cosmic radiation. At that time the most penetrat­
ing radiation explained as Y - radiation was thought to come from the 
radioactive elements* Kolhorester (1914) working at 9»200 metres above 
sea l e v e l found that the i o n i s a t i o n increased up to ten times i t s value at 
sea l e v e l . 

He found that the absorption c o e f f i c i e n t X derived from I = I 0 e~ ̂  ̂  

where d i s the thickness of the atmosphere had the value 10"^ per cm of a i r 

which was much l e s s than for Y - radiation from naturaDly occurring radio­

active materials. The conclusions of Hess and Kolhorster were not immed­

i a t e l y accepted and i n fac t a greal deal of controversy took place between 

1>12 — 1926* In tne meantime, nowevez, tx numoei o f u i f f w i e i i u ^ p c n o f 

radiation detectors had been developed within the f i e l d of nuclear physics 

such as the Geiger - Muller counter. This counter was capable of being 

discharged oy the passage of a single charge p a r t i c l e or y - ray quantum . 

Thus, for charged p a r t i c l e discharges the counter operates by means of the 

io n i s a t i o n which the charged p a r t i c l e produces d i r e c t l y , while the Y ~ ray 

quantum does so by virtue of the i o n i s a t i o n produced by secondary electrons 

to which i t loses part of i t s energy i n Compton s c a t t e r s * 

Therefore i t i s possible to detect Y ° rays which have a detection 

e f f i c i e n c y l e s s than charged p a r t i c l e s * 

I n 1929 Bothe and K i l h S r s t e r used the Geiger counter to study cosmic 

rays and b.y using counters i n coincidence to insure that the radiation was 

due to single charge p a r t i c l e s passing through the successive counters. 

This proved the existence of charged particleso 

The other instruments introduced into cosmic ray physics at the end of 

the twenties was the Wilson cloud chamber, which was not only capable of 

detecting individual charged p a r t i c l e s but also of giving much more detailed 



3 

information on t h e i r t r a j e c t o r i e s and int e r a c t i o n s . However, with a 
cloud chamber operated i n a strong magnetic f i e l d Anderson discovered 
the positive electron (positron) i n 1932 , and t h i s was confirmed soon 
afterwards by Blackett and O c c h i a l i n i using a cloud chamber controlled 
by G-eiger counters* 

I n 1929 a cloud chamber photograph showed a case where many p a r t i c l e s 

crossed the chamber simultaneously* This was defined as a 'shower* and 

l a t e r , Blackett and O c c h i a l i n i showed the existence of positive and negative 

electrons i n these showers* 

Hossi i n 1932 made measurements on the absorption properties of cosmic 

radiation showing the existence of two main components, the hard (penetrating) 

component and the soft absorbed) component* 

Direct determination of the mass from cloud chamber observations has 

been made using a combination of magnetic and multiplate chambers* 

Range - momentum methods were used by Anderson and Neddermeyer and 

independently by Street and Stevensen i n the period 1936 - 1938 to evaluate 

the mass of the p a r t i c l e s * The p a r t i c l e s were found to have a mass of 

about 200 j [ e (M e i s the mass of the electron) and wure l a t e r named (I - mesons* 

Yukawa i n (1935) had predicted the existence i n the nucleus of a 

p a r t i c l e of mass about 200 Me which would act as a l i n k between the neutrons 

and protons i n the nucleus* This p a r t i c l e according to Yukawa should i n t e r ­

a c t strongly with matter* I t was suggested that the |i - mesons should not 

be i d e n t i f i e d with the Yukawa p a r t i c l e * However, with the development of 

the nuclear emulsion technique such a suggestion was shown to be correct 

and another heavy p a r t i c l e was discovered which f i t t e d Yukawa's prediction ~ 

better* So i n 1947 the Tt - meson was i d e n t i f i e d by Latte s , Muirhead, 

O c c h i a l i n i and Powell and experimentally i t was shown that these p a r t i c l e s 
were produced d i r e c t l y i n inter a c t i o n s and decay to H- mesons*. 



Rochester and But le r (19V7) reported the existence o f even heavier mesons 

ca l led ' s t rangi , p a r t i c l e s . However, t h i s discovery was fol lowed up by 

an intensive search f o r other new pa r t i c l e s i n cosmic rays and accelerators, 

table le i shows a summary o f the discovery o f the so ca l led elementary par t ­

i c l e s given by H i l l a s (1972)e By t h i s time the general p ic ture o f the 

cosmic rad ia t ion was becoming clear and the in te rac t ions invo lv ing the 

primary cosmic rays (proton) wi th a i r n u c l e i also became clear . 

1.2 The primary cosmic ray spectrum 

The primary pa r t i c l e s a r r i v i n g at the top o f the atmosphere have 

come i n a small proportion from the sun but the ma jo r i t y have come from 

I n the primary cosmic rad ia t ion nucleons are known as a single proton; 

and when the protons and neutrons are together they form the heavier nuc le i* 

The spectra f o r various primary components are shown i n f i g u r e I d . This 

f i g u r e can be expressed i n a v a r i e t y o f ways, the choice being usua l ly 

determined by the method o f measurement. At the highost energies, where 

extensive a i r showers are examined, the information i s usua l ly i n terms o f 

primary energy per nucleus. Below 10̂ *" e" the ordinate r e fe r s to the 

number o f n u c l e i per u n i t k i n e t i c energy per nuclecn. Figure 1.2 also shows 

t h i s composition i n more d e t a i l where the primary cosmic rad ia t ion protons 

represent about 85fi o f the pa r t i c l e s and the remainder are heavier n u c l e i . 

la3 The secondary cosmic ray pa r t i c l e s 

The primary pa r t i c l e s (protons) i n t e r a c t wi th a i r n u c l e i when they 

pass through the atmosphere producing secondary p a r t i c l e s . The heavier 

n u c l e i i n t h e i r c o l l i s i o n s fragment i n t o n u c l e i o f lower atomic number so 

tha t a f t e r a few in terac t ions they have completely s p l i t i n t o t h e i r 



Particle Source o f 
radiat ion 

Instrument used Specific observation 
made 

i,(v,) nuclear reactor l i q u i d sc in t i l l a tor 
v„ accelerator spark chamber 

discharge tube fluorescent screen 
cosmic rays c loud c l u m b e r 

fi~ cosmic rays c loud chamber 

cosmic rays 
cosmic rays 

accelerator 
cosmic ra>s 
cosmic r i v s 

cosmic rays 

accelerator 

nuclear emuls ion 
nuclear emuls ion 

counters 
nuclear emuls ion 
nuclear emuls ion 

c loud chamber 

bubble chamber 

discharge tube spectroscopes, 
mass spectrometers 

accelerator Ccrenkov counter 

r ad ioac t iv i ty 

n accelerator 
I cosmic rays 

1 accelerator 
S~ cosmic rays 

V* 2T~ accelerator 
accelerator 
cosmic rays 

5 ° accelerator 
D~ accelerator 
Very many 'resonance particles w i t h 
l i fe t imes ~ 1 0 _ S J to 10" " s 

^ accelerator bubble chambers 

T ' F i r e b a l l j cosmic rays nuclear e m u l s i o n 

ion iza t ion 
chamber 

counters 
c loud chamber 

nuclear emuls ion 
nuclear emcls ion 
d i f f u s i o n chamber 
b j b o l c chamber 
c loud chamber 
bubble chamber 
buODle chamber 

Capture by p r o t o n 
P r o d u c t i o n o f n and 

no t e 
Ra t io e /m 
Charge mass 
Absence o f r a d i a ' i o n 

loss i n P b , dcxay at 
res t , mass 

t - ft decay at r« >t 
Nuclear i n t e r ac t ion 

at rest 
Decay i n t o , - ravs 
K n l decay 
Nuclear i n ' e r ac t i on 

at rest 
Decay in to 

in f l i g h t 
T o t a l mass o f On.ay 

p roduc t s 
Charges a n d masses 

o f ions 
c / m measured , 

a n n i h i l a t i o n 
Mass f r o m elastic 

co l l i s ions 
A n n i h i l a t i o n 
Decay to pi~ 
Dccav to pi~ 
Dccav at rest 
Decay to m~ 
Decay to l> 
Decay to 
Decay t o 

in f l ign t 

in f l i g n t 

in flight 
in f i g n * 

H ~ i n f i g h t 
I V m i l i : h t 

Decay to i r f l i g h t 

T o t a l mass o f decay 
produc ts 

Angles o f meson 
emission 

Table 1.1 Summary of the discovery of the elementary 
p a r t i c l e s . A f t e r H i l l a s , 1972. 



Figure 1.1 Summary o f measurements on the primary 

spectrum o f protons and n u c l e i i n the 

cosmic r a d i a t i o n , corrected f o r geomagnetic 

e f f e c t s . 

The groupings o f n u c l e i are as fo l lows : 

L : 3- Z £ 5 J M: 6s Z <9 and H: 10SZ-

A f t e r Wolfendale, (1973). 

Figure 1.2 D i f f e r e n t i a l energy spectra o f various groups 
c 

o f n u c l e i obtained by the Max Plan£ I n s t i t u t e 

group and the G-oddard group. Both o f these 

experiments use t o t a l energy colorimeters . 

A f t e r V/ebber, (1973). 
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consti tuent nucleons. I n each in te rac t ion the nucleons emerge wi th a 
cer ta in f r a c t i o n o f t h e i r i n i t i a l energy and the remaining energy i s used 
i n t o the production o f pions» 

A t sea l e v e l neutrons, pions, kaons and muons must "be secondaries 

produced i n nuclear in te rac t ions while protons and neutrons may be surviving 

primaries* 

1*4 Hadron energy spectra 

The energy spectra o f nadrons or nuclear act ive pa r t i c l e s (protons -

neutrons and pions) have been studied i n d e t a i l using the f l a s h tube 

chamber. A technique has been adopted f o r measuring the energy o f these 

pa r t i c l e s i n t e r ac t ing i n lead and i r o n absorber. 

I n chapter 3 the theory o f these cascades i s devoloped and the r e l a t i o n 

between the burst size (number o f p a r t i c l e s measured i n a detector below an 

absorber) and the energy o f the primary j a r t i c l e has been given. Chapter 5 

describes the experimental resul ts on the hadron energy spectrum a t sea l e v e l 

and chapter 6 summarises the resul t s on the neutron and pion energy spectra. 

The energy spftctra end the charac ter i s t ics o f hadrons i n an extensive 

a i r shower o f median shower size 6.5 10 has been studied. The resu l t s 

o f t h i s study are given i n chapter $o 

The f u l l experimental arrangement o f the present work has been discussed 

i n chapter 4« 

1»5 Search f o r quarks 

Since the theory o f quarks was f i r s t postulated to explain the s t ructure 

o f elementary pa r t i c l e s many experiments have been performed to search f o r 

these p a r t i c l e s . 

The basic developments o f quark theory and a review on the quark 
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searches has been given i n chapter 7« 

Chapter 8 explains the experiment carried out to search f o r these 

pa r t i c l e s i n the secondary cosmic r ad i a t i on . I n t h i s chapter the search 

was carr ied out close t o the core o f EAS, assuming the quarks, i f they 

e x i s t , to be produced i n very high energy in te rac t ions o f the primary 

cosmic rays w i t h the atmospheric nucleio 
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CHAPTER 2 

R E V I E W O F H E A S U R S I T S N T S C F S I N G - L B H A D R C N S P E C T R A 

A T S E A L E V E L A N D H I G H A L T I T U D E 

2.1 In t roduct ion 

I n t h i s chapter measurements o f the hadron (nuclear act ive pa r t i c l e s ) 

spectrum at various depths m the atmosphere are summarised and compared. 

The ma jo r i ty o f experiments to study the in te rac t ions o f hadrons i n 

the atmosphere have "been performed at mountain a l t i t u d e s , although some 

mountain a l t i t u d e experiments i s tha t f o r the higher a l t i t u d e o f the appar­

atus the greater f l u x o f high energy par t i c les one can get . 

I n the primary cosmic r ad i a t i on protons contr ibute about 85/o o f the 

pa r t i c l e s the remainder being heavier n-aclei, see f i g u r e 1«? , so tha t 

the neutrons, pions and kaons must be secondaries produced i n the nuclear 

in t e rac t ion o f tne pr imaries . By studying the energy spectra o f a l l the 

d i f f e r e n t components a t d i f f e r e n t depths i n the atmosphere i t i s possible 

to obtain information about the nature o f t h e i r i n t e r a c t i o n . 

2.2 Experimental methods o f measuring p a r t i c l e i n t e n s i t i e s 

I t i s convenient to discuss the experimental methods according t o the 

techniques used, and one can c l a s s i f y the techniques U3ed i n t o fou r cate­

gories , w i t h each o f them r e s t r i c t e d to a f a i r l y w e l l defined energy range. 

2 .2 .1 The d i rec t measurement method 

The d i rec t measurement method used to measure the pa r t i c l e s momenta. 
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were determined from (a) a comparison o f t h e i r rates o f i on iza t ion loss 

and there ranges* The rate o f ion iza t ion loss by a s ingly charged pa r t ­

i c l e i n any given medium i s a func t ion only o f the v e l o c i t y o f the p a r t i c l e . 

At non r e l a t i v i s t i c energies t h i s loss i s inverse ly propor t ional to the 

square o f the v e l o c i t y so that the d i f fe rence i n i on i za t i on ranges o f 

protons and the other types o f pa r t i c l e s present i n the cosmic rad ia t ion 

i s largeo By observing the rates of pa r t i c l e s stopped by an absorber o f 

sui table thickness as a func t ion o f energy, the low energy protons spectrum 

can be der ived. (b) Another technique i n t h i s energy range uses a mag­

n e t i c spectrometer, which giveB a p a r t i c u l a r l y r e l i a b l e estimate o f the 

p a r t i c l e momentumo A charge p a r t i c l e shows a curvature o f i t s t r a j e c t o r y 

i n a magnetic f i e l d . However, i t should be possible wi th higher f i e l d ; to 

measure the higher energieso 

These techniques are therefore sui table only f o r measuring the charged 

p a r t i c l e s , and i f the momentum spectrum o f pos i t ive pa r t i c l e s (protons, 

pions and muons) were determined from e i the r magnetically or froir a compar­

ison o f t h e i r rates o f ion iza t ion loss and t h e i r ranges and also i f the 

negative pa r t i c l e s (pions , muons) were determined i n the same way, then the 

proton momentum spectrum can be evaluated. This method covers the energy 

range up to - 200 G-eV. 

2.2.2 The nuclear i n t e r ac t i on method 

This method has been used wi th conjunction wi th a magnetic spectro­

graph and i n the region of energies 2 s 1 0 1 0 eV. A f t e r d e f l e c t i n g the 

charge p a r t i c l e by a magnetic f i e l d a nuclear i n t e r ac t i on occurs i n a 

t h i c k absorber and e i ther the pions produce i n t h i s i n t e r ac t i on or evapor­

a t ion neutrons from the ' t a r g e t 1 n u c l e i can be detected. Nuclear act ive 
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pa r t i c l e s were recognized by t h e i r production o f evaporation neutronso 

The proton spectrum has been derived from the d i f fe rence between the 

p o s i t i v e l y and negat ively charged p a r t i c l e spectra, and a f t e r subtract ing 

the muon cont r ibut ion from the spectrum o f negative in t e rac t ing pa r t i c l e s 

a pion spectrum can be derived. 

2.2.3 The ion iza t ion calorimeter method 

The ion i za t i on calorimeter was o r i g i n a l l y developed by Gngorov et a l . 

(1958) and i n i t i a l l y i t was intended f o r use i n measuring the energy o f 

i n d i v i d u a l p a r t i c l e s , e i the r charged or neu t r a l i n the energy range above 

2.n^^ c»V TTcv»ctT_T_lr i n 'H"»«» + np rtf -f Vi o xnT nniwa^DT o T_po VT_rtj»V nf absorbs?, 

several i n t e rac t ion lengths i n thickness, i n which the hadrons (nuclear 

ac t ive pa r t i c l e s ) in te rac t s wi th i t e The calorimeter used as an object 

o f absorbing the whole o f the energy o f inc ident hadrons, most o f the energy 

goes i n t o the electron-photon cascades which develop from the neu t ra l pions 

( Tt° ) produced e i the r i n the in te rac t ions o f the incident hadrons or from 

the secondary charged pions which in t e rac t In slut; the calorimeter . From 

the shower (electron-photon) development curves measured at a series o f 

depths ins ide the calorimeter the inc ident energies o f the primary pa r t i c l e s 

can be ca lcula ted . The ca l i b r a t i on f o r the absolute energy i s d i f f i c u l t 

and systematic errors may be s i g n i f i c a n t , but i t can measure the energy o f 

an i n d i v i d u a l p a r t i c l e to an accuracy o f approximately J0%. This device 

has been employed i n several experiments wi th spark chambers and d i f f e r e n t 

target materials a t sea l e v e l and high a l t i t u d e to study the charac te r i s t i c 

o f high energy nuclear i n t e r ac t ions . 

2.2.4 The burst method 

From the electron-photon showers or 'bure ts ' which eventually develope 
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from the neu t ra l pions as the r e su l t o f a high energy in t e r ac t i on o f 

inc ident hadrons i n a t h i c k t a rge t , incident hadron energies can be 

estimated. Usually the apparatus used consists o f a single layer o f 

a target mater ia l above a detector which i s capable o f measuring the 

t o t a l number of electrons emerging from the absorber. By using a simple 

model one can calculate the number o f electrons as a func t ion o f the 

primary energy. This type o f technique i s thus not very r e l i a b l e f o r 

determining the energy f o r i n d i v i d u a l pa r t i c l e s but i t can be employed 

more u s e f u l l y i n the Measuj'Biient o f a spectrum where a large nuaber o f 

events are being taken. This method has been used i n the present work 

and i t w i l l be discussed f u r t h e r i n chapter 3<> 

2.3 Measurements at sea l e v e l 

2 .3 .1 Brooke end \7olfendale ( l 9 & f ) 

A magnetic spectrograph was used to measure the sea l e v e l momentum 

spectrum o f cosmic ray protons i n the range 0.6 to 150 GeV/c. The 

spectrograph used four measuring l eve l s , vwo above and two below the 

magnet and the de f l ec t ions , and therefore the momenta o f the t r i g g e r i n g 

pa r t i c l e s are determined from the in te rsec t ion o f t h e i r t r a j e c t o r i e s 

w i t h the fou r l e v e l s . Protons were detected by two methods (a) by 

t h e i r absorption, e i the r through ion iza t ion loss or i n t e r a c t i o n , i n a 

l o c a l absorber, or (b) through t h e i r production o f evaporation neutrons 

using a neutron monitor. Both methods can be used i n the low energy 

region but a t high energies where the p r o b a b i l i t y o f secondaries emerging 

from the sbsorber i s h igh , then the evaporation neutron method becomes 

more r e l i a b l e to use. 

file:///7olfendale
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Figure 2 .1 shows the measured d i f f e r e n t i a l v e r t i c a l momentum 

spectrum o f protons a t sea l e v e l by Brooke and Wolfendale. M y l o r i . 

and Wilson (1951) have measured the proton spectrum at sea l e v e l i n 

the range 0.6 - 12 G-eV/c using the absorption method, the measurements 

agree w i t h the measurements o f Brooke and Wolfendale up to 25eV/o, but 

above t h i s the i n t ens i t i e s of M y l o r i and Wilson become lower. 

Also an estimate o f the proton to muon r a t i o has been made. The 

resu l t found i s that t h i s r a t i o f a l l s as the momentum increases, the 

r a t i o being d% at 0.7 GeV/c and about 0.2$ over the momentum raage 

50 - 150 &eV/c. 

2.3.2 Brooke et a l . (196Q 

The momentum spectrum o f negative pions i n the v e r t i c a l d i r e c t i o n 

was measured using the same spectrograph discussed m Section 2 .3 .1 i n 

conjunction wi th a neutron monitor. Pions were detected by meiana o f 

t h e i r i n t e rac t ion and subsequent neutron production i n the monitoro 

The r a t i o betwecu pos i t ive and negative pions i s taken to be u n i t y as 

calculat ionb show that even f o r momenta c f about 100 &eV/c at sea l e v e l 

the ma jo r i t y o f the surviving pions come from in te rac t ions at low a l t i t u d e s , 

where the proton to neutron r a t i o i s u n i t y . Figure 2.2 shows the measured 

v e r t i c a l d i f f e r e n t i a l energy spectrum o f pions at sea l e v e l . 

2.3.3 Diggory ez a l . (1970 

A magnetic spectrograph s imi l a r i n p r i n c i p l e to tha t used by Brooke 

and Wolfendale, which included a large a i r gap magnet and neutron monitor. 

The method adopted to derive the absolute f l u x o f protons and pions was 

s i m i l a r to the one discussed i n section 2 . 3 . 1 . The data o f Diggory et a l . 
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may be u s e f u l l y compared w i t h r esu l t s o f Brooke and Wolfendale. I t 

appears from f igu re 2 .1 tha t the spectra are i n reasonable agreement. 

The data o f the negative pion momentum spectrum has been corrected f o r 

pos i t ive pions assuming the r a t i o "ftV TC~ *-s u n i t y and the f i n a l r e su l t 

i s shown i n f i gu re 2.2 as the pion energy spectrum at sea l e v e l . This 

r e su l t i s compared wi th the resu l t o f Brooke et a l . i n the same f i g u r e . 

2.3.4 F . Ashton (1973) 

The low and the high energy spectra o f neutrons are summarised as 

the best estimate f o r the neutron energy spectrum at sea l e v e l , Ashton 

(1973} ° Tins i l i l o C t iScaSur&niail'L o f tlic low cneig_y aptiobiiuu nab uutjri nw.<I« 

i n the region 0.4 - 1«2 GeV Ashton et a l . ( I9? la)us ing the charge exchange 

react ion n + p • •> p + n . Figure 2.3 shows the r e su l t o f the low energy 

neutron spectrum compared w i t h other works* From t h i s f i g u r e i t can be 

seen that i on i za t i on loss can be neglected i n considering the propagation 

o f nucleons o f energy greater than 5 G-eV through the atmosphere. At 

higher energies ( > 20 GeV) the neutron spectrum has been obtained from 

the burst spectrum produced by neu t ra l primary pa r t i c l e s i n a t h i c k s tee l 

target Ashton et a l . (1970). Figure 2.4 shows the v e r t i c a l d i f f e r e n t i a l 

energy spectrum. Over the energy range 50 - 1,000 &eV the spectrum 

N(E) = A E~ Y shows Y = 2.95 i 0 . 1 . 

2.3.5 Cowan and Matthews (1971) 

Cowan and Matthews (1971) used an i on i za t i on calorimeter together 

wi th nine cloud chambers p r i n c i p a l l y to study hadron in te rac t ions and 

also to measure the energy spectrum o f unaccompanied incident hadron3. 
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The array o f overa l l dimensions 5*8 m by 1.6 m by 0.9 m was operated 

at 250 m above sea l e v e l . A t o t a l o f 1,167 s ingle oosmic ray pa r t i c l e s 
2 

has been observed i n 0.85 year and w i t h a s o l i d angle area 0.65 m s t 0 

The neu t r a l to charge r a t i o was measured f o r inc iden t pa r t i c l e s which 

in terac ted i n one o f the layers of carbon, the value found being 0.295 

- 0.0.55 a t an average energy o f 330 GeV. The energy spectra o f pions 

and protons have been calculated from the measured charged spectrum using 

the neu t ra l to charge r a t i o and Cowan and Matthews took t h i s r a t i o to be 

0 .9 . Hayakawa (1969) gave a value greater than 0.9 at sea l e v e l , although 

t h i s would be a lower l i m i t a t large atmospheric depths. Assuming the 

neutron to proton r a t i o i s 0.9 Cowan and Matthews found almost exact ly 

twice as many pions as protons. The r e s i s t f o r the energy spectrum of 

charged hadrons i s shown i n f igu re 2 , 5 . 

2 .3 .6 Siohan et a l . (1973a). 

They have measured the charged hadron f l u x at sea l e v e l using an 
2 

i on i za t i on calorimeter. The calorimeter, of area 4- m , consisted o f 

8 i n t e rac t ion lengths o f i r o n i n 8 layers o f 15.2 cm each. The device 

estimates the energy o f an incident hadron by measuring the development 

o f i t s nuclear - electromagnetic cascade, sampled a f t e r each in t e r ac t i on 

length by l i q u i d s c i n t i l l a t i o n detectors. The threshold f o r t r i g g e r i n g 

corresponded t o > 900 equivalent muons («- 300 G-eV hadron). A Monte-

Carlo simulation f o r the colaruneter was used t o obtain the energy o f 
0 9 

primary incident hadrons from the equivalent muons (E ~ N * ) • Muon 

bursts accounted f o r about yfi o f a l l t r i g g e r s . The measured v e r t i c a l 

spectrum of hadrons i n the energy range 350 - 1,000 GeV, gives the r e s u l t : 



R(E) = (2 .6 - 0.75) x 10"*7 ( V 3 5 0 ) " Y m" 2 sec" 1 s t " 1 GeV*1. 

Vfhere y = 5»3 - 0.9 and 3 i n G-eV, f o r single hadrons unaccompanied over 4 

R(E) = (1.23 1 0.24) x 10" 6 ( E / 3 5 0 ) " Y m" 2 sec" 1 s t " 1 OeV" 1. 

Where Y = 3*35 - 0.25 and T5 m GeV, f o r a l l s ingle hadronso 

I n f i gu re 2,5 the spectrum o f a l l single hadrons i s shown. 

2.3 .7 Dmitnov et a l . (lQ60) 

Dmitriev et (1960) studied high energy nuclear a c t i v e pa r t i c l e s 

(NAF) using ion iza t ion chambers and the method o f detecting those par t i c les 

from the bursts they produce i n t h i c k absorber by high energy NAP (hadrom) 

was used. A single detector layer contained f o u r ion iza t ion chambers w i t h 
2 

t o t a l e f f e c t i v e area o f 1 m . A t o t a l o f 720 G-ciger Counters were used to 

r eg i s t e r the charged pa r t i c l e s accompanying the nuclear act ive p a r t i c l e s . 

The absorber o f t h i s experiment consists o f several l ayers , a layer o f lend 

5 cm th i ck (used also as shie lding to the experiment), a layer o f graphite 

70 cm t h i c k and a layer o f lead 2 cm t h i c k . The energy o f NAP wi th energy 
12 

(E > 10 eV) can be estimated by pleasuring the amount o f ion iza t ion 111 

the chambers. The layer of lead immediately above the ion iza t ion chambers 

was chosen suoh thc t cascades r e s u l t i n g from in te rac t ions m the graphite 

were near maximum development at the ion iza t ion chambers, cascades from 

in te rac t ions i n the lead layer ( top) would be w e l l past maximum development. 

During the operating time 1,300 hours 948 bursts were regis tered each 

corresponding to the passage o f > 1,000 r e l a t i v j . s t i c p a r t i c l e s . The mean 
••1 — 2 

frequency of bursts N > 1,000 was found 0.7 - 0.04 hr~ m" . The energy 
spectrum o f the nuclear act ive pa r t i c l e s (hadrons) i n the energy range from 

12 13 
510 eV to 510 eV i s shown i n f i gu re 2 . 5 . 

2 .3 .8 Babecki et a l . ( l ? 6 l ) 

This work was performed using an array designed f o r the study o f 
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12 13 

i n t e rac t ion processes invo lv ing pa r t i c l e s o f energy 10 - 10 eV. 

The array consisted o f fou r rows o f i on i za t i on chambers between which 

were lead and graphite f i l t e r s o f d i f f e r e n t thickness. The arrangement 

o f the chambers made i t possible t o determine the coordinates o f the 

shower produced by recorded burstso The pulses from each o f the chambers 

were i n d i v i d u a l l y recorded, and events were recorded i f the t o t a l ion iza ­

t i o n i s greater than a given threshold value simultaneously i n each o f 

any two o f the layers o f i on i za t i on chambers,, The data on the ion iza t ion 

bursts i n the chambers, obtained during 2,64-0 hours are shown i n f i g u r e 2.6 

and the i n t e g r a l burs t spectrum was given wi th exponent - 1 .9 - 0 .03 . 

2 ,3 .9 Baruch et a l . (1973) 

A study o f the hadron energy spectrum s t i l l continues m the high 

energy region and a recent experiment reported by Baruch et a l . w i l l be 

discussed i n t h i s sec t ion . They have operated a single i n t e r a c t i o n 

calorimeter at s i t e F o f the Haverah Park array, 24-0 meter above sea l e v e l . 
2 

The calorimeter has a sensi t ive area o f 4 m , i s surrounded by a i r shower 

detectors, end i s designed to measure the energy o f hadrons i n t e r a c t i n g i n 

a 60 g cm t h i c k graphite t a r g e t . Wider a f u r t h e r length o f s tee l are 

two crossed layers o f proport ional counters separated by 3«5 r ad i a t i on 

lengths o f lead . There are 112 counters i n each l aye r , and t h e i r diameter 

i s 3*5 cm. The signals from each detector are recorded i n d i v i d u a l l y . 

The electron-photon cascades, or burs ts , produced by hadrons reaching t h e i r 

maximum at depths i n the lead near the layers of the propor t ional counters 

are recognized from the r e l a t i v e amounts o f i o n i z a t i o n i n the two layers . 

The calorimeter does not measure the t o t a l i o n i z a t i o n o f the cascades 

subsequent to hadron in te rac t ions i n the calorimeter , but the maximum N , 
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o f the cascade« They estimate cascades are at maximum development i f 

the r a t i o o f the number o f electrons (burst size) i n the top t r a y o f the 

propor t ional counters i s w i t h i n a f a c t o r 2 o f those recorded i n the bottom 

t r a y 0 

The t r i g g e r i n g threshold was taken as more than 1|500 elcctons i n 

each l aye r , or by a minimum shower size recorded by the shower detectors* 

The absolute energy ca l i b r a t i on o f the apparatus was made by studying i t s 

response to a r t i f i c i a l l y accelerated electrons o f known energies, the 

response at other energies being calculated from the cascade curves given 

by Buja (1963)* Howevor, the r e su l t given by Baruch et a l . (1973) f o r 

the d i f f e r e n t i a l energy spectrum o f a l l hadrons a t sea l e v e l snows a step 

•k ink 1 between 2.0 - 8.0 TeV i n the spectrum. I t was suggested tha t t h i s 

r e su l t i n which the slope changes can be in te rpre ted as evidoncc f o r a now 
/ 2 -7 p a r t i c l e ca l led "Mandela" o f mass 40 - 70 GeV/c , a mean l i f e time 2 10 

second and an in te rac t ion length o f 1,00C t 700^ 6 cuT 2 . The f r a c t i o n o f 

the energy, Hy , given t o the electromagnetic cascade by t h i s p a r t i c l e 

would be 40 - 95$. 

The d i f f e r e n + i a l energy spectrum o f a j l hadrons measured by Baruch 

et a l . wi th the k ink appearing at — 2 TeV i s shown i n f i g u r e 2 . 5 . 

2.3.10 G.B. Yodh (1974) 

A resu l t on high energy hadrons at sea l e v e l using the same ion iza t ion 

calorimeter discussed i n section 2 .3 .6 has been given by Yodh (p r iva te 

communication). The new resu l t s were extended to a few TeV, and the d i f f e r ­

e n t i a l energy spectrum measured i n a running time o f 447 hours and energies 

between 1 TeV to 6 TeV i s also shown i n f i gu re 2 .5• 
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2.4 Measurements at high a l t i t u d e 

2.4.1 Kaneko et a l . (1971) 

_2 
They have observed at Mto Chacaltaya, 550 gem , a high energy 

12 

nuclear "burst produced by nadrons wi th energy greater than 310 eV and 

without accompanying shower p a r t i c l e s . These are most l i k e l y -co be 

produced by surviving primary protons a r r i v i n g at Chacaltaya without miter-

ac t ion i n the atmosphere. The basic experimental arrangement consi&ts o f 

10 v e r t i c a l telescopes each consist ing o f 2 and 3 unshielded counters 
—2 

placed above one shielded counter under 386 g cm o f absorber. The 

i n t e g r a l energy spectrum o f surv iv ing primary protons i s shown i n f i g u r e 

2.7o 

2.4 .2 G-ngorov et a l . (1965) 

_2 
The measurements were made at Mt. Aragats, ~ 700 g cm , using an 

2 
i on i za t i on calorimeter of 10 m operating area. The calorimeter contained 

12 t rays o f i on iza t ion chambers placed under f i l t e r s o f lead , graphite and 
12 

i r o n . The f l u x of nuclear act ive pa r t i c l e s o f energy up t o 310 eV 

has been measured. The 633 events were recorded during 1,015 hours and 

from the measured angular d i s t r i b u t i o n , cos^ •& was found* The i n t e g r a l 

energy spectrum o f the p a r t i c l e s without a i r accompanying showers i s shown 

i n f i gu re 2 . 7 . 
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2.4 .3 Jones et a l . (1970) 

_2 A cosmic ray experiment at Echo lake , 700gem , Colorado, has been 

used to study the in terac t ions o f cosmic ray hadrons wi th protons* 

This experiment, which used 2000 - l i t e r l i q u i d hadrogen t a rge t , spark 

chambers and an ion iza t ion calorimeter was carr ied out at Echo Lake, and 

produced approximately 1,000 in te rac t ions above 70 GeV. The calorimoter 

was constructed from i ron and p l a s t i c s c i n t i l l a t o r wi th a t o t a l thickness 
-2 

1,130 g cm . The energy of an inc ident hadron was determined from the 

pulse heights o f the calorimeter counters. The energy reso lu t ion o f the 

calorimeter was estimated to be about - 15%» *rom the data on hedrons, 
—7 —2 —2 —1 —1 

thp in+pgraT f l u x was represented bv N( >E^ = (3 x 10 )E (m s t sec ) , 

w i t h E i n GeV. The slope o f the spectrum i s greater than that usual ly 

found because the anticoincidence counters r e j e c t a la rger f r a c t i o n o f 

high energy hadrons as they are more probably accompanied by secondaries 

from p r i o r c o l l i s i o n s m the atmosphere. The r e su l t i s shown i n f i g u r e 2 .7 . 

2 .4 .4 Siohan e>, a l . (1973b) 

An ion iza t ion calorimeter has been operated at an a l t i t u d e o f 2,900 

meters (730 g cm ) at SRCRL i n New Mexico, to measure the charged hadron 

f l u x . The calorimeter i s the same as the one operated at sea l e v e l and 

i s described i n section 2 . 3 . 6 . The t n g g e r m g threshold o f the c a l o r i ­

meter var ied between 55 and 100 GeV. A large p l a s t i c s c i n t i l l a t o r o f 

2 
t o t a l area 3*3 m w a s placed i n anticoincidence to record the shower 

accompanied hadrons» 

The d i f f e r e n t i a l v e r t i c a l f l u x o f charge single hadrons unaccompanied 
2 

over 5 o i s shown i n f i g u r e 2.7 w i t h : 
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dN/dE = (7 .95 * 0 .9) x 10~ 5 (E/lOO)""-5*2 " 1 p a r t i c l e s / m 2 sec st GeV 
f o r 100 < E < 1,200 &eV. 

2.5 Discussion 

I n t h i s survey, the "best estimate momentum spectrum f o r protons 

between 1 - 100 G-eV/c has been given. The shape of the spectrum i n 

t h i s region i s consistent wi th that expected f o r a primary spectrum wi th 

constant exponent when ion iza t ion loss an the atmosphere i s taken i n t o 

consideration; i t i s assumed tha t the protons observed at sea l e v e l have 

traversed h a l f the atmosphere on average, as neutrons 0 The previous 

measurements by Brooke and Yfolfendalc are an good agreement wi th the l a t e r 

measurements o f Diggory et a l . 

Also the best measurements on the neutron energy spectrum summarised 

by Ashton J973 )provided the best evidence f o r the behaviour o f the 

nucleon spectrum at high energies, t h i s measurement gives a slope 

Y = - 2.95 - 0 .1 an the energy range 50 - 1,000 GeV. 

The spectrum o f negative pions has been measured by Brooke et a l . and 

Diggory et a l . The i n t e n s i t i e s obtained i n Diggory et a l . are system­

a t i c a l l y higher by a f a c t o r o f two up than those o f Brooke et a l . , part o f 

t h i s discrepancy may be due to the d i f f e r e n t nonra l i za t ion procedures used 

t o obtain the flu^c but there s t i l l remains a discrepancy of more than L 5 

at a l l momenta. No d i r e c t measurements have been made on the high energy 

( > 1 0 1 1 eV) pion f l u x , the only method of separation pions from charged 

pa r t i c l e s producing bursts 5 s the s t a t i s t i c a l method wmch w i l l be discussed 

i n chapter 6. The most i n t e r e s t i ng th ing i n t h i s survey i s the r e su l t 

given by Baruch et a l . showing a bump i n the hadron spectrum between 

210 eV t o 810 eV which they suggested i s due to a new p a r t i c l e ( t h i s 
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i s discussed i n d e t a i l i n section 2 . 3 . 9 ) • Unfortunately there i s no 

other experimental r e su l t that covers t h i s region. Dmitriev et a l . 

measurements s tar ted a f t e r the k i n k , they found there i s an increase i n 

the i n t e n s i t y o f t h e i r bursts and the slope of t h e i r d i f f e r e n t i a l spectrum 

i s 7 = =2.5. Babecki et a l . m t h e i r measurements of bursts covered the 

region where the bump i s , but they d id not f i n d i t . &. Yodh shows i n 

h i s l a t e r measurements that there i s no change m the slope m his spectrum 

( y = - 3 « 6 ) . However, i f we s t a r t to look to the experimental resu l t s at 

h igh a3t i tude , one can see that most o f them covered the bump region, but 

also there i s no sign o f any step. Baruch et a l . suggested that the exper i ­

ments which study high energy hadrons at high a l t i t u d e might miss i t , 

because the new pa r t i c l e has a very long in te rac t ion length 1000 - yQQUg cm" Z . 

One can derive i n t ens i t i e s at sea l e v e l by m u l t i p l y i n g them by a f a c t o r e A 

- 2 

where X i s the depth i n g cm and \ i s the in t e rac t ion l eng th . However, 

the work i n t h i s thesis covered a very w*de energy range i n the spectrum and 

the r e s u l t obtained w i l l be discussed i n chapter 5o 
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CHAPTER 3 

THEORY OF THE PRODUCTION CF BURSTS IN THICK IROT 

iiND LEAD ABSORBERS 

3.1 In t roduc t ion 

I t was noted i n chapter 2 tha t most o f the experiments used to 

measure hadron energy spectra and study the i n t e r ac t i on o f high energy 

hadrons at d i f f e r e n t depths i n the atmosphere usua l ly employ some type 

o f i on iza t ion calorimeter . Such calorimeter consist o f a sandwich 

arrangewuiil o f inm absurbuis and devectorb used to measure xne develop­

ment o f the cascade produced i n the nuclear i n t e r a c t i o n . The energy o f 

the hadron can "be estimated from the ion iza t ion produced by the pa r t i c l e s 

i n the cascade. 

I n t h i s experiment two d i f f e r e n t absorbers were used ( i r o n and lead) 

and a single detector under each absorber was used to measure the number 

o f pa r t i c l e s emerging from the absorber due to a nadron in t e r ac t ing strongly 

w i t h the target nucleus. The energy o f the incident hadrons can be deter­

mined i f the physical processes occurring are understood and can be predicted. 

In t h i s chapter the problem o f a hadron (nucleon, pion) i n i t i a t i n g a nuclear-

electromagnetic cascade has been studied and a method o f obta in ing the energy 

o f the hadron w i l l be discussed. I n i t i a l l y pure electron-photon cascades 

w i l l be discussed, consideration then being extended to nuclear-electromagnetic 

cascades. 

3.2 Outline o f the cascade process 

Assume a hadron incident on a dense absorber o f depth, X, then the 
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p r o b a b i l i t y tha t the hadron undergoes a strong in t e rac t ion fo l lows the 

exponential form e"X/^ where \ i s the in t e rac t ion lengths v7hen the 

hadron i n t e r a c t s , secondaries w i l l be produced (mainly p ions ) 0 I f the 

incident p a r t i c l e i s a nucleon then a f r a c t i o n o f energy goes to 

the socondary pions and the nucleon continues through the absorber, possibly 

t o i n t e rac t again. I f the incident pa r t i c l e i s a charged pion then i t 

loses a l l o f i t s energy to the secondary pionso 

I t was assumed tha t the number o f charged pions produced i n each 

i n t e r a c t i o n i s twice the number of neu t ra l s . The charge pions in t e rac t 

deeper i n the absorber producing more pions to contr ibute i n the cascade 

again. The neu t ra l pions decay to two gamma rays which can then i n i t i a t e 

an electron-photon cascade e i ther by mate r i a l i s ing in to an electron-posi t ron 

p a i r or by undergoing Compton sca t t e r ing . I f the olectron (pos i t ron) energy 

i s above the c r i t i c a l energy o f the medium, then the electron csn produce 

more photon.-, by r ad ia t ion loss (bremsstrahlung), and the photon i n tu rn 

producing more e lectrons . Because of t h i s , an electron-photon shower i s 

b u i l t up i n the medium. A f t e r a cer ta in depth i n the medium the cascade 

reaches a point where the mean energy o f the e3ectrons i n the cascade fr^Lls 

below the c r i t i c a l energy o f the medium and the cascade s ta r t s to die out 

because the c o l l i s i o n losses become more important than the r ad ia t ion loss 

and a l l the energy i s l o s t i n exc i t a t i on and i o n i z a t i o n i n the medium. 

I t i s important to point out tha t the secondary pions and the cascade 

development moves i n the absorber almost i n the same d i r ec t ion as the 

parent incident hadron t h i s means the cascade has been considered as one-

dimensional process i n the medium. 

Over a considerable time many workers have attempted to explain theoret­

i c a l l y the behaviour o f an electron-photon cascade i n various media. The 

approach can be divided in to two categories: 1 . The a n a l y t i c a l method, 



i n which a set of d i f f u s i o n equations are used to represent the develop­

ment o f the shower at a given depth. 2 . The Monte Carlo method, an 

which the primary p a r t i c l e and a l l subsequent par t ic leB are fo l lowed 

through the ma te r i a l 0 

3*3 One dimensional electron-photon shower development 

3«3«1 Basic equations 

To derive the number o f electrons and photons at a given depth i n 

an abcorbor produced by a primary electron or photon o f energy E i s 

mathematically very d a f f i r u l t * 

The equations o f the one-damensional cascade theory, which include 

pa i r production and compton scat ter ing by photons and bremsstrahlung 

and ion iza t ion losses by electrons are derived an d e t a i l by Rossi (1952^ 

by considering the various production and absorption phenomena taking place 

i n an i n f i n i t e s i m a l layer o f thickness d t . The d i f f u s i o n equations 

r e l a t i n g the number o f electrons and photons et depth, t , t o the number 

o f electrons and photons at depth ( t + d t ) are: 

DO 

j y (E , t ) l p p (E,E ) 

E 

J 7t(E , t ) 

E 

6rc(E,t) 4> dE + (E ,E - E) dS 

E 

TC(E,t)tp e (E,E ) dE 6TC(E, t) 

6 E 

/ Y ( E , t ) < D ( E , E ) 
OO 

I K (E, t ) tp e (E ,E) 
J E 

O Y ( E , t ) dE dE 
6t 

wnere, TC(E,t) dE represents the number o f electrons of energy Z t o 
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E + dE at depth t , Y(E»*) ^ l s "*'ne number o f photons o f energy between 

E and E + dE at depth t . p i s the average ion iza t ion loss per r ad ia t ion 

leng th , ^p 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 ad ia t ion length 

f o r the production o f ** photon o f energy E by an electron o f energy E 

and i£ip(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 rad ia t ion length f o r 

the production o f an electron o f energy E by a photon o f energy E 0 

To solve these equations a n a l y t i c a l l y cer ta in s i m p l i f y i n g assumptions 

can be made. For example, the equations can be solved by numerical 

in tegra t ion using exact p r o b a b i l i t i e s f o r each process. 

3»3«2 The ana ly t i c so lu t ion using Approximations A and B 

Rossi (1952) has given i n d e t a i l the assumption of Approximations 

A and B to solve the d i f f u s i o n equations. I f we consider energies large 

compared wi th the c r i t i c a l energy o f the medium then the theory o f the 

showers can be developed by considering only r ad i a t i on processes and «a i r 

production (Approximation A)o Furthermore, i f the energies are also I&rge 

compared with 137 MgC^Z3 , r ad ia t ion processes and pa i r production can be 

described by the asymptotic formula f o r complete screening, i n t h i s Approx­

imation A the c o l l i s i o n processes and Compton e f f e c t were neglected. 

I t i s i n t e re s t ing to note that Approximation A shower theory gives i d e n t i c a l 

r e su l t s f o r a l l materials provided thicknesses are measured i n r ad ia t ion 

lengths . When the energies involved become comparable wi th the c r i t i c a l 

energy the Compton e f f e c t can be neglected but c o l l i s i o n processes must be 

taken i n t o account wi th the pa i r production and r ad i a t i on process (Approxi­

mation B ) . Also , i t should be noted that Approximation B y ie lds i d e n t i c a l 

r e su l t s f o r a l l elements provided one measures thicknesses i n r ad ia t ion 

lengths and the energies m terms o f the c r i t i c a l energy e 
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3»3»3 Method o f moments 

The method o f Approximations A and B which u t i l i s e what are known 

as f unc t i ona l transformations to solve the d i f f u s i o n equations gives a 

complete so lu t ion to the problem describing one-dimensional cascades m 

l i g h t media* The method, however, breaks down i n l i g h t elements when 

the energy o f the p a r t i c l e which i n i t i a t e s the cascade becomes comparable 

w i t h the c r i t i c a l energy o f the medium m which the shower developeso 

Since i n heavy media (high Z) t h i s becomes i n v a l i d because the t o t a l 

photon absorption c o e f f i c i e n t depends s t rongly on energy and the back 

scat ter ing o f electrons plays an important r o l e . 

The approach, the method o f momenta. raDrulate* the averajrp hnhflvirwiy 

of the cascade ( i . e . , the number o f electrons or photons wi th energy 

greater than E which emerge from a layer o f thickness t ) . These moments 

are simpler to compute than the p r o b a b i l i t i e s given on the r igh t hand side 

o f the d i f f u s i o n equations. The accuracy o f t h i s method depends on the 

order to which the moments are calculated. This approach has been used 

by Ivanenko and Damosudov (1959, 1967a, 1967b) who evaluate the f i r s t f ou r 

moments, w i th an accuracy o f 5 - lC^o to obtain the t r a n s i t i o n (shower) 

curves. Ivanenko and Samosudov have produced a series of sho»/er curves 

covering a wide range o f energies f o r d i f f e r e n t absorbers (copper, lead , 

i r o n , aluminium and graphite) and f o r d i f f e r e n t cut o f f energies f o r the 

electrons and photons. The curves have been calculated taking i n to account 

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 

include the e f f e c t o f the increased track length due to mul t ip le sca t te r ing 

o f the electrons. 

Figures 3«1 and 3»2 show the t r a n s i t i o n curves f o r photon - i n i t i a t e d 

cascades i n i ron and lead f o r an energy c u t - o f f o f ~ 1 MeV. 
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3 « 3 « 4 Monte C a r l o me thod 

S e v e r a l Monte C a r l o c a l c u l a t i o n s have been p e r f o r m e d on t h e d e v e l o p ­

ment o f e l e c t r o n - p h o t o n showers on d i f f e r e n t m a t e r i a l s . The me thod i s 

b a s e d on f o l l o w i n g t h e p r i m a r y e l e c t r o n o r p h o t o n and i t s p r o g e n y c o n t i n u ­

o u s l y t h r o u g h t h e abso rbe r , , Howeve r , t h i s g i v e s a c c u r a t e r e s u l t s i f 

one can use t h e e x a c 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 0 The r e s u l t s c o n c e r n i n g 

t h e a v e r a g e shower b e h a v i o u r a r e s u b j e c t t o f l u c t u a t i o n s because t h e e r r o r 

depends on t h e number o f s i m u l a t i o n s p e r f o r m e d a t each e n e r g y . One o f 

t h o s e r e s u l t s i s g i v e n b y M e s s e l and C r a w f o r d ( 1 9 7 0 ) . T h e y s t u d i e d t h e 

t h r e e d i m e n s i o n a l cascade p r o b l e m i n c o p p e r f o r v a r i o u s p r n m a j y a n d s e c o n d ­

a r y e n e r e i e s . T h e y p r o d u c e d e x t e n s i v e t a b l e s o f e l e c t r o n snfl p h o t o n 

number d i s t r i b u t i o n s , t o g e t h e r w i t h r a d i a l a n d a n g u l a r d i s t r i b u t i o n s . 

3 . 3 * 5 A c o m p a r i s o n b e t w e e n c a l c u l a t i o n s and e x p e r i m e n t s 

G o a t s ( 1 9 6 7 ) has made a c o m p a r i s o n b e t w e e n some e x p e r i m e n t a l r e s u l t s 

on e l e c t r o n - p h o t o n c a s c a d e showers i n i r o n w i t h t h e r e s u l t s o f I v a n e n k o 

a n d Samoaudov and f o n d s a r e a s o n a b l e a g r e e m e n t . 

A c o m p a r i s o n has a l s o been made b e t w e e n e x p e r i m e n t a l r e s u l t s a n d 

c a l c u l a t i o n s f o r t w o d i f f e r e n t p r i m a r y e l e c t r o n e n e r g y i n d u c e d cascades i n 

l e a d . F i g u r e s 3 » 3 and 3 » 4 shows t h i s c o m p a r i s o n . A t l o w e n e r g y t h e 

c a l c u l a t i o n o f I v a n e n k o a n d Samusodov a n d t h e Mon te Car lo s i m u l a t i o n o f 

C r a w f o r d and M e s s e l l o o k i n a g o o d agreement ( f i g u r e 3 * 3 ) • Two o f t h e 

e x p e r i m e n t a l r e s u l t s show h i g h e r c u r v e s above t h e c a l c u l a t i o n s and t h e 

e x p e r i m e n t a l c u r v e o f H e u t c h a n d P r e s c o t t . T h i s a p p a r e n t d i s a g r e e m e n t 

b e t w e e n t h e e x p e r i m e n t a l r e s u l t s i s l i k e l y t o be due t o e x p e r i m e n t a l 

d i f f i c u l t i e s i n d e f i n i n g t h e c u t o f f e n e r g y . The r e s u l t s a t h i g h e n e r g y 

show t h e r e i s n o d i r e c t e x p e r i m e n t a l r e s u l t s o r Monte C a r l o r e s u l t s , b u t 
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t h e n u m e r i c a l c a l c u l a t i o n o f T h i e l h e i m and Z o l l n e r a r e shown ( f i g u r e 3 . 2 f ) 

w i t h t h e c a l c u l a t i o n o f I v a n e n k o a n d Samosudov. 

3.A> S i m u l a t i o n o f n u c l e a r i n t e r a c t i o n s i n a t h i c k a b s o r b e r 

3 . 4 . 1 G-eneral r emarks 

A n y e x j j e r i m e n t p e r f o r m e d t o measure t h e e n e r g y s p e c t r u m o f h a d r o n s 

depends on a k n o w l e d g e o f t h e i r i n t e r a c t i o n c h a r a c t e r i s t i c s . The e n e r g y 

o f t h e i n t e r a c t i n g h a d r o n has t o be e s t i m a t e d f r o m t h e b u r s t s i z e , t h a t 

i s measured b y a s c i n t i l l a t i o n c o u n t e r and i n o r d e r t o do t h i s a mode l 

f u r L n w i i A I I L e i a o L i o n w i t h Llis LargeL n u c l e i h&s "to bs u d c p t v u . . 

S e v e r a l p e o p l e have done c a l c u l a t i o n s u s i n g t h e Monte C a r l o t e c h n i q u e 

t o s t u d y t h e n u c l e a r - e l o c t r o m a g n e t i c cascade i n t h e i r e x p e r i m e n t . 

Jones ( 1 9 6 9 a , 1 9 6 9 b ) has s i m u l a t e d t h e l o n g i t u d i n a l n u c l e a r - e l e c t r o m a g n e t i c 

cascade d e v e l o p m e n t m an i o n i z a t i o n s p e c t r o m e t e r u s i n g a Mon te C a r l o 

c a l c u l a t i o n . C a l c u l a t i o n s have been p e r f o r m e d t o c o r r e s p o n d t o an a c t u a l 

s p e c t r o m e t e r w h i c h was exposed t o 1 0 , 2 0 . 5 anci. 28 GeV/c i n c i d e n t p r o t o n t 

a t B r o o k h a v e n . The c o m p a r i s o n s o f t h e c t i l c u l a t e d a n d measured p a r t i c l e 

d i s t r i b u t i o n s i n d i c a t e t h a t t h e Monte C a r l o m e t h o d u s e d does i n d e e d p r o v i d e 

a r e a s o n a b l e s i m u l a t i o n o f t h e n u c l e a r e l e c t r o m a g n e t i c cascade d e v e l o p m e n t 

i n t h e l o n g i t u d i n a l d i r e c t i o n . V a t c h a e t a l . ( 1 9 7 2 ) have p e r f o r m e d Monte 

C a r l o c a l c u l a t i o n s f o r h a d t o n s i n t e r a c t i n g i n i r o n . The s i m u l a t i o n s were 

c a r r i e d o u t f o r t h e same g e o m e t r y as was u s e d i n a m u l t i p l e c l o u d chamber . 

Prom t h e c a l c u l a t i o n o f t h e h a d r o n e l e c t r o m a g n e t i c cascade t h e r e l a t i o n 

be tween t h e p r i m a r y h a d r o n e n e r g y and t h e t r a c k l e n g t h s c o r r e s p o n d i n g t o 

d i f f e r e n t s t a g e s o f d e v e l o p m e n t and a b s o i p t i o n o f t h e cascade were o b t a i n e d . 

They f o u n d i t i s p o s s i b l e t o d e t e r m i n e t h e e n e r g y u p t o 1 0 " ^ eV w i t h an 
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a c c u r a c y " b e t t e r t h a n 50Jo an t h e chamber . 

V a t c h a e t a l . c o n c l u d e t h a t t h e cascades i n t h e e n e r g y r ange 

1 - 1 0 TeV show much f a s t e r a b s o r p t i o n a f t e r t h e cascade maximum t h a n 

t h a t p r e d i c t e d b y a n y o f t h e mode l s u s e d . They s u g g e s t t h a t a h i g h e r 

i n e l a s t i c i t y combined w i t h a h i g h e r m u l t i p l i c i t y c o u l d e x p l a i n t h e i r 

o b s e r v a t i o n . A l t e r n a t i v e l y , V a t c h a e t a l . s u g g e s t e d t h a t a p o s s i b l e 

i n t e r p r e t a t i o n f o r t h i s f e a t u r e i s t h e g a m p a n i s a t i o n p r o c e s s s u g g e s t e d 

b y N i k o l s k y ( 1 9 6 7 ) m w h i c h h i g h e n e r g y p h o t o n s a r e p r o d u c e d d i r e c t l y 

i n n u c l e a r i n t e r a c t i o n s above some t h r e s h o l d . 

The t o t a l number o f e l e c t r o n s has boen c a l c u l a t e d b y P i n k a u a n d 

Thompson ( I 9 6 6 ) f o r d i f f e r e n t a i r , g l a s s and i r o n a l s o r b e r s u s i n g t h e 

m o d e l o f C o c c o n i , K o e s t e r and P e r k i n s ( C K F ) , t h e c a l c u l a t i o n h e l p e d i n 

t h e d e s i g n o f t h e i o n i z a t i o n s p e c t r o m e t e r s f o r t h e measurement o f t h e 

t o t a l e n e r g y o f t h e p a r t i c l e s o I n t h i s e x p e r i m e n t t h e t o t a l number o f 

e l e c t r o n s o b s e r v e d i n t h e b o t t o m o f t h e a b s o r b e r due t o n u c l e a r i n t e r a c t i o n 

was c a l c u l a t e d u s i n g a m o d e l b a s i c a l l y s i m i l a r t o t h e CKP m o d e l . T h i s 

w i l l be d i s c u s s e d i n t h e n e x t s e c t i o n . 

3 . i f . 2 M o d e l o f n u c l e a r i n t e r a c t i o n s 

An a v e r a g e t r e a t m e n t c a l c u l a t i o n was made t o c a l c u l a t e t h e n u c l e a r 

cascade i n a t h i c k a b s o r b e r p r o d u c e d b y i n c i d e n t p r o t o n s e n d p i o n s on 

i r o n and l e a d a b s o r b e r . The p r o p e r t i e s o f t h e mode l i n t r o d u c e d f o r 

n u c l e a r i n t e r a c t i o n can be summar ized as f o l l o w s : 

( a ) The h a d r o n i s i n c i d e n t v e r t i c a l l y on t h e a b s o r b e r . 

( b ) The h a d r o n e n e r g y l o s s b y i o n i z a t i o n p r o c e s s e s were n e g l e c t e d . 

( c ) The i n c i d e n t h a d r o n was a l l o w e d t o i n t e r a c t a t s u c c e s s i v e d e p t h t 

( r a d i a t i o n l e n g t h ) a c c o r d i n g t o t h e p r o b a b i l i t y d i s t r i b u t i o n : 
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i "Fn? 
P ( t ) d t = — - — e d t w h e r e , \ i s t n e i n t e r a c t i o n 

K 

l e n g t h o f t h e p r i m a r y p a r t i c l e i n r a d i a t i o n l e n g t h S o 

( d ) The i n e l a s t i c i t y , K , f o r t h e p i o n s was assumed t o be u n i t y , 

i . e . a l l i t s e n e r g y goes t o t h e s e c o n d a r y p a r t i c l e s p r o d u c e d 

i n e ach i n t e r a c t i o n . F o r p r o t o n s , t h e mean i n e l a s t i c i t y was 

assumed t o be a f u n c t i o n o f t h e a b s o r b e r m a t c n a l o 

( e ) The mean m u l t i p l i c i t y o f t h e s e c o n d a r y p a r t i c l e s i s o f t h e f o r m : 

H s = 3 . 0 A 0 , 1 9 ( K E ) * 

where A i s t h e a t o m i c mass o f t h e a b s o r b e r a n d E i s t h e e n e r g y o f 

t h e i n c i d e n t p a r t i a l e . T h i s e q u a t i o n i s b a s e d on a c o m b i n a t i o n 

O f s i J T V f i V " ? ( f . f r . f i r p i f l e f TQ70 VMnwr»gvlr 1 Q 7 ^ artfl nn j-V1Q Vi-iriS-cn— 

d y n a m i c a l mode l B e l s n k j i and Landau ( 1 9 5 6 ) . A l l t h e s e c o n d a r y 

p a r t i c l e s a r e assumed t o be p i a n s and t h e number o f c h a r g e d p i o n s 

( TC - ) t w i c e t h e n e u t r a l p i o n s ( 1 1 ° ) • 

( f ) I t was assumed t h a t i n t h e n u c l e a / i n t e r a c t i o n a l l s e c o n d a r y p i o n s 

c r e a t e d moved i n t h e f o r w a r d cone a n d t h e mean m u l t i p l i c i t y was 

u s e d t o d e b w n n m e t h e mean e n e r g i e s o f t h e f o r w a r d p i o n s . Each 

p i o n na s on a v e r a g e e q u a l e n e r g y a n d t h e p r o b a b i l i t y e n e r g y 

d i s t r i b u t i o n f o r t h e s e s e c o n d a r i e s i n t h e l a b o r a t o r y s y s t e m i s 

g i v e n b y : 

- E / E 
P ( E ) dE = e dE w h e r e , P ( E ) d E i s t h e d i f f e r e n t i a l 

E* 

p r o b a b i l i t y o f t h e s e c o n d a r y p i o n s h a v i n g e n e r g y b e t w e e n E a n d E + d E , 

E* i s t h e mean e n e r g y o f t h e f o r w a r d c o n e . 

H a v i n g a l l t h e s e a s s u m p t i o n s k n o w n , t h e m e t h o d a d o p t e d t o d e t e r m i n e 

t h e n u c l e a r cascade i n a ] e a d a n d i r o n a b s o r b e r was as f o l l o w s : 

The a b s o r b e r ( 1 5 cm o f i r o n , 1 5 cm o f l e a d ) was d i v i d e d i n t o f o u r 
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l a y e r s ( A , B , C a n d D) o f e q u a l t h x c k n e s s o The i n c i d e n t p r i m a r y p a r t i c l e 

w i t h a g i v e n e n e r g y E GeV was a l l o w e d t o i n t e r a c t i n each l a y e r a c c o r d i n g 

t o t h e p r o b a b i l i t i e s c a l c u l a t e d f r o m t h e e q u a t i o n g i v e n i t e m Co I n 

t h e f i r s t i n t e r a c t i o n s e c o n d a r y p i o n s a r e p r o d u c e d m i d i t was assumed 

2 / 3 o f t h e p i a n s a r e c h a r g e d a n d 1 / 3 n e u t r a l . A c u t - o f f was a p p l i e d 

f o r t h e c h a r g e d p i o n s w i t h e n e r g y < 1 GeV and f o r n e u t r a l p i o n s w i t h 

e n e r g y < 0 . 2 G-eV. The t o t a l number o f c h a r g e d p i c i s w r c h e n e r g y > 1 GeV 

a n d t h e t o t a l number o f n e u t r a l p i o n s o f e n e r g y > 0 . 2 GeV was c a l c u l a t e d 

u s i n g t h e CKP d i s t r i b u t i o n ( i t e m f ) . The mean e n e r g y f o r t h e c h a r g e p i o n s 

w i t h e n e r g y c u t - o f f > 1 GeV i s ( 1 + E ) GeV and f o r n e u t r a l p i o n s w i t h 

e n e r g y c u t - o f f > 0 . 2 GeV i s ( 0 . 2 + E* ) , 

T h i s was c a l c u l a t e d f r o m : 

i 00 ' 
- E / E 

E e dE 
E = E l 

.00 , 
r E / E dE / e 

E E 

w h e r e , E i s t h e mean e n e r g y o f p r o d u c e d p i o n s i n GeVo 

The n e u t r a l p i o n s were assumed t o decay i m m e d i a t e l y i n t o t w o p h o t o n s w i t h 

e q u a l e n e r g y w h i c h can t h e n i n i t i a t e an e l e c t r o n - p h o t o n c a s c a d e . The 

c h a r g e d p i o n s e n t h e r i n t e r a c t e d deepe r i n t h e a b s o r b e r o r emerged f r o m 

i t w i t h o u t i n t e r a c t i o n . The ave rage d e p t h o f t h e s u c c e s s i v e i n t e r a c t i o n s 

was c a l c u l ° t e d f r o m : 

X = \ n 

e x p ( x / X T t ) - 1 

where X i s t h e d i s t a n c e f r o m t h e b o t t o m o f t h e a b s o r b e r f o r t h e 

f i r s t i n t e r a c t i o n . (The f i r s t i n t e r a c t i o n i s assumed t o happen i n t h e 
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m i d d l e o f t h e H a v e r s A , B , C a n d D)o X t c i s t h e i n t e r a c t i o n l e n g t h 
o f t h e p i o n . As m e n t i o n e d b e f o r e i f t h e i n c i d e n t p r i m a r y p a r t i c l e i s 
a p i o n t h e n a l l i t s e n e r g y goes t o t h e s e c o n d a r y p i o n s because t h e 
i n e l a s t i c i t y was assumed t o be u n i t y . B u t i f t h e i n c i d e n t p r i n a r y was 
a p r o t o n , t h e mean i n e l a s t i c i t y was assumed t o be a f u n c t i o n o f t h e a b s o r b e r 
m a t e r i a l . Jones o t a l . ( 1 9 6 9 ) have g i v e n a summary, f i g u r e 3 * 5 * s h o w i n g 
t h e r e l a t i o n s h i p be tween t h e mean i n e l a s t i c i t y and t n e a t o m i c mass number 
A . The i n e l a s t i c i t y o f p r o t o n s v/as t a k e n t o be 0 „ 6 3 f o r i r o n and 0 . 8 
f o r l e a d a b s o r b e r . D i f f e r e n t v a l u e s o f K was g i v e n b y v a r i o u s w o r k e r s . 
B r a d t and R a p p a p o r t ( 1 9 6 7 ) a s sumed^va lue o f t h e i n e l a s t i c i t y o f p r o t o n s 
i n t e r a c t i n g w i t h a i r n u c l e i t o be a f l a t d i s t r i b u t i o n b e t w e e n K - 0 o 2 5 
a n d K + 0.-^5 where K. i s 0 . 5 « 

The n u c l e a r cascade t e r m i n a t e d when a l l o f t h e h a d r o n s ( p r i m a r y and 

p r o d u c e d i n t h e i n t e r a c t i o n s ) h a d e i t h e r passed o u t o f t h e a b s o r b e r o r 

t h e i r e n e r g y h a d f a l l e n b e l o w t h e c u t - o f f . 

The e n e r g y c u t - o f f o f 1 G-eV f o r c h a r g e d p i o n s i s b a s e d on t h e f a c t 

t h a t t h e i n e l a s t i c c r o s s - s e c t i o n o f p i o n s d r o p s v e r y s h a r p l y a t t h i s v a l u e 

( H a y a k a v a I 9 6 9 ) e T h i s means t h a t t h e p i o n i , w o u l d n o t c o n t r i b u t e t o t h e 

c a s c a d e . A c u t - o f f was a p p l i e d a l s o f o r c r e a t e d n e u t r a l p i o n s TC° i f 

t h e i r e n e r g i e s were l e s s t h a n 0 . 2 G-eV s i n c e t h e p h o t o n p r o d u c e d b y t h e 

d e c a y o f t h e TT° a l m o s t a t r e s t w o u ] d n o t c o n t r i b u t e s i g n i f i c a n t l y t o 

t h e e l e c t r o m a g n e t i c c a s c a d e . A f u l l l i s t o f v a l u e s o f c o n s t a n t s u s e d i n 

t h i s c a l c u l a t i o n i s g i v e n i n t a b l e 3 » 1 » 

3 . 5 R e s u l t o f t h e C a l c u l a t i o n 

3 . 5 • ! E n e r g y - b u r s t s i z e r e l a t i o n 

D i f f e r ^ t p r i m a r y e n e r g i e s : 1 0 GeV, 1 0 0 GeV, 1 TeV a n d 1 0 TeV were 
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M a t e r i a l D e n s i t y E ( M e V ) , R a d i a t i o n . 
/ " 3 N ^ * x l e n g t h Xn A p 

( g cm ) w i t h d e n s i t y _ 2 ° 
e f f e c t . ( g cm ) 

Pe 7 . 6 21 1 4 . 1 1 1 . 6 X Q 9 . 9 4 X Q 

pb 1 1 . 5 4 7 . 6 6 . 5 3 4 . 5 4 X Q 3 3 . 0 8 X Q 

A 2 . 7 - 2 4 . 5 5 . 3 7 X Q 4 . 2 5 X Q 

g l a s s 2 . 5 - 2 6 . 3 5 . 0 1 X Q 3 . 9 5 X Q 

T a W e 3 . 1 ( a ) 

A l i s t o f c o n s t a n t s u s e d i n t h e c a l c u l a t i o n . 

M a t e r i a l Mean m u l t i p l i c i t y o f Mean m u l t i p l i c i t y 

p r o t o n s p i o n s 

Pe 0 . 6 3 1 . 0 

pb 0 . 8 0 l o 0 

T a b l e 3 . 1 ( b ) 

The mean i n e l a s t i c i t i e s u s e d f o r p r o t o n - n u c l e u s 
a n d p i o n - n u c l e u s c o l l i s i o n s i n t h e c a l c u l a t i o n . 

See f i g u r e 3 . 6 . 
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t a k e n t o c a l c u l a t e t h e b u r s t s i z e e n o r g y r e l a t i o n f o r p r o t o n s a n d p i o n s 

i n c i d e n t on a 1 5 cm l e a d and 1 5 cm i r o n a b s o r b e r . The a v e r a g e number 

o f e l e c t r o n s o b t a i n e d as a f u n c t i o n o f i n c i d e n t p a r t i c l e e n e r g y a r e 

shown m f i g u r e s 3 » 6 a n d 3 « 7 » I t can be seen t h a t f o r a g i v e n m a t e r i a l 

t h e p i o n and p r o t o n c u r v e s a r e a l m o s t p a r a l l e l , t h e d i f f e r e n c e i n t h e 

b u r s t s i z e ( e l e c t r o n n u m b e r ) f o r a g i v e n e n e r g y b e i n g a p p r o x i m a t e l y 

p r o p o r t i o n a l t o t h e i n e l a s t i c i t y o As i t i s n o t e d f r o m t h e t w o f i g u r e s , 

t h e r e i s a l m o s t a l i n e a r r e l a t i o n s h i p be tween b u r s t s i z e and t h e e n e r g y 

( E ~ N ) f o r p r o t o n s a n d p i o n s i n l e a d o v e r a l l t h e e n e r g y r a n g e s . I n 

t h e case o f i r o n a t h i g h e n e r g i e s t h e c u r v e s show a f l a t t e n i n g . One can 

i n t e r p r e t t h i s as due t o t h e f a c t t h a t t h e cascade a t h i g h e n e r g y can n o t 

f u l l y d e v e l o p i n t h e r e l a t i v e l y t h i n i r o n a b s o r b e r t h i c k n e s s 8 . 1 ? r a d i a t i o n 

l e n g t h . Yft iereas i n t h e l e a d s a t u r a t i o n i s n o t r e a c h e d because o f t h e 

r e l a t i v e l y g r e a t e r d e p t h a v a i l a b l e f o r t h e cascade d e v e l o p m e n t , t h i c k n e s s 

2 6 . 1 7 r a d i a t i o n l e n g t h . 

A l s o , 1 0 0 TeV p r o t o n anduced cascades i n l e a d were c a l c u l a t e d a n d 

t h i s i s shown i n f i g u r e 3 « 7 o 

3 « 5 o 2 B u r s t s i z e d i s t r i b u t i o n 

The ave rage t r e a t m e n t g i v e s u s e f u l i n f o r m a t i o n a b o u t t h e a v e r a g e 

p r o p e r t i e s o f t h e cascade t h r o u g h t h e a b s o r b e r . The d i s t r i b u t i o n s o f 

t h e p r o d u c e d b u r s t s i z e b e l o w t h e i r o n and l e a d as a f u n c t i o n o f t h e 

d e p t h o f t h e f i r s t i n t e r a c t i o n a r e shown i n f i g u r e s 3 « 8 a n d 3 « 9 f o r p i o n s 

a n d p r o t o n s w i t h d i f f e r e n t e n e r g i e s i n c i d e n t on i r o n , f i g u r e s 3 o l 0 a n d 

3 o l l f o r p i o n s and p r o t o n s w i t h d i f f e r e n t e n e r g i e s i n c i d e n t on l e a d . 

A s shown m f i g u r e s 3 » 8 a n d 3 « 9 t h e r e i s no maximum f o r t h e b u r s t s i z e 

d i s t r i b u t i o n a t h i g h e n e r g i e s , because as m e n t i o n e d b e f o r e t h e cascade i s 
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n o t f u l l y developed th rough the i r o n which has a t h i ckness 8.19 r a d i a t i o n 

l e n g t h . For a g iven energy the p r o b a b i l i t y o f obse rv ing a b u r s t s ize > N 

p a r t i c l e s c o u l d be c a l c u l a t e d f r o m the above d i s t r i b u t i o n . The I n t e g r a l 

p r o b a b i l i t y o f p ions t i t h energy producing a b u r s t s i ze > N below the 

i r o n and l e a d are shorn i n f i g u r e s 3«12 and 3«13« 

The Monte Car lo method has been used t o c a l c u l a t e the b u r s t s i z e -

energy r e l a t i o n s h i p a l so f o r p ro ton and p ion i n c i d e n t on l e a d and i r o n 

absorber (Cooper, 1974> private coramunicetion). 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 b o t h cases. Such t h a t the two approaches should 

be d i r e c t l y comparable. Approx ima te ly 1,000 cascades were generated a t 

each o f f o u r ene rg ies . 

F igu re 3«H»- shows a comparison between the r e s u l t s f r o m b o t h c a l c u l a ­

t i o n s . There i s good agreoment between bo th methods i n c a l c u J a t m g the 

mean number o f e l e c t r o n s as a f u n c t i o n o f i n c i d e n t p r imary energy. 

Cooper has a l so s imu la t ed cascades i n c i d e n t w i t h a z e n i t h angle o f 3 0 ° 

m o r d e r t o es t imate t h e s e n s i t i v i t y o f the r e s u l t s t o the z e n i t h a n g l e . 

These r e s u l t s are c o n s i s t e n t w i t h the conclus ions reached above. I n the 

l e a d t a r g e t the cascades i n c i d e n t a t 3 0 ° produce l o s s e l e c t r o n below the 

absox-ber because o f the g r e a t e r dep th through which the cascade passes. 

I n the i r o n , however, t h e increased pa th l e n g t h a l l o w s the cascade t o 

develop more f u l l y a t h i g h energies p roduc ing l a r g e r b u r s t s i z e . 

F igu re s 3*15 and 3»16 shows the comparison f o r p ions i n t e r a c t i n g a t 

d i f f e r e n t depth i n 15 cm o f i r o n and l e a d . A t o t a l o f 200 cascades were 

s i m u l a t e d a t each energy i n t h e case o f i r o n and 100 cascades m the case 

o f l e a d . The s i m u l a t i o n r e s u l t s are shown as a s c a t t e r p l o t and the f u l l 

curves are the r e s u l t o f the n u m e r i c a l method. I t can be seen t h a t the 

r e s u l t s are q u i t e c l o s e , a l t hough the s m a l l d i sc repanc ies a t h i g h e s t energies 

are t o be expectedo 
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Fipure 3*14 A comparison between the average t rea tment method 
( s o l i d l i n e ) ana Monte Ca r lo method (broken l i n e ) 
m c a l c u l a t i n g the average b u r s t s ize (N) produced 
by pr imary pions i n c i d e n t on Vj cirsof l e a d absorber 
as a f u n c t i o n o f energy. The open c i r c l e ^ represen t 
lt'onte Car lo c a l c u l a t i o n s f o r p ions i n c i d e n t a t a 
z e n i t h angle o f 3 0 ° . 
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3 06 Discuss ion 

The methods desc r ibed i n t h i s chapter make i t pos s ib l e t o p r e d i c t 

t h e development o f n u c l e a r - e l e c t r o m a g n e t i c cascades i n the i r o n and 

l e a d absorber o f the f l a s h tube chamber* There was a good agreement 

between the n u m e r i c a l c a l c u l a t i o n and the Ifante Car lo c a l c u l a t i o n t o 

p r e d i c t the s ize o f the cascade as a f u n c t i o n o f e re rgy m le° .d and 

i r o n . The r e s u l t s on b u r s t s ize energy r e l a t i o n g i v e a l a r g e e r r o r i f 

one t r i e s t o me a sure the energy o f i n d i v i d u a l p a r t i c l e s i n t e r a c t i n g i n 

t he absorber , bu t the method g ives reasonable r e s u l t s f o r the energy 

spectrum when a l a r g e number o f events are d e a l t w i t h * 

The r e l a t i o n between the b u r s t s i ze emerging f r o m the absorber and 

the w i d t h o f the b u r s t f a l l i n g on the f l a s h tubes w i l l be discussed i n 

d e t a i l i n chapter 2f 0 



Figure 3.15 

A comparibon between the average t r ea tmen t c a l c i n a t i o n ( j > o l i d carves 
and J.ronte Car lo c a l c u l a t i o n ( S c a t t e r p l o t s ) f o r the r e l a t i o n bot7/een 
depth o f i n i t i a l ( f i r s t ) i n t e r a c t i o n and the b u r s t s i ze b e l o v 15 cms 
o f i r o n f o r p i o r s a t f o u r eneigaes. 
The r e s u l t s o f c a l c u l a t i o n s by Vatcha e t a l . are shown f o r companso 
f o r 1 TeV p i o n s . 
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Figure 3.16 
1 

A comparison between the average t rea tment c a l c u l a t i o n ( s o l i d curves 
and Monte Car lo c a l c u l a t i o n ( S c a t t e r p l o t s ) f o r the r e l a t i o n between 
depth o f m - i t i a l ( f i r s t ) i n t e r a c t i o n anc" the b u r s t s i ze beHofi 15 cms 
o f l e a d f o r pions a t f o u r ene rg i e s . 
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CHAFER 4 

THF FIASH T U B ^ C U M B E R AND TfR V E R T I C A I BIP.5T SXP^II . rSNT 

A o l I n t r o d u c t i o n 

The f l a s h tube chcu'ber as a bag v i s i b l e d e t e c t o r vas used t o s tudy 

the c h a r a c t e r i s t i c s o f cosmic r ay p a r t i c l e s a t sea l e v e l . The chamber 

was cons t ruc t ed o r i g i n a l l y t o search f o r quarks i n ex tens ive a i r thowers 

(EA.S), u s i n g a l o c a l e l e c t r o n d e n s i t y t o t n g r ; e r the chamber. The r e s u l t s 

o f t h i n re&eaich v a l ] be d i i c j j s c d i n Chapter 8. 

TVirO"£hnii+ seni-Hi for quarks i t Y » O . S noted t h a t there are snmo 

events showing n u c l e a r a c t i v e p a r t i c l e s i n t e r a c t i n g m the absorber m s j i l e 

the chamber and producing b u i s t s t i l uch shot.' on the f l a s h tubes as a w i d t h 

d e f i n e d by a s o l i d nutabor o f f l a s h e d tubes . T h e r e f o r e , the idea was t o 

measure these events and t o es t imate t h e i r energ ies . To es t imate the 

energies o f those p a r t i c l e s one has to know the r e l a t i o n between the b u r s t 

s i ze produced below an absorber o f l e a d o r i r o n m d the v / id th o f the b u r s t 

as measured m the f l a & h tubes d i r e c t l y below the absorber . 

The r e s u l t s o f the energy spectrum o f hadrens i n EAS w i l l be dif-cussed 

i n Chapter 9» A m o d i f i c a t i o n t o the f l a s h tube chamber has been made which 

a l l o w e d b u r s t s m e i t h e r the i r o n o r l e a d absorber t o be s e l ec t ed and t h e i r 

s i ze s measured under each absorber by a s c i n t i l l a t i o n coun te r . The f u l l 

expe r imen ta l arrangement w i l l be discussed an d e t e i l i n t h i s chap te r . 

4 . 2 The f l a s h tube chamber 

4*2.1 C o n s t r u c t i o n o f the chamber 

A sca le diagram o f the f l a s h tube chamber i s shown m f i g u r e 4 . 1 . 
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The chamber uses 10,478 flash tubes of mean .internal diameter 1.58 cms. 

and mean external d:aireter 1.78 cms. Ejch flash tube is 2 metres m 

length and made from soda glass f i l led n th neon gas (92$) and helium 

gas (2$) to a pressure of 60 cms. Hg. The flash tubes are distributed 

m 12i|. layers. Alternately, the layers contain 84 and 85 tubes stacked 

side by side. Every tube is covered with polythene sleeving to stop 

light transferring to the neighbouring tubes. 

Between every two layers there 5s a sheet of aluminium of 0.122 cm. 

in thackness. The front view of the chamber shows C blocks of tubes, 

Fla (8 layers), Fib (6 layers), F2 (52 layers), F3 (44 layers), F4& (6 layers) 

F4b (8 layers). In the sections F2 and F3 (figure 4.1) the area of the 
2 

electrode i s 2.94 in , while in Fla , Fib, F4a and F4b the electrodes are 
2 

shorter by 30 cms. and cover an area of 2.^8 m • 

A 15 cms. of iron absorber was placed betweon Fla and Fib to study 

the interaction of nuclear active partic3es and to recogniso penetrating 
particles in the chamber. The plastic scintillators A and B positioned 

2 

inside the chamber, (see figure 4«l) each of area 1.05 m , the phosphor of 

each counter T*as a large slab of 5 cms. thickness NE102A. The five 53 AVT 

photomultiplier tubes and one 56 AW tube viewed the phosphor by light 

guides of solid perspex, see figure 4«2a. The construction of these 

counters has been described by Ashton et a l . (I968&). Scintillator A 

placed directly below the iron and scintillator B placed between the two 

flesh tube layers F4& and F4b. These tvro scintillators were used in 

coincidence to select single penetrating particles (muons) for calibrating 

the efficiency of the flash tubes. 

The chamber was shielded above with 15 cms. of lead absorber. This 

absorber was designed to cut out the soft corponents (electrons and photons) 

in extensive air shower while allowing penetrating particles to pass through 

the chamber. The chamber is situated m a tunnel of rectanguDar cross-
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A B C D = Plastic scintillator 
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Figure k.2.a The bas ic design ° f a p l a s t i c 
s c i n t i l l a t i o n coun te r . 
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Figure V . 2 . b The bas ic design o f a l i q u i d 
s c m t i l D e t i o n coun te r . 
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s e c t i o n va th 30 cms. t h i c k ba ry tes concrete w a l l s . Th i s a l so ac ted 

as a f i l t e r t o absorb t h e s o f t components. Above the l e a d th ree l i q u i d 

s c i n t i l l a t o r s were used t o s e l ec t ex tens ive a i r shower t r i g g e r s . Each 

2 

s c i n t i l l a t o r o f area 1«24 m and depth 15 cms employed two p h o t o m u l t i p l i e r s 

EMI 9583B v i e w i n g the phosphor th rough r e c t a n g u l a r holes i n the l i g h t guide 

m i r r o r s , see f i g u r e 4«2b. The c o n s t r u c t i o n o f these counters has been 

desc r ibed by Ahston e t a l . (1965). 

The whole chamber i s i n the d a r k when the experiment i s r u n n i n g , 

a v o w i n g the use o f a camera w i t h o u t s h u t t e r so i t i s always s e n s i t i v e 

t o an even t . The camera wound on o u t o m a t i c a l l j ' by one frame a f t e i each 

even t . 

4.2.2 The h i g h v o l t a g e p u l s i n g system 

The h i g h v o l t a g e p u l s i n g system cons i s t s o f a H . T . p u l s i n g unat and 

an a i r spark gap. A 5 v o l t s t r i g g e r pulse i s used t o t r i g g e r a t h y r i s t o r 

producing an ou tpu t o f +300 v o l t s . Th i s ou tpu t i s f e d i n t o a h i g h vo l t age 

pulse t r a n s f o r m e r and the ou tpu t produces the t r i g g e r pulse spark gap, 

f i g u r e 4«3» A v o l t a g e o f 16 kV i s a p p l i e d across the mam spark gap 0 

The t r i g g e r spark cause the gap t o break down l a r g e l y by the p r o d u c t i o n 

o f p h o t o e l e c t r o n s . The h i g h v o l t a g e pulse a p p l i e d t o the e l ec t rodes i s 

app rox ima te ly r e c t a n g u l a r o f h e i g h t 8 kV. and l e n g t h 10 \is • F igu re 

2i .2, shows the c i r c u j t diagram f o r the spark gap and the de lay l i n e which 

has f o u r e lements , each o f capacitance C = 0.1 p.f and inductance 

L = 22 \IH • The c a p a c i t y o f the f l a s h tube chamber which t h i s u n i t 

d r i v e s i s 0.087 M • 

4.2.3 C h a r a c t e r i s t i c s o f the f l a s h tubes 

The o p e r a t i o n o f the f l a s h tubes depends on the i o n i z a t i o n l e f t by a 

charged p a r t a c l e pass ing t h rough a t u b e . However, when the t r i g g e r occurs 
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a h i g h voDtage pulse must he a p p l i e d t o the e l ec t rodes c r e a t i n g an 

e l e c t r i c f i e l d across the f l a s h tubes . Thus the i o n i z a t i o n due t o the 

passage o f the charged p a r t i c l e w i l l break down and a v i s i b l e discharge w i l l 

occur m the t u b e . The s e n s i t i v i t y o f the tube t o the i o n i z a t i o n can be 

v a r i e d by v a r y i n g the t ime de lay between the passage o f the charged p a r t i c l e 

and tne a p p l i c a t i o n o f the h i g h vo l t age pulse across the t ubes . The most 

i m p o r t a n t c h a r a c t e r i s t i c f o r the present a p p l i c a t i o n i s the e f f i c i e n c y -

t ime de l ay dependence. The p rob lda o f the i o n i z a t i o n and what causes 

the dischargo has been discussed i n d e t a i l b y L l o y d (l$)60) „ He has 

concluded t h a t o n l y f r e e e l e c t r o n s which are produced i n i t i a l l y can cause 

the dischargOe The p o s i t i v e ions and the neon atoms do n o t c o n t r i b u t e t o 

tho p r o b a b i l i t y o f a d ischarge and s i m i l a r l y the resonance o r non-r a sonancc 

photons which are r a d i a t e d by e x c i t e d atoms can have l i t t D e o r no e f f e c t . 

A s o l u t i o n t o the d i f f u s i o n equat ions f o r the e l ec t rons produced m 

the i o n i z a t i o n has been given b y L l o y d u s i n g the p r o b a b i l i t y o f d i scha ige 

o c c u r r i n g i f a h i g h v o l t a g e pulse i s a p p l i e d t o the tube i n a t ime T^ ^ f t e r 

t r a v e r s a l by a charged p a r t i c l e . A u n i v e r s a l curve g iven by L l o y d f o r the 

expected v a r i a t i o n o f e f f i c i e n c y w i t h tunfe de lay ^/a£ i n terms o f tne 

parameter af - jQ^, 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 o f a the rmal e l e c t r o n 

i n neon a t the r e l e v a n t p ressure , a i s the tube r a d i u s , f ^ i s the p r o b a b i l i t y 

t h a t a s i n g l e e l e c t r o n as capable o f p roduc ing a f l a s h when a h i g h v o l t a g e 

pulse i s a p p l i e d and i s the number o f i n i t i a l e l e c t r o n s produced per u n i t 

l e n g t h i n the neon gas* 

The r e l a t i o n between the t ime de lay Tj) and the i n t e r n a l e f f i c i e n c y ^ ) 

has been c a l c u l a t e d f o r d i f f e r e n t values o f a f ^ Q j u s i n g t h e L l o y d method 

f o r t h e f l a s h tubes used m t h i s exper iment , f i g u r e 4*5• 

I n o r d e r t o determine the bes t value o f the parameter af^Q^ t o f i t 

the exper imenta l r e s u l t s , incoherent muons were s e l ec t ed b y the two pDas t ic 

s c i n t i l l a t o r s A and B which were used i n co inc idence . 
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4 . 2 . 4 The e f f i c i e n c y - L i n e dela3 r neasurpaent 

As mentioned above s i n g l e muons can be s e l ec t ed by a t v o - f o l d 

coincidence between the p l a s t i c s c i n t i l l a t o r s A and B. The b l o c k 

diagram f o r t h i s s e l e c t i o n 1 3 shown m f i g u r e k .6* The r a t e o f s i n g l e 
? 

p a r t i c l e s was c al c u l a t e d f rom 1.05 in s c i n t i l l a t o r s area and 250 cms. 

d i s t ance between the cen t re o f A and B t o be 12 sec Due t o t h i s h i g h 

r a t e , a dead t ime o f 30 seconds was, inposed a f t e r e.ich o v e n t . T h i t dead 

oime b f i n g a p p l i e d by menns o f an "°.Z - c o n t i o l l e d de lay c i r a n t uh i cn 

swi tched a r e l a y e a r t h i n g tne coinc L^le-ice pulse L i n o . Tho pulse f r o m the 

coincidence between A and B WE.5 f e d f i r & + D y t o t h i s 30 seconds delay gener-

o.L.€ir and LiiCu S I J G W S U to L r x g g t i Luc Spcxik &z L> a ^ y l j i u g J J i 5 h j ^ h v o l to 51? 

pulse t o the fDash tub.-"3 and t o b t a r t tho c y c l i n g system . J h i c h t r i g g e r s 

microswi tches 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 tho chamber, i l l u m i n a t i o n f o r 

the c l o c k , and a l so f o r w ind ing on the camera. T h i s cyc le takes a p p r o x i -

mate ly 7 seconds and d u r i n g t h i s t ime the pa ra lysed e l e c t r o n i c s gave t ime 

f o r the h i g h v o l t a g e c ^ ^ a c i t o r t o get charged again and mn.ke the experiment 

s e n s i t i v e t o the nex t even t . 

For each t ime de l ay T- j , a l a r g e number o f events were photographed 

and s t u d i e d i n d e t a i l . The method o f aneUyMng those events was by 

p r o j e c t i n g tho fa 1ms on to the scanning t a b l e s . The event was n o t o n l y 

accepted when the t r a c k passed through F2 and F3 b u t must a l s o appear m 

F l and F4. The second c o n d i t i o n proves t h a t muons do n o t t r ave r se t h e 

f r o n t o r near edges o f the chamber, s ince i t has been sho^n by Ashton e t a l . 

(1971b) t h a t a tube may f l a s h y . i t h a low e f f i c i e n c y i f the charged p a r t i c l e 

passes th rough the tube a s m a l l d i s tance beyond the e l ec t rode edge. 

The l a y e r e f f i c i e n c y ( T ) j ) was measured by coun t ing t h e number o f tubes 

f l a s h e d i n successive l a y e r s a long the l e n g t h o f the t r a c k m F2 and F3 
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and d i v i d e d by the t o t a l number o f l a y e r s i n F2 and F3 (96). To conver t 

t o i n t e r n a l e f f i c i e n c y (T) j ) , the l a y e r e f f i c i e n c y was m u l t i p l i e d by the 

r a t i o between the mean e x t e r n a l diameter t o the mean i n t e r n a l d i ame te r . 

Tlj = ( — U L = 1.14511, 
V 1.58 ' 

The r e s u l t s o f the number o f f l a s h e s a long the t r a c k m F2 + F3 f o r 

v a r i o u s tune delays are shorn i n f i g u r e 4«7o The da&hed d i s t r i b u t i o n 

corresponds t o the b i n o m i a l f i t , s ince the v a r i a t i o n o f l a y e r e f f i c i e n c y 

would be expected t o be a b i n o m i a l d i s t r i b u t i o n f o r an a r r a y o f randomly 

p o s i t i o n e d tubeso F igure 4«8 shows the mean o f these d i s t r i b u t i o n s p l o t t e d 

on the e f f i c i e n c y t ime deDay curves .v i th o t h e r exper imen ta l r e s u l t s . I t 

was found t h a t the bes t f i t f o r L l o y d ' s parameter a^Q^ ^ ° e x P e r i ! ; ' , i e n ' ' a l 

p o i n t s i s 9 - 1» 

However, the f l a s h tube technique makes i t poss ib le t o search and 

s tudy the i dea o f the ex is tence o f f r a c t i o n a l charged p a r t i c l e s (quarks) 

i n cosmic rays because the o n l y parameter depending on the charge o f the 

p a r t i c l e i s an^ t h i s i s r e l a t e d t o the i o n i z a t i o n los s o f the p a r t i c l e 

i n the gas and i s a f u n c t i o n o f the square o f the e l e c t r i c charge . So 

f o r the quarks o f charge e / 3 the expected e f f i c i e n c y - t i m e de lay curve 

F 2 

hav ing the same value o f Y ='/mo (Lo ren tz f a c t o r ) , as the s i n g l e muons 

i s t h a t g iven by L l o y d ' s curve w i t h af-jQ-j^ = ^ x (9 - l ) = 1.0 - 0.1, and 

t h i s i s a l so shown i n f i g u r e 4«8 . The quark research w i l l be discussed 

i n Chapter 8« 
4.3 The arrangement f o r the v e r t i c a l b u r s t experiment 

4.3.1 I n t r o d u c t i o n 

The p r i m a r y aim o f the v e r t i c a l b u r s t experiment was t o o b t a i n a 

c a l i b r a t i o n f o r the data ob t a ined on b u r s t s produced by hadrons close t o 

the core o f ex tens ive a i r showers. I n o r d e r t o o b t a i n t h i s c a l i b r a t i o n a 
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s l i g h t m o d i f i c a t i o n t o the chamber has been made and s i n g l e hadrons were 
s e l ec t ed t o t r i g g e r the experiment by e i t h e r b u r s t s produced m the i r o n 
o r l e a d absorber . 

I n a d d i t i o n t o the p r i m a r y a im, i t was hoped th<a.t t h i s experiment 

c o u l d g ive a good r e s o l u t i o n a t h i g h energy and prov ide i n f o r m a t i o n on 

f e a t u r e s o f the energy spectrum o f s i n g l e hadrons a t sea l e v e l . The 

r e s u l t w i l l be discussed i n Chapters 5 and 6. 

4 .3.2 r o d i f i c a t i o n o f the f l a s h tube chanber 

The f l a s h tube chamber was m o d i f i e d such t h a t b u r s t s i n the l e a d 

o r i r o n absorber cou ld be se lec ted and measured. 

The p l a s t i c s c i n t i l l a t i o n d e t e c t o r was used t o measure the s i ze o f 

the b u r s t below the absorber . There was a l r e a d y a p l a s t i c s c i n t i l l a t o r 

i n p lace below the i r o n absorber and t h i s i s c a l l e d s c i n t i l l a t o r A (see 

f i g u r e 4.1)«. So the o n l y a d d i t i o n was t o p o s i t i o n another s i m i l a r 

s c i n t i l l a t o r (named s c i n t i l l a t o r C) below the l e a d absorber and m l m o 

w i t h s c i n t i l l a t o r A . F o r t u n a t e l y there was enough space between the 

l e a d end the f l a s h tubes F l a (see f i g u r e 4 . 1 ) . T h e r e f o r e , t he re wai. 

no need t o r a i s e the l e a d r o o f and change the dimensions which i s an 

impor t an t f a c t o r . The f l a s h tubes m the upper l a y e r F l a (8 l a y e r s ) were 

2 

brough t f o r w a r d by 15 cms t o make a s e n s i t i v e area o f 2.94 m and cover ing 

comple te ly the i r o n . T h i s was done i n order t o recognise n e u t r a l p a r t i c l e s 

producing b u r s t s m the i r o n . 

The middle l i q u i d s c i n t i l l a t o r K was opera ted w i t h the experiment i n 

o r d e r t o g e t some i n f o r m a t i o n about the hadrons accompanied by EAS. 

F igu re 4«9 shows t h i s new arrangement f o r the f l a s h tube chamber. 
2 | .3»3 C a l i b r a t i o n o f the s c i n t i l l a t o r s 

The c a l i b r a t i o n nas been made f o r tne t n r e e s c i n t i l l a t i o n counters A , 
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C and V, I n case o f the p l a s t i c rsc m t n l l r - t o r c A and C the two middle 
p h o t o m u l t i p l i e r s v e i e noL u a e d y because o^ie o f them was f o r the f s s t 
t i m i n g measurements. To symmetrize tho counter , the oppos i te pho to -
m u l t i p l i e r tube w^s no t used (cse f i g u r e 4 . 2 a ) . Tho c o i s t r u c t i o n and 
the response; o f th t o d s i t i l ] ' * t i o r counters h-is been desc r ibed by 
Ashton e t o l . (I .y6t-a)» 

S ing le pcJ / t io les v.cre sel? c l o d by a s^a j l l ge i^er t e l e scope and the 

pulse f r o n • ' h j coincidence W J S j ^ e d t o tv^Qir the scope. The s c i n t i l l a t o r 

pulses Vicru delayed by means o f fieloy l i n e by a p p r c x i r ^ i e l y lf j . '«« 

Before the c a D i b r a t i o n , i t was impor tan t t o know the lose i n pulse 

h e i g h t f o r a pulse t r a n s m i t t e d f rom tne ^ h c t o r u D t i p ! x c r j t o the ou tpu t 

o f tho de lay l i n e . For t h i s reason a square pulse o f 100ns w i d t h was 

chosen. The o u t p u t / i n p u t c h a r a c t e r s t i c f o r the s c u m l l a t o r A , C and V 

i s shown i n f i g u r e s 4.10 end 4.11 and the C I C C J ^ X u s t d i s a l so sho.m .in 

these d iagrams, "^or s i n g l e p a r t i c l e " . , . i P v e r s a i g the centre o f each 

s c i n t i l l a t o r m the v e r t i c a l d i r e c t i o n , the pulse he igh t d i s t r i b u t i o n T I S 

measured f o r d i f f e r e n t values o f w ,T . v o l t i f - o a p p l i e d to the t u b e . The 

means o f each d i s t r i b u t i o n are p l o t t e d aga ins t the vo l tage a p p l i e d t o the 

p h o t o m u l t i p l i e r tubes and tne r 3 . , u l t i t shovn m f i g u r e 4.12. I t can be 

seen t h a t a l l the p h o t o m u l t i p l i o r lubes have approx ima te ly the same s lope . 

A s i n g l e power supply u n i t was used t o supply the vo l tage and po ten t iomete r s 

were used t o d i s t r i b u t e the vo l t age across ecch p h o t o m u l t i p l i e r t u b e . The 

po ten t iomete r s we^e a d j u s t e d f o r each tu^p s o j a r a t e l y to g i v e i d e n t i c a l 

ou tpu t pulse h e i g h t s f o r a charged p a r t i c l e t r a v e r s i n g the cen t re o f the 

s c i n t i l l a t o r . Thus i t was poss ib l e to c a l i b r a t e the complete s c i n t i l l a t o r 

by adding the ouonuts from the p h o t o r a u l t i p l i e r t ubes . The pulse h e i g h t 

d i s t r i b u t i o n s ob ta ined f o r s c i n t i l l a t o r s A and C are shc .n m f i g u r e s 4«13 

and 4.14. The means o f these d i s t r i b u t i o n s were then c o r r e c t e d f o r the 
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t h rough the c i r c u i t shovm above assoc ia ted v / i t h s c i n t i l l a t o r C, 
measured f o r square pulses o f wid th 100 n s . 



? i t a i r e 2| .1 ? 

The v a r i a t i o n o f s i n g l e p a r t i b l e pulse b o i r i i t as a 
f u n c t i o n o f H.T„ app l i ed t o inch pho* o r a i t i p J Lar 
tube m the th roe scan t l J l a l o r < : . ( a ) z-intiZlr.tor A, 
(b ) 3cinti31r 1 . - 'or C *vut ( c ) " . d o t D i a l or , r . 
The I ' U I F P he igh t ' r t j d . i u r e t l a t the ou tpu t o f the 
j m l j f i e r (&ee f i £ i i r e s ii-.10 und 4 « 3 l ) « 
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The S I T I N G ^ a r t i c l e pu]sc h e i g h t d i s t r i b u t i o n f c r 
s c i n t i l l o t o r A« 
T i e pul.-o he j f .h t 'pnasursd a t tl ic output of the 
a m x i l j f L e r ( s e e f i & j r ? < ' | . 1 0 ) , 
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F i g u r e Z| , 1 4 

The s i n g l e p a r t n 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 f o r 
s c i n t i l l a t o r C . 
The p u l s e he ight measured a t the output o f the 
a m p l i f i e r ( s e e f i g u r e 4 . 1 1 ) . 
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0 .1 . 2 

log[U.T(kv)] 

Figure- 2< . 1 5 

V a r i a t i o n o f outnut p u l s e h e i g h t viitn the H . T . v o l t a g e a p p l i e d to 
t h e s e a I I L i l l ".tort A and C . 
The pult-e h c i r f i t i s g iven a t the output o f the p h o t o m u I t l p l i e r s f o r 
8 s m r l e '>puctrat in . j p a r t i c l e trc .vers: ing t>>e c e n t r e o f the counter 
a t v e r t i c a l i n c i d e n c e . 
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l o g l H T ( k V ) 

F i g u r e 4 . 1 6 

V a r i a t i o n c f output p u l s e h e i g h t u j t h the I I . T . v o l t a g e a p p l i e d to 
the s c i n t i l l a t o r V, The p u l s e h e i g h t i s g iven a t the output o f 
the ] h o t o m u l t i p l i e r s f o r 3 s i n g l e p e n e t r a t m r p a r t i c l e t r a v e r s i n g 
the c e n t r e o f the counter a t v e r t i c a l i n c i d e n c e . 
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l o s s o f t h e p u l s e h e i g h t ( s e e f i g u r e s 4 . 1 0 and 4 « H ) through the 

e l e c t r o n i c s , However, the c h a r a c t e r s s t i e s o f the t h r e e s c i n t i l l a t i o n 

c o u n t e r s o b t a i n e d i n t h i s way a r e shorn m f i g u r e s 4 » 1 5 and 4 . 1 6 . 

4 . 3 o 4 S e t t i n g up the experiment 

The experiment was s e t up to t r i g g e r o f f b u r s t s g r e a t e r than a 

c e r t a i n s i z e i n e i t h e r s c i n t i l l a t o r A o r C . The b u r s t s i z e N was d e f i n e d 

a s a b u r s t which produced a p u l s e h e i g h t o f N" t imes 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 . The b l o c k d iagram f o r the e l e c t r o n i c s u s e d i n t h e e x p e r i ­

ment i s sho\m xn f i g u r e ^ . 1 7 * Mien the t r i g g e r o c c u r r e d the u u l s e s from 

b o t h s c i n t i l l a t o r s A or C were d i s p l a y e d on an o s c i l l o s c o p e t r a c e a f t e r 

b e i n g d e l a y e d by 0 . 3 | i s and 0 . 9 p . s r e s p e c t i v e l y . S u b s e q u e n t l y a h igh 

v o l t a g e p u l s e was a p p l i e d t o the f l a s h tubes and a photograph shoe ing the 

geometry o f b u r s t was o b t a i n e d . 

The t r i g g e r i n g t h r e s h o l d was determined by d i s c r i m i n a t o r s which were 

s e t to a f i x e d l e v e l u s i n g a p u l s e g e n e r a t o r , then i t was p o s s i b l e to 

s e l e c t a d i f f e r e n t t r i g g e r i n g t h r e s h o l d by a l t e r i n g o n l ^ the H . T . a p p l i e d 

to the p h o t o m u l t i p l i e r t u b e s . The l i q u i d s c i n t i l l a t o r V was s e t a t an H . T . 

v a l u e m which i t c o u l d r e c o r d more than t7/o p a r t i c l e s , the p u l s e s from 

t h i s s c i n t i l l a t o r b e i n g d e l a y e d by 1 . 6 U s . 

The chamber was run w i t h two d i f f e r e n t t ime d e l a y s (20 Us and 330 M>s ) 

between the o c c u r r e n c e o f the b u r s t and the e p p l i c a t i o n o f the h i g h v o l t a g e 

p u l s e t o the f l a s h t u b e s . Hence , t h e 20 l i s t ime d e l a y u s e d f o r t h i s 

exper iment was the same as t h a t r e q u i r e d f o r e x t e n s i v e a i r shower exper iment 

to l o o k f o r the q u a r k s . A l i s t h a s been g iven below showing the s e r i e s o f 

f i l m s wath the t r i g g e r t h r e s h o l d s used d u r i n g r u n n i n g t h i s e x p e r i m e n t . 
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F i l m number 

HI - H2 

H3 - H9 

iaO - H14 

m$ - H24 

H25 - H28 

H29 ~ H35 

H36 - H39 

H40 - H77 

t r i g g e r i n g t h r e s h o l d 

5 20 p a r t i c l e s " 

^ 100 p a r t i c l e s 

^ 200 p a r t i c l o n 

> 400 p a r t i c l e s 

^ 200 p a r t i c l e s 

> 400 p a r t i c l e s 

^ 2|00 p a r t i c l e s 

^ 500 p a r t i c l e s 

T D = 20 

Td = 3 3 0 | i s 

4 « 4 The e x p e r i m e n t a l d a t a 

4 » 4 » 1 The procedure o f a n a l y s i n g the d a t a 

The i n f o r m a t i o n from both f i l m s were taken a f t e r p r o j e c t i n g the 

f i l m s onto s c a n n i n g t a b l e s . From the o s c i l l o s c o p e f i l m one can get 

i n f o r m a t i o n about the p u l s e h e i g h t s from the s c i n t i l l a t o r s , the o r i g i n o f 

t h e b u r s t and the shower accompaniment ( i f any) « , i t h thp i n c i d e n t hadroni*. 

From the f l a s h tube chamber f i l m the vfidth o f the b u r s t c o u l d be measured 

and the p r o j e c t e d a n g l e o f t h e cascade through the chamber c o u l d a l s o be 

measured . 

The b u r s t w id th was measured in cms on the s c a n n i n g s h e e t s , f i g u r e 4 » 1 8 , 

hence to t r a n s f o r m to r e a l space the width must be m u l t i p l i e d by a f a c t o r o f 

20. E a c h event was s t u d i e d , c l a s s i f i e d and measured c a r e f u l l y . P l a t e s 

4 . 1 to 4«A show examples o f e v e n t s o b t a i n e d from r u n n i n g the experiment on 

20 H s t ime d e l a y . 



LEAD 

F1Q 

I R O N 

F1b 

F2 

F3 

F4a 

Fib 

F i g u r e 4*18 

20cm 

20cm. 

The f r o n t v iew o f the f l a s h tube chamber as drawn on the 
s c a n n i n g s h e e t . 



P l a t e l+.l E v e n t H 2 3 - 3 0 

A b u r s t produced m the l e a d w i n c h p e n e t r a t e d the 

i r o n , produc ing output p u l s e s from s c i n t i l l a t o r s 

C and A . 

T h e r e i s al&o SAS accompaniment, seen m the l i q u i d 

s c i n t i l l a t o r M. 

Froir l o f t t o r i g h t o f the o s c i l l o s c o p e t r a c e , the 

s c i n t i l l a t o r output s a r e A , C and 1 ' . 

"•his v a s Laken f r o u a run u s i n g a time d e a l y Tp 

o f 2 0 Vih. 

C = 6 2 0 p a r t i c l e s . 

A = 1 , 6 0 0 p a r t i c l e s . 

h - 3 1 p a r t i c l e s . 
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P l a t e 4 . 2 E v e n t H35 - "14 

A b u r s t produced ixi l e a d which p e n e t r a t e s the 

i r o n , g i v i n g p u l s e s from s c i n t i l l a t o r s C an 

A . 

T h i s was taken from a run u s i n g a time d e l a y 

T D o f ? 0 H S . 

C = 880 p a r t i c l e s . 

A = 1 ,300 p a r t i c l e s . 



n 



P l a t e 4 . 3 E v e n t H?9 - 14 

A b u r s t produced i n the Dron by a charged 

p a r t i c l e . 

The o s c i l l o s c o p e t r a c e shows a p u l s e from 

s c i n t i l l a t o r A . 

T h i s was taken from a run u s i n g a t ime 

d e l a y T o f 20 H s 

A = 900 p a r t i c l e s . 



i 



Plate Event 1131 - 2 

A burst produced i n ihe lead which 13 absorbed 
111 the i r o n . 
The oscilloscope trace showt. a pulse from 
s c i n t i l l a t o r C. 
This was taken from a run u&mg a time 
delay T_ o f 20 | i s . 

C = Q+0 p a r t i c l e s . 
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l{ J\..2 Latera l spread o f bursts 

Before producing the exact form, of the r e l a t i o n between the barst 

S J ze measured m the s c i n t i l l a t o r and the burst width measured i n the 

f l a s h tuocc. d i r e c t l y belov/ the absorber, i t ns important to predict t h i s 

r e l a t ion ano see nf there i s any corre la t ion b^t/een the widtn and the 

size o f tne burs t . 

(a) A theore t i ca l expression f o r the l a t e r a l s tructure func t ion o f cure 

electron! 3 t jar t j c cascade has been gi^en by Njshmuia and Kem^ta (1952). 

Vhi c j f lur i f t iun can be approximated by the fo l lowing smple expression given 

by Gneaen (1956): 

S-2 S-4.5 

i.lioro S i s the age parameter, C(s) i s a normalisat ion c o e f f i c i e n t and r^ i s 

the radius i n Vol lere u n i t s . 

A s o l u t i o i to the above expression has been mode by Cooper (pr iva te 

cojpmunD cat ion^, Cooper found that the distance at which the density f a l l s 

to A^~- j i=; re la ted approximately t o the burst n z e by the po^er low 

dependence: 

0.22 

r « N (under a reasonable assumption S = l ) 

Hovyever, a ca lcula t ion has been made more accuratelv by Cooper to evaluate 

the above expression by mtegi 'a tmg Nishimura - Kamata - Greisen (NKG) 

formula f o r three d i f f e r e n t age parameters. The density of electrons per 

tube calculated not by in tegra t ing r a d i a l l y , but along s t r i p s cori'espondmg 

to the flash tube cross-sections. The resu l t s o f the in tegra t ion arc shov.n 

m f igu re 4»19» The p r e d i c t r e l £ i t 3 o n betv/een the burs t size and the 

burst v id th on the f3asn tube r i l l be shown flith the exppririrntr>l nerrare-

raentc. l a t e r an t h i i soct ion. 
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Distance from core, x (molie'-e units) 

Figure 4«19 

The p r o b a b i l i t y o*1 a pa.rtj.cle t ravers ing a f j a s h tube as 
a funct ion o f distance fror> the core, expressed wi th width 
m Noliere u n i t s . The nusrber of p a n i c l e s f a l l i n g on a 
strap of \,adth 1 I l l i e r c Unit at a distance X from the 
core D S NF(X), v.here N i s the burst s ize . 

http://pa.rtj.cle
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(b) D i f f e r e n t t r i g g e r i n g thresholds were used stai*tmg wi th > 20 

p a r t i c l e s , the widths o f tne burst produced m the lead or i ron were 

measured i n the top o f Fla and Fib respect ively (soe f i g u r e 4»9)o The 

width was defined as the width m which a l l the f l a s h tubes had f lashed . 

So a few tubes which f lashed f a r away from the core o f the burst were not 

considered when the width o f the burs t was measured, because these might 

be produced by large angle single electron sca t t e r ing . A f t e r scanning 

the f i l m s m the same procedure discussed i n the previous sect ion, the 

r e l a t i o n between the burst size and the burst width on the f l a sh tube was 

measured and scat ter p lo t s were produced from the data on the 20 |is run 

f o r the i ron and lead ab&orbeis as sho\>n m f igures i|.20 and 4«21« The 

points m the scatter p lo t were binned and t h e i r means found. An event 

was accepted i f the whole width o f the burst could be seen i n the f3«as.h 

tubes, while as the burst width increases the p r o b a b i l i t y o f observing the 

whole burst decreases. Ihe loss f a c t o r was D - d , where D i s the width o f 
D 

the f l a s h tube chamber and d i s the measured vadth o f the burs t on the f l a s h 

tubeso The burst width d i s t r i b u t i o n ,ias corrected by d i v i d i n g each burst 

width c e l l by the loss f a c t o r . The resul ts of the burst size - burst i i d t h 

r e l a t i o n are shown i n f i g u r e 4*22 f o r the i ron and f i gu re 4«23 f o r lead. 

I n f i gu re 4»22 a comparison has been made between the present resul t s and 

the resu l t s given by Coats (1967) f o r bursts produced i n 25 cms o f i r on and 

the r e su l t o f predic t ion using the NKG- l a t e r a l d i s t r i b u t i o n func t ion which i s 

discussed i n item ( a ) . 

From the present r esu l t s i t was found that both resu l t s from lead and 

i r o n fo l lowed a power law d ependence. These r e l a t i o n s were used t o derive 

the energy spectra o f hadrons xn extensive a i r showers as described m 

Chapter 9. 
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Present exr 

Burst size (N) 

Figure ly.2? 

The v e n a t i o n of burst width (measured on the scanning sheets, 
scale 1:20} v i t h burst size (N) f o r l i o n absorber. Data from 
run on 2^ \is \zi\e del?y, T n . (HI - . A comparison between 
t i c pveior t m9?.<i.irCT<ar ts ("Civil s) and other r e su l t s . 
Curve /• - precactjen fo r pure electron - photon cascade, 
Curve v> - Treasured rcD < t ier .ship f o r electromagnetic cascade 

(CoatP,1967). 
Curve C - lec tured re la t ionship fo r nuclear - electromn^nntic cascade 

(Coats, 1S67). 

file:///zi/e


101 J I I I I I I 

101 icr 
Burst size (N) 

10J 

The v a r i a t i o n of hurst v idth (measured on scanning sheets , 
scale 1*?0) l.xth burst s i z e (N) for lead absorber. 
Dala fron run on 20|1S t ine delay, T . (H1-H35). 
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4«4o3 Extension to higher energies 

An attempt has been made to measure the high energy events, i . e . 

large burst s i z e ^ 2̂ 00 p a r t i c l e s , but with the arrangement described 

above the ra te of high energy events recoided m the f l a s h tubes I * J reduced 

over the iTidth observed with a 20|J.s time delay. This i s due to the SEP-11 

aperture for a wide burst width observed. P late 4»5 i.ho\/s an example of 

t h i s type of un^e&surable event. The operation o f the f l a s h tube chamber 

was modified so thrt the e f f i c i e n c y o f definajig the ax i s of large bursts i s 

increased . For t h i s the v a r i a t i o n of f l a s h tube e f f i c i e n c y with the delsy 

was used. From the i n t e r n a l e f f i c i e n c y - time delay cuive shown in 

-<"• — - I O - J - r- _ JV,- „,,v.,,-,r ^ l l l /-> P-f> n r. +V. O + 1 T n c . r l o T 
A X ^ U J . b fcf- . V> , .1-1/ l l ^ k f c j A* ^ WW*. U U ^ *# U l t V ^» rf. atel*-** w ^ j J - ' —- -fc. — — W « M ~ » » — V — — . - ^ 

increase s . Th i s a r i s e s from the lo s s of the i n i t i a l e lectrons by di.ftlision 

to the wal l s of the glass tube an the time i n t e r v a l between the passage of 

the charge p a r t i c l e and the app l i ca t ion of the high voltage pulse to the 

chamber. L loyd ' s parameter for a s ingle charge e p a r t i c l e was found to 

be a £ j Q i = 9» and since the parameter i s a l i n e a r function of the amount of 

i on i sa t ion produced, the value for t r a v e r s a l , f or example, 20 charge e 

p a r t i c l e s would beaf^C^ = 180. However, the r e l a t i o n between the i n t e r n a l 

e f f i c i e n c y T|j a n <i the time delay 7^ for large values of d ^ ^ l * ' a s c a^-^' u^- a-^ e^ 

and i s shown in f igure 4.24. From th i s f igure one can say that f o r a 

given time delay the change i n the e f f i c i e n c y i s not b ig for d i f f e r e n t af.jQ^, 

f igure 4«25« From f igure if.19 i t can be seen that the dens i ty of e lectrons 

per tube decreases r a p i d l y with distance from the core of the cascade, then 

instead of al lowing a s ingle e lectron to define the edge of the burs t a 

long time delay of 330 \is was used to d i f fuse a l l these s ing le e lectrons 

and observed a s o l i d core f o r the cascade in the chamber. P la tes h .6 - k»9 

shows examples of the events obtained from running t h i s experiment on 330M-S 
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Figure It. 25 

The predicted v a r i a t i o n of t^e intern*] e f f i c i e n c y of f l a s h 
tubes wit.i 1 f o r - a r £ e v c l i i - . o of c - f j ^ j 
time delay (derived from fa cure lh,2~j). 

f , at d i f f e r e n t 
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Figure 4 .28 

A oocipaiibon between the r e s u l t s on burst s i z e (N) - burst 
v.idth (ireasurod on scanning sheets , sca le 1:20) from run 
on 20 | is t ine delay. Curve ( l ) and the r e s u l t s on burst 
saze (N) - number of f l a s h tubes which had f lashed i n - 0.5 cm 
from the middle of the core ( l cm f u l l v/idth measured on scanning 
sheets) from run on 330M.S tune deJay. Curve ( 2 ) . 
The burst s i ze measured under 15 cis of i r o n . 
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Figure 2h. 29 

A corpanscn between the r e s u l t s on burst s i z e (N) -
burst width (measured on scanning shee t s , s ca l e 1.20) 
from run on 20H-S t ine delay, curve ( l ) and the r e s u l t s 
on burst s i ze (N) - number of f l a s h tubes vhich had 
f lashed in * 0.5 cm from tne middle of the core ( l cm 
f u l l width measured on scanning sheets) from run on 330M-S 
time delay, curve 12). 
The burst s i z e measured under 15 cms of l e a d . 
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time delay. The procedure for analysing the daba from the f lash tube 

f i lm uas changed, A fix^d width T W S taken in V u s case corresponding to 

1 cm on the scanning sheets (scale 1:20) . Havuig the core of the cascade 

defined, t^e number of f lesh tubes vhich had fJashed in th.it fixed width over 

8 layuj1.. x£ Fla (burst m lead) rnd 6 Layers m Fib (buret in iron) was 

neisured. The seaIter plot of the narbor of f lash tubes which had flashed 

between - 0.^ C M S fiom xne middle of Lhe core ( l cm f u l l width) as a 

Auction of burst si2e wes plotted m figures 4«26 and k<>2{ for bursts in 

iron and load respectively. The ponjits m each plot were burned and their 

means fojnd. A conpanron between this resulb and the result obtained on 

20 |J s time dolay ra i w s &\ovrn m figures L,2'6 and ir.29<> It can be seen 

fron both figures that the result from the long time delay run has alraopt 

the same slope as the result from the short time delay, 

tfith Lhe flach tube burst widths reduced the mfompt ton on burs I 

position c-LJTI be used for defining the geometry i h Q e the energy J-s nc. s ired 

by the pu3 se height taken fron the s c i n t i l l a t o r s . with this arrangement 

the chamber gave satisfactory results and very high energy events v/ere 

recordedo 

http://th.it


B if .5 Event H30 - 47 

An example of an immeasurable burst produced 
in the lead in \.hich the burst width, fa l l ing 
on the Pla layer, i s out of the geometry. 
This was taken from a run using a time delay 

Tp of 20 Jl s 



I 

km! 
11 

fflttH 

• « * 

at MO 

1 



Plate 2,.6 Event H44 - 32 

A burst produced in Dead v/hich penetrated 
the iron producing output from scmtiDlators 
C and A. 
There i s also EAS accompaniment, seen m the 

l iquid sc in t i l la tor M, . . 
From l e f t to right of the oscilloscope trace, 
the sc int i l la tor outputs are A, C and Mo 
Thas was taken from a run using a time delay 
T D of 330 M-S. 

C = 1,000 part ic les . 

A = 1,625 part ic les . 

M = 35 part ic les . 





Plate 4 .7 Event H50 - 24 

A burst produced in lead vfhich penetrates 
the iron, giving pulses from sc int i l la tors 
C and A. 

This was taken from a run using a time 
delay T^ of 330 |AS. 

C a 3A00 part ic les . 
A = 1,500 pax-ticles. 





Plate A-.8 Event H66 - 2 

A burst produced xn the iron, The 

oscilloscope trace shows a pulse from 
sc int i ] lator A. 
This was taken from a run using a time 
delay T -of-330 M.S. 

A = 2,750 partjcleso 
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Plate 4 .9 Event H53 - 22 

A burst produced in lead, which i s absorbed 
in iron. 
The oscilloscope trace shows a pulse from 
sc int i l la tor C. 
This was taken from a run ubing a time 
delay T of 330 \l s • 

C = 5A50 part ic les . 
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CHAPTER 5 

THE 5NEFGY SPECTRUM CF HADP.CWS AT SSA LEVEL 

5ol I n t r o d u c t i o n 

I t was shown i n chapter 4 t h a t u s i n g the f l a s h tube chamber the 

energy spectrum o f hadron3 (nucleons and p ions ) cou ld be measured by 

obse rv ing t h e i r i n t e r a c t i o n i n i r o n and l e a d absorbers.. B r i e f l y , charged 

and n e u t r a l p a r t i c l e s were recorded and t h e i r b u r s t s ize was measured, 

t h e mean energy o f each p a r t i c l e i n t e r a c t i n g i n l e a d o r i r o n cou ld be 

e s t ima ted u s i n g the b u r s t s i ze - energy r e l a t i o n s h i p which has been d i s ­

cussed i n chapter 3* The measurements on the energy spectrum was made 

i n the energy range ~ 25 GeV up t o 1(A GeV0 

The o b j e c t o f measuring the hagh energy range was t o cover the came 

energy ran£>» i n the spectrum p u b l i s h e d by Baruch, Brooice and Kollernrnn(197^) • 

These workers measured the spectrum o f hadrons a t sea l e v e l and presen ted 

evidence f o r an anomalous behaviour i n the energy range 2 - 8 TeV. For 

E < 2 TeV they found the d i f f e r e n t i a l v e r t i c a l i n t e n s i t y t o decrease w i t h 

i n c r e a s i n g energy as E ~ ? 0 ^ * f o r 2 < E < 8 TeV the i n t e n s i t y i s a lmost 

cons tant and f o r E>8 TeV the i n t e n s i t y aga in decreases w i t h i n c r e a s i n g 

energy (see f i g u r e 2.5)• The step (bump) i n the spectrum f o r 2<E<8 TeV 

i s unexpected and 3aruch e t a l . propose t h a t i t i s produced by the i n t e r ­

a c t i o n o f 4 new p a r t i c l e (see s e c t i o n 2.3*9)« 

I n the present work the r e s u l t on the hadron energy spectrum shows a 

cons tant slope w i t h E ~ 2 c ^ * over t h e whole energy range f r o m 10 GeV t o 

10 TeV. 

5.2 The b a s i c r e s u ] t s 

As mentioned i n s e c t i o n k-h-, when an event i s s e l e c t e d the s c i n t i l l a t o r 
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pulse i s recorded on f i l m f r o m an o s c i l l o s c o p e , and the f l a s h tubes are 
photographed by a camera. The pulses f r o m the s c i n t i l l a t o r s were conver ted 
so t h a t t h e y corresponded t o the va lues a t the ou tpu t o f the p h o t o r a u l t i -
p l i e r and then d i v i d e d by the mean o f the s i n g l e p a r t i c l e pulse h e i g h t t o 
g ive the s i zo o f the b u r s t i n e q u i v a l e n t p a r t i c l e s 0 

When the f i l m i s scanned, events are c l a s s i f i e d i n t o two c a t e g o r i e s , 

( a ) b u r s t s produced i n l e a d , (b ) b u r s t s produced i n i r o n . 

The chamber was run f o r a t o t a l o f 4817o389 hou r s , i n which t ime the 

t r i g g e r l e v e l was changed t o d i f f e r e n t v a l u e s , (see s e c t i o n 4 . 3 . 4 ) • 

Table 5 .1 shows the bas i c expe r imen ta l r e s u l t s . Prom the t a b l e i t i s seen 

t h a t the charge o f the p r imary p a r t i c l e s i n i t i a t i n g b u r s t s cou ld o n l y be 

doxermmed f o r "cnose o c c u r r i n g i n tne i r o n t a r g e t wnen a t ime deJay of 20p» 

was used between the occurrence o f the b u r s t and the a p p l i c a t i o n o f h i g h 

vo l t age pulse t o the f l a s h tubes , because m 330 | i s t ime de lay a l l the 

e l e c t r o n s produced i n the tube due t o passage o f charged p a r t i c l e s are 

d i f f u s e d r e s u l t i n g i n a low (~5/o) f l a s h i n g e f f i c i e n c y and i t becomes 

d i f f i c u l t t o d i s t i n g u i s h between the charged and the n e u t r a l p a r t i c l e s 0 

I n the present work b u r s t s produced by charged p r imary p a r t i c l e s were 

r e l a t e d t o c o n t r i b u t i o n s f r o m d i f f e r e n t p a r t i c l e s ( p r o t o n s , p ions and muons) 

and the b u r s t s produced by n e u t r a l p r imary p a r t i c l e s was r e l a t e d t o neu t rons . 

I n t a b l e 5 . 1 , t h e number o f b u r s t s produced i n i r o n and l e a d w i t h i n a 

p r o j e c t e d z e n i t h angle - 30° and i n the acceptance geometry i s g i v e n . 

The l i m i t on the p r o j e c t e d z e n i t h angle u s imposed i n o r d e r t o exclude 

s ide b u r s t s produced i n the w a l l s o f the chamber b y h i g h energy muons. 

F igures 5 .1 and 5«2 show the b a s i c r e s u l t s on the b u r s t s ize d i s t r i b u ­

t i o n s i n i r o n and l e a d absorbers f o r a t r i g g e r l e v e l > 500 p a r t i c l e s . 

A l l b u r s t s represented i n the d i s t r i b u t i o n s were i n the angu la r range 

- 30 t o the v e r t i c a l . 
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Iron absorber 
Trigger level £ 5 0 0 pariicles 
H40-H77 (356 events) 

bin L / 1 
maximum-

• M.V1-Q 
1 -

5 9 13 17 21 25 29 33 37 41 45 49 53 57 
Burst size (N)-IOO 

n . n . i n i . i m m i . i . 
61 65 69 73 77 

Figure 5.1 The burst size dis tnbat icn for hadrons interacting 

in 15 eras of iron abscrber. A H the measured bursts 

in the distribution wert, between * 30° to the v e r t i c a l . 
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Fipure 5.? The burst size distuibution for hadrons interacting 
in 15 cms of leau absorber. A l l the measured bursts 
in the distribution were betwepn - 30° to the ver t i ca l . 
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Table 5 o 2 shows also some information about the experiment using a 
large trigger levelo From this table the maximum number o f particles 
one could moasure from the trigger level o f > 4 0 0 particles was 2 , 6 0 0 

and 2 , 7 0 0 particles for bursts in lead and iron respectively, and fo r 
the trigger level > 5 0 0 particles i t was 7 , 0 0 0 and 7 . 5 0 0 particles fo r 
bursts in lead and iron respectively* The energy corresponding to these 
values of the rainimuu burst size also i s shown assuming the primary part3cl 
are either protons or pionso 

5 o 3 Photography rato 

The various counting rates ere shown as integral j l o t s in figure 5 « % 

I t can be seen that tl.s integral photography rate is greater than the rate 

of recording acceptable events* 

A fract ion of the events are rejected because they ere passing outside 

the accepted geometry of the chamber. Ac mentioned before the events were 

accepted when the whole width f e l l i n the f lash tubes and a pulse height 

could be measured. Thuj», i f the threshold i s set at 2 0 part icles, V 2 « 4 

frames woulri bo useful but the rat io decreases to ^"/l»Q frames at 4 0 0 

part icles . 

The non useful events fo r the > 4 0 0 particles tr igger was not only 

because of the acceptance geometry, but some of the bursts around 4 0 0 -

5 0 0 particles were not seen in the f lash tubes v»hen the chamber was run 

on 3 3 0 H s , The reason was that these bursts have only a small number 

of tubes flashed at this long time delays 

5 . 4 The chamber acceptance functions 

In order to calculate the acceptance aperture of the chamber i t 

i s f i r s t necessary to define some acceptance l i m i t fo r which the events 
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10; 

Integral counting rate of burst events recorded 
on the films m lead and iron absorbers. 

G Total photography rate. 

O Rate of measured burst m iron and lead. 



w i l l La selected^ Tho l imi t s have been chosen so that as large an 

acceptance volume as possible is defined without introducing too large 

a bias for events that may be los t . Y/ith this experimental arrangement 

two 6 i f l c re . i t geometrical acceptances were taken, cie for bursts produced 

In ij.cn and the other f o r bursts produced in le-scU 

The method adopted to determine the d i f f e r e n t i a l apertures of the 

chwabpr was similar to that used bv Lo\a t i et a l . ( l 9 5 k ) » 

Lovati et a l . have introduced a method to convert the projected 

angular dis t r ibut ion of particles measured in perpendicular planes, into 

tho distr ibution function of particles gaven by cos" ip in real space. 

The procedure of calculation used by Lovati et a l . was as follows: 

Consider -cno norisontiU rectangular detectors A end B having dimensions 

2Y cm by 2 x cm, and 2Y7 cm by 2V on and placed one above the other at 

a distance Z cm, figure limit* The direction of motion of e part icle cross­

ing tho do^erlors as Jiid~.cc. I id by the augje& ^ and dj which are related 

to the zunxth an^lc by 

Assume that tho intensi ty of the incident particles is represented by the 

Then the t o t a l f l ux of particles through the two rectengular detectors w i l l 

be: 

cos ip = 0 0 3 ft c o s 

law: l ( ip ) = l ( 0 ) cosn<p , where 1 ( 0 ) is the ver t ica l intensi ty in 
»^ " ^ l m 1 

units of cm"'' sec t»t" ond l ( ip ) is the intensity at zenitn angle <p 

dx dy cos ip Fn I ( P̂ ) dw 

m m n dx dy cos ^ cos ip dw 

where dw i s the elementary solid angle and i t i s represented by: 

dw = cos l|) d ijj d-& 

http://6iflcre.it
http://ij.cn
http://Jiid~.cc
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Thus Fn = 1 ( 0 ) j j j j dx dy c o s n + 1 # d £ cos n + 2 ^ d ^ 

= 2 1 ( 0 ) f^F2 f*2
 f ^ 2 c o s n + 1 ^ d £ dy dx c o s n + 2 4 ) d^Jj 

On invei tmg the order of integration with the l i m i t s 

= 0 , £ 2 = t a n ' 1 ( 2 ± 2 L ) 

y x = -y , y 2 = y - z t a n £ 

= -X , Xg = x 

and = arc tan ( • cos $ ) , (j) 2 = arc tan ( 

Defino Nn ( ^ ) as the orthogonal projection on the ver t ica l plane yz 

of the angular distr ibution function, then 

F n = / N n ( £ ) d ^ 

Hence N n ( ^ ) = 2 l ( o ) cos n + 1 £ (y + v - z tan £ ) f dx f 2

C 0 8 n + 2 l j j c 
Ac \ 

With the l imi ta t ion that: 

y + v - z tan § > 0 , i . e . , tan < (y+v)/z. 
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This equation can he integrated fo r integer values of the exponent n , 
end the results of the integration for the di f ferent values of n can be 
represented as follows: 

N 0 C ft ) = | K cos £[(x-w) arc tan{ i S2L2SS^ + ( w + a E ) arc tan{ ISS)«£*&)] 

N t a \ 1 v c j z 2 -2(z 2 +(w-x) 2 cos 2 ^) z 2 - 2(z 2+(v+x) 2 cos2-9")l 
1 ( £ ) = 3 K oos%[ 1 J 

+ 

N 2 ( £ ) = 1 K z 3 cos 2 ^ (A^ 1 - a" 1) + J c o s 2 ^ NQ( £ ) 

N , ( & ^ = — K z 4 cos5 A ( A - 3 / 2 - A~V2>| . 4 „ ™ 2 . * - N f A ^ 
-» -ir, ~ + 5 u - n v / 

Where K = if l ( c ) (y+v-z tan £ ) and A = z 2

+ (w ± x ) 2 cos 2 ^ 

A general expression for n > 1 has been given by Pattison ( 1 9 6 5 ) as 

follows: 

w / a \ K z n + 1 c o 3 n £ / - n / 2 x n+1 2 cv „ CL N N n ( ) = ; " ( A_ - A J + cos $ N - 2 ( $ ) 

n . ( n + 2 ) x ' n+ 2 1 1 

So, by defining tWe acceptance l i m i t s of the experiment, one can calculate 

the predicted angular dis t r ibut ion i n the chamber and by comparison with 

the observed angular distr ibution one can f i n d the value of n which gives 

the minimum Chi-square f i t * 

(a) Bursts in i ron: m running the experiment on 2 0 p. s time delay, an 

acceptable burst i n the iron was one in which the incoming part icle track 

was observed in the f lash tube tray Fla and the burst width seen on the 

f lash tube tray Fib, this layer of f lash tube (Fib) was located d i rec t ly 
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Table 5 . 6 Scale diagram of the front of the chamber showing 
the res tucted acceptance geometry for bursts 
produced in iron. To be accepted, tne core of 
the burst must l i e between, but not m , tne snaded 
areas. 
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Figure 5 . 8 Scale dia-ram of the front of the chamber 
showing the restricted acceptance geometry 
for bursts in lead. To be accented, the 
core of -che burst "iust l i e between, but not 
an, the shaded areas. 
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below the iron and this meant that a l l the bursts had passed through the 
sc in t i l l a tor A. However, the acceptance geometry which has defined for 
bursts produced in iron i s shown in figures 5 o 5 and 5 » 6 o In figure 5 » 5 

i t was shown that the maximum angle a measured buret could make with the 
vert ica l in the back plane was 7 0 ° o 

During the run on 3 3 0 | i s time delay, i t w as impossible to recognize 

the track of the incoming particle in F l a , because of the diffusion of the 

low f l 8 s h tube eff iciency at this long time delay,, So, the direction of 

the core of the cascade through the chamber was taken to defsne the direction 

of the incoming particlee 

(b) Bursts in lead: figures 5 « 7 and 5 » 8 show the acceptance geometry vhich 

defined bursts produced in the lead absorber. In both time delays used, 

the burst width was measured in the f lash tube tray F l a below the lead and 

this meant that the burst had passed also through the sc int i l la tor C. In 

figure 5 » 7 i t was shown that the maximum angle a measured burst could make 

with the vert ica l in the back plane was 81° . 

Using the above geometrical dimensions given in figures 5 « 5 , 5 o 6 , 5 » 7 

and 5»8 one can calculate the di f ferent ia l aperture (m st rad ) for bursts 

observed in the f lash tube chamber using the method discussed above* 

The results of the calculation are shown in figures 5 » 9 > 5*10, 5 * 1 - and 5»12 

for the bursts produced in iron and lead respectively. 

5 * 5 Angular distribution 

The angular distribution for bursts of width < 2 . 0 cms on the scanning 

sheets (scale 1 : 2 0 ) and requiring that the core of each burst f e l l within 

the l imits defined over the f lash tube layers F l a and Fib have been 

measured. This l imit was taken to be 1 cm (on the scanning sheet) from 

each side of the f lash tubes layer (see figures 5 « 6 and 5 « 8 ) , this was for 



2 8 I 1 1 1 1 1 1 r 

n=0 

1 6 

in 

§ 1 2 

0 8 

10 20 30 40 50 80 80 60 
Projected Zenith Angle (degrees) 

Figure 5 . 9 The chamber acceptance functions with n as 
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Figure o,12 The chamber acceptance functions rcitn n as 
parameter. For bursts produced in leaa and 
observed on 3 3 0 \L s time delay run. 
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the case of observing bursts when the chamber was running on 20 M-s time 

delay between the passage of the burst and the appl icat ion of the high 

voltage pu l se . I n the case of the long time delay (330|As ) the angular 

d is tr ibutaon was measured according to the d irect ion of the core of the 

cascade through the chamber. For an event to be accepted the core was 

required to pass at l e a s t a distance of cm (measured on the scanning 

sheets) from the acceptance l i m i t s taken i n F l a and F ib r e s p e c t i v e l y . 

Figure 5.13 shows the measured projected angular d i s t r i b u t i o n f o r p a r t i c l e s 

which produced burs ts in i ron and l e a d . A comparison between the measured 

projeclod angular d i s t r i b u t i o n s and the predicted angular d i s t r i b u t i o n s have 
2 

been made and the best f i t determined by minimum Chi-square ( X ) g iv ing 

the value o f the exponent, n . The corresponding values of the exponent 

are shown below: 

Angular d i s t r i b u t i o n 
measured from data 
taken on: 

Iron (Fe) Lead (pb) 

Value of n m l ( $ ) = l(0)cosn<vj 

20tis time delay and 
small t r i g g e r threshold 
(between > 20 to > 400 

p a r t i c l e ) 

330JJ-S time delay and 

large t r i g g e r threshold 

( £400 p a r t i c l e s ) 

4.0 i 2.0 

7.5 t 1.5 

6.0 i 2.5 

8.5 ± 1.5 

Having the values o f the exponent n. estimated the aperture value m s t 

coald be e a s i l y found. 

General curves were ca lculated to show how the aperture value could 

vary with the width of the f l a s h tube chamber (over F l a or F i b ) for d i f f e r -



2C 

24 

20 

16 

I 

\ .n=4 0 

0 10 20 30 
Projected Zenith 
angle (degrees) 

a Fe 

V-n=6 0 

0 20 
Projected Zenith 
angle (degrees) 

b Pb 

96k 

80 

72 

64 

56 

§48 
cr 

it 40 

32 

24 

16 

8 

n=7 0 
^ n = 8 0 

v 
^1 W 

0 10 20 30 
Projected Zenith 
angle (degrees) 

c Fe 

n=9 0 
n=8 0 

IT " 7 

10 20 30 
Projected Zenith 
angle (degrees) 

d.Pb 

Figure 5«13 The projected zenith angle d i s t r i b u t i o n s of 
bursts observed in n o n and l ead . The s o l i d 
d i s t r i b u t i o n s era the measured and the dotted 
are the predicted. The values of the exponent 
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20JJ.S time delay run. ( c and d) d i s t r i b u t i o n s 
measured from 330 M-S time delay run . 
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Figure 5o 14- The aperture of the chamber for bursts produced in 
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curves represent d i f f e r e n t values of n , tne exponent 
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of i n t e n s i t y . 
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ent values o f n , f i gures 5 . 1 4 and 5 » 1 5 » So, f o r any value of n given 

above, and f o r the f i xed chamber width usod over the flash tube l a y e r s 

2 

F l a or F i b , one can get the exact value of the aperture i n cm sto 

5 . 6 The attenuation length 

The value of the exponent n could be r e l a t e d to the attenuation length X 

of p a r t i c l e s i n i t i a t i n g the b u r s t s . The attenuation length could be repres ­

ented by X = 1 , 0 3 0 / h o 

For b u r s t s £ 4 0 0 p a r t i c l e s the average value of n for the Dead and i r o r 

targets was 8 * 0 - 1 . 5 . So, f or t h i s value of n the attenuat-ion length \ 

+ - ? 

i s 1 2 9 - 36 gm cm . Th i s value of X ind icates that the observed bursts 

of s i z e 2 4 0 0 p a r t i c l e s are produced predominantly by ha<3rons» 

For burs t s between > 2 0 to * 4 0 0 p a r t i c l e s the average value of n 

for the l e a d and iron targets was found to be 5 . 0 * 2 . 0 . The corresponding 

value of n shows that both d i s t r i b u t i o n s contain some contamination from 

suon induced b u r s t s , and as the muon spectrum decreases r e l a t i v e l y slovdy 

with increas ing ^ , a small contribution from louons w i l l e f f e c t the exponent 

considerably* 

5 * 7 Est imate of the hadron energy spectrum 

5 » 7 « 1 The measured spectrun 

I n the t o t a l running t ine of 4 8 1 7 . 4 hours hadron induced burs t s i n 

the f l a s h tube chamber absorbers were observed find measured. A l l these 

hadrons have been c lassed as protons, pions or neutrons. The i n t e g r a l 

spectrum of a l l hadrons i n * J>0° to the v e r t i c a l inducing burs t s in the 

i ron and lend target are shown i n f i gures 5 . 1 6 and 5 « 1 7 r e s p e c t i v e l y . 

The conversion of burst s i ze to energy has been discussed i n chapter J , 

and the curves ca lcu la ted for ptoton i n i t i a t e d burs ts i n the i ron and l ead 

target (see f i gures 3 . 6 and 3 o 7 ) were used to evaluate the d i f f e r e n t i a l 
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energy spectrum of hadrons at sea l e v e l . Table 5.3 shows the probab i l i ty 

of inc ident protons and pions in terac t ing i n d i f f eren t parts of the chamber 

used in the ca lcu la t ion* 

A c a l c u l a t i o n of the muon burst spectrum i n the chamber has shown that 

the contribution o f muons to the measured burst spectrum i s small ( t h i s 

w i l l be discussed in the next chapter ) . At a burst s i ze o f 1,000 p a r t i c l e s 

i n iron or lead the contribution of mucin9 +0 the measured «11 hadron spectrurs 

i s If? and 97° r e s p e c t i v e l y , and at 500 part ic les , the contribution of muons to 

the measured a l l hadron spectrum i s 2$ and l6fo r e s p e c t i v e l y . So, i t was 

possible to neglect t h i s contr ibut ion . F igures 5.13 and 5<>19 show the 

v e r t i c a l d i f f e r e n t i a l energy spectrum of hadrons at sea l e v e l measured from 

bursts observed m iron and lead r e s p e c t i v e l y . Only one event was observed 

in which the width of the burst was f a l l i n g within the geometry and the pulse 

height from the s c i n t i l l a t o r was showing a burs t s i z e in i ron target > 7»500 

p a r t i c l e s , i . e . >ld*~ G-eV energy (see table 5»2). So, the mean energy 

above G-eV was ca lcu lated and i t was found E = 29.2 TeV and the absolute 

rate a l so was c a l c u l a t e d . 

However, the f i n a l v e r t i c a l hadron spectrum at sea l e v e l has been found 

by averaging the two spectra from the iron and lead target (the i n d i v i d u a l 

spectra were compatible) and the r e s u l t i n g energy spectrum i s shown in 

f igure 5«20. 

5.7*2 Comparison with other r e s u l t s and discuss ion 

A comparison could be made 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 of 

Baruch et a l . (1973)» w ho have suggested that there may be a step i n the 

spectrum a t an energy of a few TeV. Figure 5»21 shows the r e s u l t s of these 

experiments as we l l as the r e s u l t o f t h i s experiment. 
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Figure 5 . 1 8 The v e r t i c a l d i f f e r e n t i a l energy spectrum 
of hadrons at sea l e v e l ( c a l c u l a t e d from 
burs t s measured m iron and assuming lOtyo 
nucleon contr ibut ion) . Y = 2 . 5 2 - 0 . 1 . 
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sea l e v e l (calculated, from burs ts measured in lead and 
assuming 1QU,1 nucleon contribut ion) . Y = 2.7 - 0.1. 
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I t i s seen that the present r e s u l t shows no evidence for a step in 

the energy range 2 - 8 TeV and they ere in fac t consistent with a spectrum 

»9 7 £ 0 1 

of tho form E ° over the whole energy range from 10 GeV to 10 TeV. 

Recent ly the r e s u l t given by Siohan et a l . (1975) shows the upper l i m i t 

of the hadron f l u x at sea l e v e l . The spectrum i s of the form: 

N( > S) = 3 x 10~k ( ) " 2 e ° p a r t i c l e / m 2 sec s t . 
300 

with E i n the range 400 < E < 7»000 GeV. Tho same r e s u l t a l so was 

reported e a r l i e r by G. Yodh an August 1974. (See sect ion 2.3.10) as 

private communication. 

The Siohan et a l . r e s u l t a lso does not support the observation by 

Baruch ot a l . o f tho step. The ir r e s u l t i s consistent with the present 

r e s u l t . 

The spread in the absolute f luxes of hadrons measured at sea l e v e l by 

the various groups can bo a t tr ibuted to 'ne various techniques used. I n 

the f igure 5.21 i t was s'lOwn that the present r e s u l t s are consistent with 

low energy data ( £ 100 GeV) which represented the t o t a l nucleon spectrum 

found by multip}vxng the measured proton i n t e n s i t i e s of Brooke and Wolffindale 

(1964) and Diggory et a l . (1974) by fac tor o f 2, ( i . e . assuming equal numbers 

of protons and neutrons at sea l e v e l ) . Also i n the Bame f igure i s shown 

the t o t a l nucleon spectrum found by increas ing the measured neutron i n t e n s i ­

t i e s summarised by Ashton et a l . (1970) (see f igure 2.4) by a fac tor of 2. 

F i n a l l y , apart from the r e s u l t of Baruch et a l . a l l the experiments 

show that the hadron spectrum i s smoothly decreasing i n i n t e n s i t y with 

d i f f e r e n t i a l slope y between 2.7 to 3.0 i n the range 10 GeV < E < 10 TeV. 

5.8 F luctuat ions 

I t has been suggested that there could be a small i r r e g u l a r i t y i n the 
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Figure 5.21 

The v e r t i c a l d i f f e r e n t i a l energy spectra of hadrons (and of 

nucltions alone) in cosmic rays at sea l e v e l measured by 

d i f f e r e n t groups. The low energy data ( £ 100 GeV) are 

estimates of the t o t a l nucleon spectrum found by mult iplying 

vhe measured proton i n t e n s i t i e s of Brooke and V/'olfendale (I96/4-) 

and Dig^ory et a l . (197A-) by 3 factor of 2. ( i . e . assuming 

equal number of protons and neutrons) . The dashed l i n e xs 

an estimate of the t o t a l nucleon spectrum found by increas ing 

tho noai,ured neutron i n t e n s i t i e s summarised by Ashton ct a l . 

(I97n0 by a factor of 2. 

A s o l i d l i n e i s the best f i t to the present measurement of 

the energy spectrum of a l l hadrons (nucleons and p ions ) . 

The dotted l i n e i s the best l i n e given by Baruch et a l . (1973) 

through t h e i r measurements for a l l hadrons. 

The double dotted l i n e shows the recent r e s u l t given by 

S i c w n et a l . (1975) for a l l hadrons. 



I i n u i i i — i I I m i l l — i r i i n n i r 111in 

- I ! L. I 4 T 

! 

10 I 

1 
' I! 

8 10 
11 

11 

\ 

10 i t 

r - r r4-. I 
n i 

r 
r i 

I 
1 V 10 10 

i 

i 1 ( 
11 

! ' i i \ 
1111 i i ' 11 

i 

\ 1 

H- \ in r - m - , 
CM I I I ! 

r + H ~ - \ i I 
• i 

I ' l l 12 i i 10 
UJ 

u \ ! ' i i . r _ r n " I ' . i i 
i 1 

i " i i i i n 

13 10 

n Li mi in—t-H-H-ri 
i ' : iT1 n T f T f l l 

i , i n 1 

i < i > a 

10 
- i i r 

r-n-t 
1 h-Hfr 1 

• This exp* All hadrons 15 10 
* B a n i c h et al [1973) All hadrons 
o Brooke and Wo If end ale (196^) protons 
^Diggory et al, (1974) 

Ashton et al (1970 neutrons 16 10 Siohan et al 1975 all hadrons 

- I — i 

1 7 J • " ' I i 111 in LJJ • i 1 1 i n 10 
10 5 10 10 10 10 

Energy (GeV) 



6 0 

spectrum which can not be seen i n t h i s experiment, because of the smoothing 

introduced by the f luc tuat ions i n the burst s i z e . 

However, i f the i r r e g u l a r i t y were b ig enough to produce the r e s u l t 

seen by Baruch et a l . with what i s a very s i m i l a r de+ection technique 

then i t i s believed th8t a large i r r e g u l a r i t y would have been seen i n t h i s 

r e s u l t too. 

A c a l c u l a t i o n has been made to overcome t h i s problem and to prove that 

i f there i s any i r r e g u l a r i t y in the spectrum i t would have been suen c l o a r l y . 

For t h i s purpose the Baruch et a l . ( 1 9 7 3 ) hadron energy spectrum was assumed 

and t h e i r best l i n e through t h e i r points and other experiment. points were 

taken, the slope of the spectrum for energy < 2 TeV was given by y = 3 « 3 7 « 

The procedure of the c a l c u l a t i o n was as fo l lows: the d i f f e r e n t i a l 
5 

spectrum i n the energy range 3 0 GeV up to 1 0 GeV was divided into many sitiall 
- 2 - 1 - 1 

c e l l s and for each c e l l the frequency of events m u n i t s cm sec s t was 

found. Tbe d i s t r i b u t i o n of the number of burs t p a r t i c l e s N as a function 

of the depth i n the l e a d absorber was ca lcu la ted for d i f f e r e n t proton energies 

( the energies o f the incident proton was taken as tho same as the energies 

defined i n the middle o f the ce l l s ) . 

Using the above d i s t r i b u t i o n s the p r o b a b i l i t y that a primary proton 

produced N burst p a r t i c l e s / u n i t N was found. These p r o b a b i l i t i e s were 

folded into the frequency o f each c e l l and the expected shape of the burst 

spectrum produced i n the lead absorber was ca l cu la ted and i s shown m 

f igure 5 o 2 2 . The r e s u l t from the burst spectrum shows that the step (bump) 

was c l e a r l y present i n the spectrum. Therefore , t h i s r e s u l t shows that i f 

the bump was a r e a l e f f e c t then i t would be poss ible to detect i t in t h i s 

experiment. 

The burst spectrum, f igure 5 . 2 2 , was converted to an energy spectrum 

at sea l e v e l using the energy - burst s i z a r e l a t i o n s h i p f o r proton induced 
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Figure 5 . 2 2 The d i f f e r e n t i a l bursts spectrum calculated under 
1 5 eta of lead. This was calculated using the 
Baruch et a l . energy spectrum and the burst 
size - energy relationship f o r proton induced 
bursts in lead. 
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calculated from the burst spectrum given 
in figure 5 « 2 2 using the burst size - energy 
relationship fo r a proton induced burst in 
load, and the original energy spectrum given 
by Baruch et a l . measured in a calorimeter 
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bursts in lead 0 

The comparison between the calculated energy spectrum from the burst 

spectrum and the spectrum given or ig ina l ly by Baruch et a ] , has been mede 

and figure 5 « 2 3 shows this comparison* Prom this comparison i t is seen 

that both spectra are almost identical i n shape. 

5 o 9 Accompanied events 

The middDe l i q u i d sc in t i l l a to r M was operated with the single hadron 

experiment to ident i fy whether the hadrons interacting in the chamber are 

associated with extensive air shower particles or not. With this single 

detector placed on the top of the chamber (see figure 4 . 9 ) an accompanied 

event was iden t i f i ed vrhen there wa& more than 2 particles passing through 

the s c i n t i l l a t o r . The number of particles passing through s c i n t i l l a t o r M 

could be measured from the pulse height recorded on the oscilloscope f i l m , 

the pulses from this s c in t i l l a to r being delayed by 1 . 6 J I S . The character­

i s t i c s of this s c i n t i l l a t o r have been discussed in section 4 . 3 o 3 » A scatter 

plot given in figure 5 « 2 i f shows the relation between the number of particles 

recorded an s c i n t i l l a t o r M,(N^), accompanied with the hadrons interacted m 

the chamber and the burst size measured i r the plastic sc in t i l l a to r s under 

the lead and iron targets. The points i n the tcal ter plot were binned and 

the frequency distributions fo r the number of particles i n s c in t i l l a to r M 

accompanied with the hadron produced burst in iron and lead are shown in 

figure 5 » 2 5 « In this f igure , the f i r s t column shows the number o f the 

unaccompanied events (Ny < 3 ) o So, by taking the mean of these d i s t r i ­

butions f o r NJJ > 3 particles, one can plot the same relation between the 

number of particles i n s c in t i l l a t o r M as a function of burst size, this is 

shown in figure 5 * 2 6 . 

Prom this figure i t is noted that , as the burst size produced by 

hadrons increases ( i . e . the energy of the incident hadrons increase) the 
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Figure 5 . 2 5 . The frequency distributions for the number of EAS 
particles in s c in t i l l a to r V, (%) , associated with 
bursts in iron and lead. The f i r s t ce l l shows 
unaccompanied events. 
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number of accompanying particles increases ( i . e . the shower siso increases). 

However, with this detector i t i s irapossible to locate the position 

of the shower core and i t i s not possible to treasure the size of the snorter. 

5 . 1 0 Conclusion 

The sea level spectrum of al3 nadrons as measured in this experiment 

is shown in figure 5 * 2 i and compared with other experimental measurements. 

The result f rou tni.s expenrrrnt shov,s a constant slope with E~2*^ * ^ '^ 

over the anrv^y range 30 GoV to 1 0 TeV. The present result gives no 

sap-DO t̂ to ihs su£g<i?.»tion of Baruoh et o l . ( 1 9 7 3 ) that there is a step in 

the spectrum of hanrons i n the region of 2 - 8 TeV and the existence of a 

new particle of rest mass m tho ranre L0 - 70 G-eV/r . mean "1-ifp -H^e 

> 2 1 0 ^ second cnrl an interaction length of 1 , 0 0 0 - y'oO^ £ m c m " ^ ° 

The present spectrum was calculated assuming a l l the particles are 

nucleons and the conversion from burst size to mean energy was made using 

the proton burst size - energy relationship. But i n f a c t not a l l the 

hadrons are nucleons. There i s contribution of pions fo r which the conver -

sion w i l l be s l igh t ly d i f f e r en t . The difference in burst size for incident 

protons and pions is not lerge, the size being about 3 0 ^ larger for pion3 

than protons in iron end 20$ larger i n 3ead (see figures 3 » 6 and 3 « 7 ) » 

However one can expect that th is difference does not af fec t the shape of 

the spectrum and i t sould not be distorted. 

The difference between the energy spectrum of a l l hadrens (sol id l ine) 

(see figure 5 . 2 1 ) and the energy spectrum of nucleons (dashed l ine) is due 

to the increase an the contribution of charged pions to the to t a l hadron 

f l u x for energies > 1 0 0 GeV. 

The muon contribution was assumed to be small and fo r large burst sizes 

corresponding to i*. or 5 TeV hadron energy, the effect i s < ifo fo r the iron 

and ~ 5 $ f o r the lead. 
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From the measured angular dis tr ibut ion fo r the large bursts > 4 0 0 
particles the average value of n was found 8 - lo5> and th is corresponds 
to particles with attenuation length \ = 1 2 9 - 1 6 gm cm"^. However, 
this supports the conclusion that the observed large bursts are produced 
predominantly by hadrons0 
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CHAPTER 6 

THE HIGH Z?TERGY sraCTKUV CP NEuTRCTIS AND 

PIONS AT SBA 1TSV3L 

6«1 Tho neutron spectrum 

6.1.1 Seno/al reirctrks 

While the chamber was run on the shor"c time delay (20|is )neutral 

part icle induced bursts in the iron target were recorded* Tho procedure 

to iden t i fy the neutral bursts from bursts produced by charged particles 

wa«? from the -ir.cnir-Uu; ppr^ic^e track ir. the flc„h tub3 tray ria., (soe figuie. 

k»9)• For neutral particles there should be no track seen the the tray Fla 

A track vis defined a-3 > 2 flashed t u b e 3 in one l ine and near the middle 

(core) of the buisc. 

A l l the neutral particles wore classafLed a s neutrons and the energy 

spectx*uin of the neutrons at sea level was determined from, the burst spectrum 

produced in a 15 cms iron target. 

F3ate 6.1 shovfs an example of <* neutral particle interacting m ths 

iron target. 

6 . 3 .2 The treasured spectrum 

In the to t a l running time 1 2 2 9 . 7 hours, only 28 events shov/ed neutral 

particles within - 30° to the ve r t i ca l interacting i n iron target, (see 

table 5 o l ) . A l l these neutral particles have been classed as neutrons. 

With this insuf f ic ien t number of events i t was d i f f i c u l t to evaluate the 

value of tho exponent n from the angular dis t r ibut ion of these 28 events. 

So, the value of n has been taken to be 7 « 5 and this was the same value 
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which was found for a l l hadrons interacting in iron in the long time dealy 

measurements. Thi3 value was used to evaluate the aperture xn cm st , (see 

figure 5.14) • 

The integral spectrum of neutral bursts in the iron i s shown in 

figure 6 o l o 

The conversion of burst size to energy has been made using a burst 

size - energy relationship for proton in i t i a t ed bursts in i ron . 

Figure 602 shows the ver t ica l d i f f e r en t i a l energy spectrum of neutrons 

at sea level calculated from the burst spectrum* In this figure the proton 

measurements ( < 1 0 0 GeV) of Brooke and Wolfendale (1960 Diggory et a l . 

( 1 9 7 4 ) also were shown0 

The spectrum can be represented in d i f f e r e n t i a l form by N ( E ) = K E 

where Y = 2 » 9 - O*1 ^ the energy range 5 0 - 1 , 0 0 0 GeV» 

6.3?5 Comparison \;i th previous measurements 

The* present measurement on the energy spectrum of neutrons was found 

useful to compare with other results, but the only results available in 

the same energy iange were the measurements summarised by AhSTon eT a l . 

( 1 9 7 0 ) . 

Figure 6.3 shows th is comparison. Although of l imi ted s t a t i s t i ca l 

weight the neutron spectrum estimated from this experiment i s found to be 

consistent with the previous neutron spectrum summarised by Ashton et a l . 

In the same f igure , the best l ine through a l l the points was drawn and this 

shows a slope of Y = 2 . 9 7 - 0 . 1 in the energy range 5 0 - 1 , 0 0 0 GeV. 

Hence, i t is possible to compare the measured neutron spectrum with 

proton measurements o f Brooke and Wolfendale (I964) , assuming the neutron 

spectrum to be the same as that of the proton at sea l eve l . 
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Figure 6.2 The ver t ica l d i f f e r en t i a l energy spectrum 
of neutrons at sea level Deasured in this 
experiment, compared with the lov/ energy 
proton measurements. 
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Plate 6.1 Event H8 - 38 

A burst produced in the iron by a neutral 
par t ic le . 
The oscilloscope trace shows a pulse from 
s c i n t i l l a t o r A. 
This was taken from a run using a time 
delay T p of 2 0 | i s • 

A = 1 0 7 particles 
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6 . 2 Predicted muon burst spectrum in iron and lead 

6 . 2 . 1 Introduction 

Before going into details o f the calculation of the muon burst spectrum, 

i t is important zo review the theoretical background f i r s t . The known 

interaction processes by which the muon can lose energy m traversing matter 

are: knock-on electron production, brems&trahlung, direct pair production 

and nuclear interaction. 

The f i r s t three processes produce comparatively frequent energy transfers 

and therefore are important in the present calculation. Tne contribution of 

the nuclear interaction to the probability of burst production in the present 

C X p c r u I T i c i i t I S illo J - ^ I « - f l C c a i l> a n d Ihuxoforc iidd TiO L LieSU I r i o l u U t i d e 

6 . 2 . 2 Theoretical considerations 

The theories of the production of knock-on electrons and breusstrahlung 

have been givsn by Bhabha ( 1 9 3 8 ) and Christy and Kusaka ( 1 9 4 1 ) respectively. 

The cross section for electron pair production by muons has been calculated 

f i r s t l y by Bhabha ( 1 9 3 5 ) a»cl independently by Nishina et a l . ( 1 9 3 5 ) and by 

Racah ( 1 9 3 7 ) using classical quantum electrodynamics. The results of fiese 

calculations are given in convenient forms by Rossi ( 1 9 5 2 ) : 

(a) Knock-on electrons: 

The d i f f e r e n t i a l probabili ty is given by: 

/ ' \ -2 where ip c o i i (E, E ) dE i s the probability per gm cm of a charge part icle 
1 / i i i 

(mass m and spin / 2 ) of energy S, transferring an enorgy between E and E + dE 

to an electron» 
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2 2 Z -1 2 
C = It N T r = Ool5 T cm represents the t o t a l area covered A e A 

by the e lectrons contained i n one gram, each considered as a sphere o f 
2 

radius r e , re = —— ^he c l a s s i c a l radius of the e l ec tron . Z and A 
nigc 

are the atomic number and the atomic weight of the absorber r e 3 p e c t i v e l y „ 

N i s Avogadro's number 

Pc i s the v e l o c i t y of the incident parLieLc 

E m i s the maximum trans ferab le energy and i s given by: 

2 92 c 2 

E m = 2 rneC'' 

me 
2 & + m?cA- + 2m0 c 2 ( p ? c 2

 + m2 c^) V 2 

where p i s the momentum o f the incident p a r t i c l e * 

(b) Bremssbrahlung: 

The d i f f e r e n t i a l rad ia t ion probab i l i ty J S givon by: 

2 
q) . ( E , E ) dS =<XN f - r / ( _ f _ _ r dE F(U,V ) 

r a a A m |nr^ 

where ( E , E ) dS i s the probabi l i ty per gm cm that a p a r t i c l e 
2 

of r e s t mass mc and k i n e t i c energy E w i l l emit a photon of energy between 

E and E + dE . 

U i s the t o t a l energy of the incident p a r t i c l e * 
Ot i 3 the f i n e s tructure constant. 

1 
E 

V = / U i s the f r a c t i o n a l energy t r a n s f e r . 

F ( U , v ) i s a s lowly varying function of U and V and i t i s given by: 

where r n = 0.^9 r g AV3 and ti = P lanck ' s constant/2n • 
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i 
The dependence of < P r a d

 o n "the energy t r a n s f e r , E , i s mainly through 

( c ) D i rec t electron p a i r production 

The d i f f e r e n t i a l p r o b a b i l i t y i s given by: 

q) R p ( E , E ' ) 6E = | - a 2 ~ z 2 r e 2 H ( u , v , n ) 

-2 
where ^) ( E , E )dE i s the probab i l i ty per gin cm that a p a r t i c l e of 

o 
mass mc and k i n e t i c energy E w i l l produce an e lectron p a i r with energy 

/ / / 

between E and E + dE© 

H i s a dimensionless function of U, V and \i , and the other symbols have 

t h e i r usua l meanings given m items a and b . 

6*2.3 Muon burst Bpectrum 

MoDiarmid et a l . (1962) have ca l cu la ted the d i f f e r e n t i a l energy 

-2 

t r a n s f e r production spectra per gm cm of lead and i ron for the three 

processes and for energy t r a n s f e r s i n the ranges 1 - 100 &eV. This was 

obtained by taking the t h e o r e t i c a l expressions givun m sect ion 6.2.2 and 

fo ld ing i n the sea l e v e l muon spectrum. McDiarmid et a l . have used the 

union spectra given by Owen and Wilson (1955) up to 20 &eV and by Fine et a l . 
2 fi 

(1959) between 20 and 100 GeV; above 100 Gev a d i f f e r e n t i a l form E ~ was 

assumed. 

For the present c a l c u l a t i o n only the muon bremsstrahlung cross sect ion 

f o r energy t rans fers > 100 GeV was considered, because a t high energy the 

rad ia t ion process i s the process which dominates i n electromagnetic i n t e r ­

a c t i o n s . So, the bremsstrahlung cross sect ion was ca l cu la ted for high 

t rans ferab le energies and for both i ron and lead absorbers . The r e s u l t s o f 

ca l cu la t ions carr i ed out by Hansen (1975> pr ivate communication) f o r the 

bremsstrahlung cross sect ion i n the iron absorber have been used. 
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Figures 6.4 and 6.5 show the d i f f e r e n t i a l cross sect ions f o r the 
bremsstrahlung process i n iron and lead r e s p e c t i v e l y © 

The muon spectrum given by M k o f o r e i a l . (1971) up to 1,000 GeV was 

used with that given by AureJp et o\, (1967) from 1,000 &eV - 7,000 GeV. 

The l i t t e r i n t e n s i t y was normalised at 1,000 GeV to that given by A3kofer 

et a l . For higher energies the spectrum was assumed to be of the form 

, -2.67 1 
A & ~ „ . _ — with E m GeV« The d i f f e r e n t i a l muon spectrum 

1 + E/91 * 

which has been used ds shown i n f igure 6.6. 

By taking the c a l c u l a t e d breraostrahlung cross sect ion and fo ld ing m 

the above muon sea l e v e l spectrum the d i f f e r e n t i a l energy t r a n s f e r spectrum 

was obtained. The r e s u l t of t h i s ce lculaiaon STOWS agreement with the 
-2 

ca lcu lated d i f f e r e n t i a l energy t r a n s f e r production spectra per gm cm for 

bromsstrahlurg m lead and a ran gxvon by McDiftrinid cL a l . for energies 

< 100 G0V0 The r e s u l t s of the d i f f e r e n t i a l energy t r a n s f e r production 

s p c c t r i per irx cm given by HcDiarmid et a l . f or the three processes and 

the present ceJculat ion f o r bretnsstrahlung process i s shown i n f igures 6.7 

and 6.8 for l ead and iron r e s p e c t i v e l y . Tho rate of muons with energy 
—2 —1 —1 

> 1.3 GeV, R( -» E^) in cm sec s t , as a funct ion o f E^. could be ca lcu la ted 
a f t e r integrat ing over a l l the t rans ferab le energies and the absorber thickness 
, -2 i n gm cm • 

F i n a l l y , the l a s t s tep, to produce the muon burst spectrum was to 

calcuDate the re la t i onsh ip between the burst s i z e Ne and the energy t r a n s f e r 

i n lead and i r o n . Since muons have a large attenuation length , the produced 

energy t r a n s f e r s i z e d i s t r i b u t i o n w i l l be independent of absorber th i ckness . 

The l i m i t i n g energy which can produce burs ts o f a given s i ze by the maximum 

energy cascade which can develop to shower maximum i n the whole depth of the 

absorber. For the i ron absorber, 8.19 rad ia t ion lengths , i t can be seen 

from the cascade curves o f Ivanenko and Samosudov, see f igure 3»1» to be 
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s u f f i c i e n t up t o about 1,000 GeV. 

However, by d i v i d i n g each absorber i n t o a l a r g e number o f sma l l l a y e r s 

and assuming equal p r o b a b i l i t y f o r a muon t o i n t e r a c t i n the middle o f each 

l a y e r and by u s i n g Ivanenko and Samosudov t r a n s i t i o n curves f o r e l e c t r o n 

i n i t i a t i n g csscades i n i r o n and l e a d f i g u r e s 6.9 and 6.10 f o r the knock-on 

and bremss t ra l i lung processes, and photon i n i t i a t i n g cascade i n i r o n and l e a d 

(see f i g u r e 3»1 and 3«2) f o r the d u - e i t p a i r p roduc t i on by muons, one can 

c a l c u l a t e the r e l a t i o n s h i p belweon tho b u r s t &ize Ne and the energy t r a n s f e r 

i n i r o n and l e a d t a r g e t , t h i s r e l a t i o n s h i p Js shown m f i g u r e 6 . I I 0 

The f i n a l r e s u l t s on the muon burse spectrum v / i l ] be presented i n the 

nex t s e c t i o n compared w i t h the t o t a l b u r s t spectrum measured i n t h i s e x p e r i ­

ment and the nucleon b u r s t spectrum. 

6.3 The p i o n spectrum 

6 « 3 . 1 I n t r o d u c t i o n 

I n t h i s s e c t i o n the f l u x o f h i g h energy p ions was determined by u s i n g 

a s t a t i & t x c a l method bas>ed on s epa ra t i ng the p ions f rom a l l mea&ured hadrons . 

B r i e f l y , b u r s t s produced by charged ( p , TT~ , | i " ) and n e u t r a l ( n ) p m c a r y 

p a r t i c l e s i n l e a d and i r o n t a r g e t s have been measured. I f t he neu t ron 

spectrum a t sea l e v e l i s known and then assuming equal numbers o f neu t rons 

and protons i n cosmic rays a t sea l e v e l , the c o n t r i b u t i o n o f p ions and muons 

t o the t o t a l b u r s t spectrum can be found d i r e c t l y f r o m the exper imen ta l data 

by s u b t r a c t i n g the nuc leon b u r s t spectrum f r o m the t o t a l b u r s t spect rum. 

A l s o one can c a l c u l a t e a c c u r a t e l y the c o n t r i b u t i o n o f muon ( M- ) produced 

b u r s t s i n the i r o n and l e a d t a r g e t s ( t h i s was discussed i n s e c t i o n 6 .2 ) . 

So, i n t h i s way the b u r s t spectrum produced by p ions ( nf ) can be found and 

the p ion ( Tt* ) energy spectrum de termined . I n t h i s s e c t i o n t h e d i f f e r ­

e n t i a l energy spectrum o f charged p ions over the energy range 40 GeV< S < 7 TeV 
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i s g i v e n . 

6.3*2 The measured p ion spectrum 

I n chapter 5 the v e r t - i c a l b u r s t spec t ra f o r a l l hadrons were g iven 

f o r the i r c n and lead t a r g e t s (see f i g u r e s 5*16 and 5«17)« Having o b t a i n e d 

t h i s , the v e r t i c a l b u r t t spectrum produced by pions i n i r o n and l e a d can bo 

d e r i v e d f r o m the above spec t ra by s u b t r a c t i n g the c o n t r i b u t i o n o f muon and 

nucleon i n t e r a c t i o n s t o the measured v e r t i c a l b u r s t spectrum. The muon 

b u r s t spectrum was c a l c u l a t e d t h e o r e t i c a l l y . 

Tho nucleon burs t spectrum was c a l c u l a t e d f rom the energy spectrum o f 

neut rons a t sea l e v e l , the best l i n e th rough the exper imenta l r e e u l t on 

neut rons and the prev ious measurement by Ashton e t a l . (1970) was takon t o 

c a l c u l a t e the neu t ron b u r s t spectrum i n i r o n and l e e d . However, f i g u r e s 

6.1? t o 6.15 show the measured i n t e g r a l b u r s t spec t ra f o r a l l i n c i d e n t 

p a r t i c l e s ( p , n , j f ) and a smal l c o n t r i b u t i o n o f (T . I n these f i g u r e s 

the c a l c u l a t e d b u r s t spec t ra f o r the neut rons and muons are shoi.no 

The d o t t e d l i n e shows the c a l c u l a t e d b u r s t spectrum o f pions under 15 cms 

o f l e a d and i r o n . . 

A convers ion f rom b u r s t s i z e t o mean enorgy was made u s i n g the b u r s t 

s i ze - energy r e l a t i o n s h i p f o r a p ion i n t e r a c t i n g i n the l e a d and i r o n 

t a r g e t (see f i g u r e s 3e6 and 3*7). 

The sea l e v e l p ion f l u x was determined f rom the measured r a t e o f the 

p ions i n t e r a c t i n g J I I i r o n as f o l l o w s ; 

• —2 —1 —1 

Rate o f i n c i d e n t pions ( K" ) a t sea l e v e l (cm sec s t ) = r a t e o f 

p ions observed i n Fe d i v i d e d by the p r o b a b i l i t y o f p ions n o t i n t e r a c t i n g 

i n l e a d X p r o b a b i l i t y t h a t p ions i n t e r a c t m i r o n . 

R T C ( a t S/L) = R ^ (measured) / ( e ' W x ^ ) ( l - e " " ? ^ ) 

http://shoi.no
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Also at sea level pion f l u x was determined from the measured rate of 

the pxons interacting In lead as fo l lovs : 
* —2 -1 —1 

Rate of incident pions ( Tt" ) at sea level (cm sec st ) = rate of 

plons observed in pb divided by the probability of pions interacting in lead 

R JJ (at S / L ) = R^ (measured) j ( l - e~hV\n ) 

As mentioned above the ver t ica l integral burst spectra produced by T T 

in the lead and iron targets have been used to give two independent measure­

ments of the pion energy spectrum incident on the chamber from the a i r . 

The two spectra were compatible and have the same slope* Averaging 

thcoc tv.'c Gpectrs. gives the f i n a l result* rMuui xa shown in figure o . ib . 

This spectrum shows over the energy range 40 G-eV to 7 TeV the d i f f e r e n t i a l 

( Tt* • TC~ ) ver t ica l f l ux decreases with increasing energy as 

,-2.55 1 0.10. 

A comparison between the present charged pion ( TT" ) spectrum and 

the neutron spectrum has been made, i t was found that the f lux of 

of energy > 200 CeV i s greater than that of the neutrons of the same energy. 

The neutron spectrum was extrapolated a f te r 2 TeV with the sane slope 

E -? .97 - 0.1 u p t Q 1 Q T e V ^ t h i g i s 5 h o w n w i t h a d o t t e d l i n e . 

At low energies ( < 100 GeV) a comparison has also been made ?dth the 

previous pions direct measurement given by Brooke et a l . (I9&f) and Diggory 

et a l . (1970• They obtained measurements of the pion spectrum up to 

energies of 80 GeV and 20 GeV respectively using magnetic spectrometers i n 

conjunction with neutron monitors (see sections 2.32 and 2.33)• 

The present measurements are consistent in terms of absolute rate 

with the measurement of Brooke et a l , but not with those of Diggory et a l . 

which are larger by a factor of about 2 0 



Figurs £.16 The d i f fe r rn taa l energy spectrum of 
charged pions ( Tl + TE~ ) in cosmic 
rsys a l sey leve3. The neutron 
measurementi> are from the best l ine 
through the r.unmary givon in figure 

At lofi energy ( < 100 PoV) the present 
measurement is consistent in terms of 
absolute rate with the measurements 
of Brooke et a l . (ijSk) bat not viith 
thoce of Dif;gory et a l . (1974) which 
are larger by a fdctor of about 2. 
The pion end neutron intensities 
decrease with increasing energy as 
E-P.55 ± 0.1 ^ TJ-2.97 4 0.1 
respe ctiveDyo 
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6.4 Charge to neutral rat io 

In this experiment the charge to neutral rat io could be estimated 

from the measured number of bursts observed in the f lash tube chamber by-

charged and neutral particles interacting in the iron target. Figure 

6.17 shows tne measured d i f f e r en t i a l burst spectrum of the charged and 

neutral part icles, the best lane through the charged and neutral points was 

drawn and the C / n rat io for two values of energy was given here c/n = 4.4 at 
c 1 

100 G-eV and / n = 9.0 at 400 GeV. The excess of charged over neutral pa r t i c l 

i s interpreted usually as the presence of pions, since the rat io of the number 

of proton to the number of neutrons is close to uni ty . 

Shestoperov (1974^ has summarised the experiment e l date or. the rat io 
10 

of the charge and neutral hadrons wiih energy > 10 eV at mountain altitudes 
table 6.1 shows thas summary. In the last column he has l i s t ed the particles 

c . 

which have been selected to determine the / n r a t i o . Some authors used a 

f ract ion of Lhe hadrons for their analysis and this is given in the table 

as a per cent. Other authors selected individual hadrons to obtain the ° / n 

r a t i o . A recent measurement by Ellsworth et a l . (1975^ on the charge to 
2 

neutral ra t io of unaccompanied hadrons over 3»3 m and at mountain al t i tude 
_2 

730 gm cm are shown in table 6.1 also. More charged hadrons than neutral 

were found as the energy of the particles increases. 

So, i f the rat io of the number of protons to the number of neutrons at 

a given depth m the atmosphere is known, then i t would be possible to deter­

mine the f ract ion of TT in cosmic radiation, 

• 

The 1X7 P ra t io is summarised in table 6.2. Since there are no 

measurements on the pion spectrum at mountain altitudes or sea level at 

high energy, the present c a ]culat ion on the pions from the measured a l l 

hadrons shows the fol lowing. As the pion energy increases the percentage of 
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pionic component increases. Garraffo et a l . (1973) have predicted the 

pion to proton rat io as a function of energy fo r three different atmospheric 
-2 

depths and f o r a f ixed pion attenu&tion length m a i r \ = 110 gm cm • 

Their prediction for the ratio v/as found to he considerably higher than the 

lower energy data. 

However, figure 6.1C< shows the Garraffo et a l . prediction together 
+ 

with the present woik on the TC/p r a t i o . A reasonable agreement between 

the prediction and the calculation was found. In the same figure the 

[ ra t io was shown for tho low energy pion measurement given by Brooke et a l . 

(1964) and Mggory et a l . (1974). 
6.5 Conclusion 

The energy spectrum of neutrons obtained from the measurement of the 

neutral burst spectrum observed m iron was found to be in good agreement 

with the previous measurements (Ashton et a l . , 1970). In the present 

investigation, i t was assumed that there are equal number of protons and 

neutrons et sea l eve l . 

The result obtained on the pion f l ux at sea level gives a rapid vanation 

in the rat io of pions to protons as the energy of the particles increased. 

Since no f i n a l conclusion has been reached to explain such behaviour,further 

experimental work is needed in order to confirm the slope of the pion and 

the nucleon spectra at sea level at high energy. 

The present conclusion could be explained as follows: the rapid 

increase in the rat io could be explained as due to a change in the character­

i s t i c s of nucleon - a i r nucleus interactions such that above some energy 

l i m i t there are more pions produced in the interaction and a larger fract ion 

of the available energy is given to one of the secondary pions* 

An alternative explanation is that, the last interaction of the pions 
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i n the a i r could be lower on average than that of proton3. This gives 

more chance to the secondary pions to reach ground ]evelo 

However, in the low energy regions where the effect of the pion 

decay becomes important, the TtV P rat io decrease? rapidly and this 

has been shown by the results given by other experiments. 
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CHAPTSR 7 

QUARK THSCRY AND REVTE'V CN THE QUARK SEARCHES 

7»1 Origin of the concept of quark theory 

Af ter the discovery of there- mesons by Lattes et al. ( l%7) in 

n<jcleir emultions exposed to cosmic rays at mountain altitudes a large 

number of particles have been found, and by 1949 the number of part icles, 

so calJed 'elementary' particles, had grown rapidly. Attempts to understand 

tne known ele.nentary particles in terms of elementary sub-units have been 

cade. Fermi and Yang (1949) discusied the poss ib i l i ty that pions were 

bound statos of nucleon, antinucleon pairs. Subsequently, a f te r the discovery 

of otrarge particles i t became clear that soiro sub-unit carrying strangeness 

T.cts also needed, so tne Fermi-Yang suggestion was abandoned. 

Sakata (1956) introduced a th i rd symmetry element having spin ha l f , 

aso&pin zero, baryon number unity and, i n addition, strangeness of minus one. 

He iden t i f i ed this element with the baryon A • Sakata proposed that the 

sub-units were the t r i p l e t of proton, neutron, lambda zero together with their 

antaparticles. The symmetry underlying the Sakata model is that of SU(3) 

(Su(3) is t\xc symmetry group which includes isospin and strangeness). The 

model works rather well m giving qualitative features of the octet and singlet 

meson multiplets, but i t f a i l ed to be consistont with the observed octet and 

deciraet multiplets of baryons. 

In the Sakata model mesons are formed by part icle - antipart icle pairs, 
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and according to group theory the direct product of t r ip le t s forming 

mesons i s : 3 ® 3 = 8 0 1 (where <gi means direct product, © means 

direct sum and a bar indicates antipart icle) i . e . singlet and octet states 

are formed, as had been found experimentally. However, in the case of 

baryons the theory fa i l ed to be consistent with the observed octet and 

decimet multiplets of baryons when these multiplets of baryons become f i rmly 

observed experimentally. 

In the Sakata model baryons should be constructed from two particles 

and an ant ipart icle to conberve baryon number, and the direct product of 

t r i p l e t s forming baryons i s : 3 ® 5 ® 3 = 15 © 6 © 3 © 3o I t was f i r s t 

notneed by Ge31-Hann ( l?64) and Zweig (19&I-, 1965) that although the Sakata 

model 3 ® 3 ® 3 predicted the wrong multipleL structure fo r the baryons the 

alternative reduction 3 ® 3 ® 3 = 1 0 © 8 © 8 © 1 gave the required 

result . This reduction thus indicated that baryons were composed of 3 

sub-units and eacn sub-unit should carry baryon number ^/3 so as to be 

consistent witn the law of canserv«,tion of baryon number. 

G-ell-Mann, hov,ever, gave the t r i p l e t particles the name 'Quarks', and 

from the Gell-Vann, Nishijima relat ion given below the charge carried by 

these hypothetical particles (Quarks) i s deduced; 

Q = T, + B + S 
2 T, + 

Y 
2 

Where: T j is the t h i r d component of isospin 

B i s the baryon number 

S is the strangeness 

Y i s the nypercharge 

Q i s the electr ic charge. 
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The quantum number'., and the basic properties of quarks are 

given in table 7«1 (To obtain the quantum numbers of antaquarks, 

reverse a l l signs in the table) . Cne way of representing quarks is shown 

in figure 7«1, m this figure the three kinds of quarks p,n, X each with 
1 2 

charge of /3 n r /3 can build a l l known melons and baryons. 

Figure 7»2 shows how mesons can be b u i l t up from the quark t r i p l e t , 

and i n figure 7*3 the construction of the baryon octet and decuplet btales 

can be seen ( a l l the particles sho\*n m the figures have been established 

experimentally as given by the Particle Data Group, 1972)• 
7.2 The predicted properties of free quark 

Since tho prediction of the quark mofle!l =infl thp success w hich followed 

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

purely mathematical ent i t ies . 

However some predicted properties of quarks are; (a) the decay scheme 

of the quarks (b) the mass of the quark (c) the cross-section fo r quarks 

production i n nucleon - nucleon collisions (d) the quark - nucleon inelast 

cross section anc* ine las t ic i ty . 

(a) Ths decay schemes: 
2e 

The value of the charge of the three quarks p, n and \ are + / 3 , 

- e / 3 and - e /3» Of these, the + 2 e /3 i s expected to be stable while the 

- /3 components are expected to have l i fet imes of the order of seconds and 

about 10 second respectively again decay into the stable quark. 

According to Adair et a l . (196V) the expected decay schemes are shown in 

table 7.2. 

(b) The mass of the quark: 

Horpurgo (1967) has obtained a rough estimate of the quark mass 

assuming mesons are quark - antiquark, states, bound in a square potential 
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w e l l o f r ad ius ra Cons u l n r m g v e c t o r mesons w i t h r ; (5 ) ^ as 

p r o v i d i n g the b i n d i n g f o r c e between the quark - ant iquar ic paars ( q q ) , 

then the lowest bound "itate has the mass o f the pion«, 

The value obta ined f o r the quark mass denordR on tn& square o f the 

assumed range o f the q q p o t e n t a a l , and duo i o the d i f f e r e n t assumptions 

the f r e e quark iraas hec va lue i n the ra.n&e 5 G-eV/c^ t o severa l tens o f 

G o V / 0

2 . 

( c ) The c ross s e c t i o n o f quarks i n nucleon m>clean c o l l i s i o n : 

I f the quarks do e x i s t as f r e e p a r t i c l e , then they can p o s s i b l y be 

produced m h igh energy nuoleon-nuc? eon c o i l i b . 'ans. The poss ib l e p r o d u c t i o n 

i n t e r a c t i o n s are sho^n below (Ashcon, L 9 7 3 ) s 

1. N + N •> N + N + q + q 

2. N + N > N + 3q 

3. N + N > 3q + 3q 

*i • TC >• TI > TC+ q + q 

5. K + Tl > 2 ( q H q ) 

I n the ^ i r s t t h r e e types o f i n t e r a c t i o n the t o t a l k i n e t i c energy o f 

b o t h i n c i d e n t nucleons m the centre o f momentum system i s a v a i l a b l e f o r 

quark p r o d u c t i o n w h i l e i n the l a s t two i n t e r a c t i o n s a f r a c t i o n —0.15 

o f the t o t a l k i n e t i c energy i s cvaa lab le f o r quark p r o d u c t i o n . F igu re 7.4 

shows the i n c i d e n t nucleon k i n e t i c energy t h r e s h o l d f o r the above i n t e r a c t i o n s 

as a f u n c t i o n o f quark mass ( A s h t o n , 1973)• 

However, s ince the quark p a i r ( q q ) are produced i n v i r t u a l Tt - TC 

c o l l i s o n , s i m i l a r t o t h a t i n p p p r o d u c t i o n , see f i g u r e 7»5» the energy 

t h r e s h o l d o f the i n c i d e n t nuc leon i n the l a b o r a t o r y system f o r the quark p a i r 

t o be produced, i s 2 J ( hV^K )2 - & e V ( A s h t o n , 1973). So, i n o rde r 



Quark Decay scheme L i f e t imo 

S tab le - i n f i n i t e 

n n—>p + e + v ~ sec. 

P + TC 

n + K 

Table 7*2 

Poss ib le decay schemes o f quarks 



K>7 i 

10 

UJ 
10* 

i 

102 

101 

10 '00 
Mq 
Mp 

Figure 7.^ The r e l a t i o n between the quark mass and 
the t h r e s h o l d k i n e t i c energy f o r quark 
p roduc t i on i n the nucleon - nucleon c o l l i s i o n s . 
A f t e r Ash ton , (1973). 
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t o o b t a i n the t h r e s h o l d energy f o r quark p r o d u c t i o n by v.ay o f t h i s 

mechanism, the mass o f the f r e e quark should be e s t ima ted . 

( d ) The quark - nucleon i n e l a s t i c cross s e c t i o n and i n e l a s t i c i t y : 

E x p e r i m e n t a l l y i t vas found t h a t the nuc leon - nucleon (NN) i n e l a s t i c 

cross s e c t i o n and the p ion - p ro ton ( TC p ) i n e l a s t i c cross s e c t i o n i s 

equal t o 33 mb and 22 mb r e s p e c t i v e l y . Smco the p ion conta ins two quarks 

and the nucleon conta ins t h r e e , then the expected r a t i o o f i n e l a s t i c k P 
2 

t o the i n e l a s t i c NN cross s e c t i o n i s /3<> L e v i n and F r a n k f u r t (1968) 

have determined the magnitudes o f the s c a t t e r i n g o f a p ion on any t a r g e t 

and they found i t should be t w o - t h i r d s t h a t o f a nuc leon on the same t a r g e t » 

However, t h i s agrees w i t h the expected r a t i o and leads t o the conc lus ion 

t h a t the quark-nuc2eon i n e l a s t i c c ros t s e c t i o n i s ~ D 1 rob. From the f a c t 

t h a t the measured a t t e n u a t i o n l e n g t h o f cosmic r s y nucleons i n a i r i s l a r g e r 

than t h e i r i n t e r a c t i o n lioan f r e e p a t h , i t can be shown t h a t on average nacleons 
2 I ' TT 

l o se approx ima te ly 30/a = ;•. -"f t - o f t ^ e i r energy m nucleon - nucleon c o l l i s i o n . 
% 

Supposing quarks are surrounded "by a mesonic f i e l d , t h e r e l a t i v e energy l o s s 

o f a quark - nuc lcon i n t e r a c t i o n n& - ~ ss 2 ^ 0.3 ^ 

(Ash ton , 1973)* I t f o l l o w s f r o m t h i s t h a t the l a r g e r the quark mass the 

more m a t e r i a l i t i s l i k e l y t o pene t ra te b e f o r e be ing reduced t o a non-

r e l a t i v i s t a c v e l o c i t y . 

7»3 Some successes and d i f f i c u l t i e s a r i s i n g i n the quark model 

The simple non r e l a t i v i s t i c quark model has been used s u c c e s s f u l l y t o 

descr ibe a l a r g e v a r i e t y o f phenomena i n hadron phy&ics , e s p e c i a l l y the 

s t r u c t u r e o f meson and bai*yon m u l t i p l e t s . From the quark model the magnetic 

moments o f quarks i s found t o be p r o p o r t i o n a l t o t h e i r charges such t h a t 

\Lp = 2 /3 M--, , ( i n =--/l H, . a n d n x = , ( ^ i s unknown). 
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So, the r a t i o o f the average magnetic moments o f neu t ron (nnp) t o p ro ton 

(npp) .Is g iven by (JL n/jip =-0.667. The magnetic moment r a t i o o f n e u t r o n 

t o p ro ton moar.urpd e x p c i m e n t a l l y i&_0.685, a reasonable agreement between 

the p r c d i o L j t i o and experiment* 

The qva/k model myites i t p o s s i b l e to de r ive a l a r g e number o f r e l a t i o n s 

among the cross, sec t ions f o r s t r o n g i n t e r a c t i o n s , f o r example, t h e r a t i o 

between the m o D t s t i c cross sec t ions o f TIP i n t e r a c t i o n and pp i n t e i a c t i o n 
2 

WPS predic toci t o be /3 and t h i s value conf i rmed by experiments w i t h a 

s a t i s f a c t o r y accuracy© The quark model , however, makes i t p o s s i b l e t o g ive 

a good explfnctJLon o f a l a r g e number o f e x i s t i n g exper imenta l datao B u t , 

t he re are ^ t i n s eve ra l ques t ions o r d i f f i c u l t i e s which are s t i l l unsolved 

and need t o be answered m the quark model , such as whether quarks arc r e a l 

p a r t i c l e s , whion can p x i s t i n the f r e e s t a t e o r whether they are meruly o f 

mathematical a b s t r a c t i o n . The mam d i f f i c u l t y i n the quark model i : - the 

quarks themselves have n o t been seen and there i s no s a t i s f a c t o r y e x p l a n a t i o n 

f o r t h e i r f a i l u r e t o b© ohservedo Many explana t ions can be g i v e n , the most 

popula r b o m g t h a t t h e i r mass i s t oo h i g h t o be w i t h i n range o f a l l e x p e r i ­

ments performed to da t e . 

I f f r a c t i o n a l l y charged quarks are the fundamental components f r o m 

which the hadrons are c o n s t r u c t e d , then why the fundamenta l baryons have 

f r a c t i o n a l charge, w h i l e the l ep tons ( e l e c t r o n e t c ) have i n t e g r a l charge,, 
e / 

So i f the u n i t o f charge i s /3 then i t i s d i f f i c u l t t o e x p l a i n how the 

e l e c t r o n has u n i t charge, s ince the p r e d i c t e d value o f magnetic moment o f 

the e l e c t r o n agrees w i t h the experiment under the assumption t h a t the e l e c t r o n 

i s a p o i n t p a r t i c l e . However, i t has been suggested by Kassam and Z i c h i c h i 

(1966) t h a t perhaps the l ep tons are a l s o c o n s t r u c t e d f rom ' l e p t o n i c quarks* 

w i t h f r a c t i o n a l charge. This hypothes i s t h a t l e p t o n i c quarks e x i s t i s 

r a t h e r a l b i t r a r y i n c h a i a c t e r . 
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I f the quarks are fermaons ( p o r t i c l e s hav ing h a l f i n t e g r a l span 
angu la r momentum), then the f o l l o w i n g d i f f i c u l l y i s coming f rom the A + + 

which c o n s i s t s o f th ree P quarks m the same s t a t e 0 The t o t a l wave 
f u n c t i o n o f A + + i s symmetric which i s no t c o n s i s t p n t w i t h the P a u l i 
E x c l u s i o n P r i n c i p l e s t a t e tn&t the t o t a l ivavo f u n c t i o n must be a n t i s y n i e t r i c 
f o r systems of f e r m i o n s . 

I t i s v e r y impor tan t t o f i n d out whether , i n a d d i t i o n t o systems 

c o n s i s t i n g o f t h r e e qjr .zks (baryon) or quark and a n t i q u a r k (mesons), whether 

the re i s another type o f hadron e x i s t i n g having charges /3» /3 e t c . 

7.4 Other qunrl, n o f p l s 

Other models ha\t i been e s t a b l i s h e d t o e x p l a i n t h e d i f f i c u l t i e s which 

have been found w i t h tho G-ell-Wann-Zweiq quark modeD • 

I n the f i r s t uiodel the idea o f co loured quark has been g i v e n , i n which 

quarks nave d i f f e r e n t c o l o u r s , e . g . r e d , y e l l o w and b l u e . I n t h i s model 

quarks o f d i f f e r e n t co lours have d i f f e r e n t p r o p e r t i e s so e . g . 3 p type quarks 

each w i t h a d i f f e x ' e n t c o l o u r c o u l d b i n d t o f o r m a hadron w i t h o u t v i o l a t i n g 

the P a u l i E x c l u s i o n P r i n c i p l e . 

However, a l though the s imp le s t i n t e r p r e t a t a o n o f SU3 symmetry i s t h a t 

the fundamental t r i p l e t p a r t i c l e s should c a r r y f r a c t i o n a l charge i t i s 

p o s s i b l e t h a t the bas ic t r i p l e t p a r t i c l e s cou ld have i n t e g r a l charge. The 

concept o f i n t e g r a l charged quarks f o l l o w s the co loured model which was tho 

same as the e a r l i e r model proposed by Bacry e t a l . (I96A-) and Lee (1965). 

However, i n b o t h models the t r i p l e t p a r t i c l e s are d i s t i n g u i s h e d by a new 
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a d d i t i v e quantum number C and the G e l l - M a n n - N i s h i j i m a r e l a t i o n i s m o d i f i e d 

t o : 

Y C Q = T 3 + r + 5 

The same m o d i f i c a t i o n which has been g iven above was a l so r e q u i r e d by 

B jo rken and Glasho* (19C4). I n t h e n t heo ry 'charmed' queries w i t h t h i s 

new conserved q u a n t i t y charrr C are d i f f p r e n t f rom the b a s i c quark t r i p l e t . 

Charmed quarks w i t h i n t e g r a l charge are assumed t o have a much h ighe r 

mass than the t h r e e bas i c quarks . 

Another mnripi hp5 be1*™ proposed by Feyr.™rin (15£9). I n t h i s model 

Feynman concludes t h a t the nucleons and o t h e r hadrons are composed o f p a r t o n s . 

T h i s model has been used e x t e n s i v e l y and met some success i n deep l e p t o n -

hadron i n e l a s t i c s c a t t e r i n g . A l l o f these models , however, have been 

examined e x p e r i m e n t a l l y and each model has i t s own d i f f i c u l t y . 

7.5 Review o f quark searches 

7.5»1 I n t r o d u c t i o n 

Since Gell-Mann and Zweig p r e d i c t e d the exis tence o f f r a c t i o n a l l y 

charged p a r t i c l e s , i . e . , querks , m 19&f many experiments u s i n g h i g h energy 

a c c e l e r a t o r s and cosmic rays have been made t o search f o r these p a r t i c l e s 

u s i n g d i f f e r e n t methods and t echn iques . I n s p i t e o f a l l the e f f o r t s , 

however, these p a r t i c l e s have n o t y e t been found i n the experiments 

performed by cosmic r ays . Late i n 197k, a r e p o r t f r o m Brookhaven N a t i o n a l 

Labora to ry desc r ibed the o b s e r v a t i o n o f a heavy mass p a r t i c l e M = 3.1 GeV/c 2 

and decay w i d t h approx ima te ly z e r o . The obse rva t i on was made f rom the 
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r e a c t i o n P + Be > e + e + X, vJiere X i s a n y t h i n g . I n t h i s 

sectLon t h e review o f the quarks searches a t a c c e l e r a t o r , i n cosmic rays 

and m d i f f e r e n t p h y s i c a l branches w i l l be d i scussed . 

7.5«2 Searches a t a c c e l e r a t o r s 

I n experiments w i t h modem l a r g e a c c e l e r a t o r s , quarks and o t h e r 

fundamental p a r t i c l e s could be produced when a t a r g e t i s bombarded by a 

pr i inary h i g h energy p ro ton beam. So, the searches f o r the new p a r t i c l e s 

have been c a r r i e d ou t m the secondary beams w i t h a g iven momentum emerging a t 

a d e f i n i t e angle w i t h r espec t t o the d i r e c t i o n o f mot ion o f the p r imary 

p r o t o n s . Tho exper imenta l methods have been used t o i d e n t i f y these p a r t i c l e s 

i ? C r S wCLCCd Ctl d.S 1 3iTiiiirj. I L I x ^ tllo Ciicu.~£jo Of tllo pa.iTulCj.6S GiT Luc I J & 6 a » l i l 

f i r s t type the idea o f the energy l o s s was used i n de t e rmin ing t h e charge 

o f the p a r t i c l e s . So, f o r t h i s purpose a s c i n t i l l a t i o n counter o r a v i s i b l e 

d e t e c t o r l i k e a bubble chamber o r steamer chamber have been used t o measure 

the t o t a ] i o n i z a t i o n l o s t which i s a f u n c t i o n o f the charge z , The second 

type was t o determine the mass o f the p a r t i c l e s independent o f t h e i r charge 

( b o t h i n t e g r a l c r f r a c t i o n a l cha rge) , the mass was determined by measuring t ho 

v e l o c i t y ( a t a f i x e d momentum) by means o f Cerenkov counters and by the t ime 

o f f l i g h t . A l a r g e number o f counters are needed i n o rde r t o min imise 

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. For a c c e l e r a t o r s u s i n g pro tons as a pr imary beam 

the upper l i m i t s on the d i f f e r e n t i a l cross s e c t i o n s f o r quark p r o d u c t i o n 

ob ta ined f rom these experiments are g iven i n t a b l e 7«3» 

I n a l l cases the quark - a n t i q u a r k produced, and the l i m i t r e f e r t o 

the r e a c t i o n s : 
N + N > N + N + q + q 

As shown i n t a b l e 7»3 the quarks have n o t been seen m any o f these 

http://pa.iTulCj.6S
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experiments* 

I n the r e a c t i o n P + Be > e + + e + X , Auber t e t a l . (1974) 

have observed a sharp enhancement a t M(e e ) = 3<>1 GeV/c". The experiment 

used Cerenkov counters and p r o p o r t i o n a l chambers and was performed a t the 

Brookhaven 30 GeV a l t e r n a t i n g g r a d i e n t synch ro t ron . F igure 7*6 shows the 
2 

mobs spectrum o f the new p a r t i c l e a t mass 3*1 GfcV/c • 

A t the same tame a group a t the S t a n f o i d Linea i A c c e l e r a t o r Center (SI4 .C) 

observed a sharp peak around 3»1 GeV/c i n c o l l i d i n g beam processes 

e + + e > hadrons o r \t + [l o r e + + c . The same group have f o u n d 

another p e t i o l e i n the process e + + e s» hadrons . The second p a r t i c l e 

i s quoted t o have a mass 3»7 GeV/c • 

Wi th t h i s d i s c o v e r y , a new k i n d o f quark , t he C quark , i s p o s t u l a t e d 

t o have charge +2e/3, strangeness 0 » charm + 1 where the P, n , \ quarks 

a l l have charm 0 (Jacob, 1975)* 

7.5.3 S e e c h i f l c osrric rays 

A t v e r y h i g h ene rg i e s , cosmic ray p a r t i c l e s i n t e r a c t i n g i n t h e 

atmosphere could produce quarks o r fundamental p a r t i c l e s w i t h masses g rea t e r 

t han what i s p o s s i b l e w i t h e x i s t i n g a c c e l e r a t o r s . However, a l a r g e number 

o f experiments w i t h d i f f e i e n t exper imenta l techniques have been performed 

t o search f o r quarks i n cosmic rays a t sea l e v e l , mountain a l t i t u d e and 

underground aince the idea o f the quark i n t r o d u c e d by Gell-Mann (1964). 

Quarks searches i n cosmic rays have been c l a s s i f i e d as f o l l o w s : 

( a ) Search f o r r e l a t i v i s t i c quarks i n unaccompanied cosmic r a y s . 

( b ) Search f o r n o n - r e l a t i v i s t i c heavy mass p a r t i c l e s . 

( c ) Search f o r quarks i n EAS. 

( d ) Delayed p a r t i c l e s i n EASo 



Reference and method 
o f d e t e c t i o n 

Target 
r 

Proton Quark d 2 6 Q / d P dQ Reference and method 
o f d e t e c t i o n 

Target 
energy 
(GeV) 

' monen-
tum 
GeV/c 

1Q1 = 1/3 
cn/GeV s t 

1Q1 = 2 /3 
cm2/GeV s t 

Hagopian e t al.(1964) 
'Bubble chamber' 

W 31 2.83 

5.7 

n Q / n S ^ 10"6 

» Q / n * 8 10"6 

Blum e t a l . (19&0 

'Bubble chamber* 

CU 27.5 6.7 
13 A 

2.2 10~ 3 6 

~ 1.110 ^ 

Bingham et al .(l964) 

'Bubble chamber' 

CU 21 5.3 

10.6 (2-5)l0" 3 6 

A n t i p o v e t a].(1969) 
' s c i n t i l l a t i o n 

coun te r ' 

A l 70 16.7 

33.3 

26.7 

53.3 

1.4 10 J * 

7.1 10" 5 8 

7.710"36 

4.3 10" 3 8 

A l l a b y e t a l . (1969) 
' s c i n t i l l a t i o n 

coun te r ' 
Be 27 10.9 

14.7 

7.2 i o ~ 3 9 

5.2 10" 3 8 

Leipuner e t a l . (1973) 
' s c i n t i l l a t i o n 

coun te r ' 

Be 300 1.0 i o ~ 3 5 1.0 10~ 3 5 

Nash e t a l . (1974) 
' s c i n t i l l a t i o n 

coun te r ' 

Be 200 

300 

150 

270 

8.0 10~ 3 5 

5.1 10" 3 4 

4.0 10"3 5 

-32*. 2.5 IC ^ 

Table 7.3 The upper l i m i t s w i t h 90fS conf idence l e v e l on the 

d i f f e r e n t i a l cross s ec t i ons f o r quark p r o d u c t i o n 

w i t h p ro ton acceDera tors . 
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Figu re 7»6 Mass spectrum showing the ex i s tence o f ? t h e new 
p a r t i c l e 'C^erm' w i t h a mass 3.1 GeV/c . The 
r e s u l t s f rom the two suectrometer s e t t i n g s were 
p l o t t e d showing t h a t the peak i s mdercendent o f 
spectrometer c u r r e n t s . A f t e r Auber t et a l . (1974). 
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( a ) Search f o r r e l a t i v i s t i c quarks m unaccompanied cosmic r a y s : -

Search f o r s i n g l e ( w i t h o u t shower accompaniment, < 1 p a r t i c l e m ) 

f r a c t i o n a l l y charged p a r t i c l e s i n cosmic rays have been made m most e x p e r i ­

ments, which are r a t h e r s i m i l a r m t h e i r t e c h n i q u e . I n a l l these e x p e r i ­

ments measurements o f the i o n i z a t i o n o f tho p a r t i c l e s pass ing th rough s c i n t i ­

l l a t i o n o r p r o p o r t i o n a l counters were made i n o r d e r t o d i s t i n g u i s h quarks . 

Since the i o n i z a t i o n l o s s o f p a r t i c l e s v i t h charge Ze i s p r o p o r t i o n a l t o 

2 ? 

Z e /p2 , p = 1 f o r r e l a t i v i s t i c p a r t i c l e s . I f K represents t h e amount 

o f i o n i z a t i o n produced by a charce e p a r t i c l e , then f o r f r a c t i o n a l l y charged 

p a r t i c l e t he amount o f i o n i z a t i o n i s p r o p o r t i o n a l t o 0.11 K and 0.44 K f o r 
e 2e 

J . V l i W J A*-* f*,W M f ^ y ^ _ V U f V V V . | . V ~ - W « . . . . . - . y_ • ~ / ' 
e 2e 

6 facmtjDlation counters t o search f o f /3 and /3 m c o n j u n c t i o n w i t h f l a s h 

tubes as v i s u a l d e t e c t o r s . They demanded a coincidence between a l l 6 counters 

when the amount o f i o n i z a t i o n m range 0.05 K - 0.30 K and i n range 0.3 K -
e 2e 

0.85 K f o r /3 and /3 r e s p e c t i v e l y , , 

The l i m i t ob ta ined on the quark f l u x i s shown m t a b l e 7«4o Most 

experiments have used s c i n t i l l a t i o n coun te r s , r j a r k chambers o r p r o p o r t i o n a l 

chambers. The l i m i t g iven b y a l l these experiments shows a value l e s s than 
-10 - 2 -1 -1 

10 cm sec s t and no quark has been f o u n d . The lowes t l i m i t s f o r 
the quark f l u x so f a r a re : 

Charge L i m i t Reference 

e / 3 < 0.57 10" 1 0 cm~ 2 sec~ 1 s t " 1 Chin e t a l . (1971) 

2 e / 3 < 0.5 10" 1 0 c m " 2 s e c " 1 s t " 1 K r i s o r (1975) 

( b ) Search f o r n o n - r e l a t i v i s t i o heavy mass p a r t i c l e s : -

Searches f o r heavy mass p a r t i c l e have been made m cosmic rays 



Depth i n 
. 2 

Flux l i m i t i n uni t s , o f 
Reference Depth i n 

. 2 10 cm sec gm/cm 10 cm sec 

73 

G n g o r o v e t a3 . (3070) S a t e l ] i t e < 20 < 200 

Cox e t a3. (1971) 2,750 metrtjs < 0.83 < 0.96 

Chin e t a l . ( , 97 l ) 2,750 metres < 0.57 -
B u h l e r - B r o g l m et a l . 

(1967) 450 metres < 4.5 < 1.7 

Gomez e t a l . (1967) Sea L e v e l < 1.7 < 3.4 

Aahton c t a l . (19661)) Rpa T.pvr>3 1 . I K 
^ —* - — • < 0.8 

Kasha o t a l . (1968) Sea Leve l - < 2.7 

Garmire e t a l . (1968) Sea Leve l < 0.66 < 0.88 

Faissner c t a l . (1970) Sea Leve l < 1.9 -
Chin e t a J . (1971) Sea Leve l < 1.3 -
Crouch e t a l . (1971) Sea Leve l - < 2.6 

Krasor (3975) Sea Leve l < 0.7 < 0,5 

Bar ton ( l » 6 7 ) 60 m.w.e, 
underground 

- < 1.4 

Barton e t a l . (1966) 2,200 m. . / .e . 
underground - < 1.4 

Table 7.4 Suraii'ai'y o f the upper l i m i t a on the f l u x o f unaccompanied 
—2 

( £ 1 p a r t i c l e m ) r e l d t i v i s t i c e /3 and 2 e / j charge 

quazks a t d i f f e r e n t depths I D . the atmosphere. 
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independent of the charge of the part icles . The experiments were constructed 

to measure the time of f l i g h t and range of part icles . Franzini et al.(1968) 

operated th is typo of detector at sea level and at a large zenith angle of 
o ""8 •*? ""1 — 1 

84 • No events were found and the upper f l u x l i m i t was £ 5 10 cm "sec st , 

A similar experiment at large zenith angle (75°^ hag been made by Kasha and 

StefcUiski (1968). This experiment used a magnet for determination o f the 

particle momentum. No pos Ltive result was found and tne upper l i m i t to the 
•*8 ""2 ~1 ""1 

f l ux was quoted as < 2*4 10 cm sec st . Ashton et a l . (1969) used a 
? 

telescope containing six s c in t i l l a t i on counters of 1 m area and two water 

Cerenkov selectors at sea l eve l . They used a velocity/range technique, and 

found an upper l i m i t to the f l ux of < 4.9 10~^ cm ^ sec ^ st ^ . 

Galper ct a l . (1970) experimented under 80 cms concrete aL sea leve l , 
—8 —? —1 — l 

and obtained an upper l i m i t of < 3.4 10 cm " sec st • 

More recently a search for heavy long l ived particles has been made 

by Yock (197^0 • The telescope used was designed basically to be sensitive 

to slofl particles with high mass. The telescope was constructed from 
2 

sc in t i l l a t i on counters and spark chambers and was situated under 600 gm/cm 
concrete. The result obtained can be summarised as follows: the f l u x of 

-9 -° -1 - 1 

singly charged particles having mass 2 6Mp is<610 cm sec st . 

(c) Search fo r quark accompanied by EAS:-

Since primary cosmic rays with energy ~ 10"̂ "eV can produce extensive 

a i r shower (EAS) as a result of their interaction with a i r nuclei , then i t 

i s possible that quarks exist i n EAS as secondary part icles. 

Extensive searches have been made in EAS to look for quarks near the 

core using d i f fe ren t techniques. Most of the experiments searching fo r 

quarks in EAS used visual detectors, l i ke cloud chambers. A summary of 

the fDux l i m i t fo r quarks i n EAS obtained by di f ferent groups is shown in 



Reference c:id Technique Electron densitj--
threshold ( Ae ) 

Flux in 
1 0 1 0 cm" 

units of 
•2 - 1 - 1 

sec st 

V 3 2 V 3 

Cairnt> et e l . (1969) 
'cloud chamber' >154 m~2 ~5 

Hazen (1971) 
1 cloud chamber* >150 m"2 < 1 < 1 

Clark et a l . (1971) 
'cloud chamber' > 86 m" ? < 3 < 0.3 

Ashton et al„ (1971c) -2 
v i n 

~* r\ f \ — 

Evans et a l . (1971/1972) 
'High pressure cloud 

chamber' >60 m"2 < 40 

Hazen et a l . (1973) 
'cloud chamber' > 80 m"2 < 0.4 -

Ashton et a l . (1973 a,b) 
•Flash tube chamber' 

> 40 

>160 
< 0.8 
< 0.55 — 

Hazen et a l . (1975) 
'cloud chamber' not given < 0.12 -

Table 7.5 Summary of the f l u x l im i t s for quarks in 
extensive a i r showers. A e is the minimum 
electron density used as a master t r igger . 
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table 7.5o 

Only the Sydney group has reported a posxtive result , and f ive events 

wero classif ied as quarks. Tho claim of the Sydney group that the observed 

events were genuine quarks was c r i t i c i sed "by a number of groups (Adair and 

Kasha 1969, Rahn and Sternheitner 1969, Wilson 1970, Kira ly and Y'olfendale 

1970, Rahn and Lout t i t 1970, Vrauenf elder et a l . 1970). The main point of 

the cri t icism was that the Sydney eroup do not adequately demonstrate that 

the f ive events (quark candidates) v/ere well separated i n ionization density 

from the distr ibution due to plateau or minimum ionizing charge e part icles. 

However, there is no strong evidence up to now that show that quarks 

exist , and a l l the experiments searching for the fract ional charged quarks 

give negative results - see table 7«5o 

The flash tube chamber used by Ashton et a l . (1971c ,1973^) *as one of 

the powerful techniques to search for ( 6 / 3 ) quarks in T3AS. The result of 

thi3 search wil3 be discussed in the next chapter. 

(d) Delayed particles in EAS:-

I f quarks are massive particles and produced i n high energy interactions 

of primary urotons with a i r nuclei , then they w i l l be delayed behind the 

shower f r o n t . Consider a detector situated at a distance H from the point 

of interaction in which quarks and other secondary particles are produced. 

I f the quarks are delayed the time At between the a r r iva l of the shower 

f ront and the a r r iva l of the quark produced at a height H is 

H H H I A t = PqC C ~ C 2 Y q 2 

where v = 

I f the quarks are produced at rest m the c.ra.s. then their Lorentz 
7 M 

factor in the laboratory system is given by v, = Y # where V = ^ 
*l c c V, N 
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Taking H = 16.8 Km above sea leve l , the value of At is 

At = 57® nano second, 

A positive result from some experiments claimed at least they have 

found one event^ in which i t could be a quark, the l-units quoted by each 

experiment have been summarized in tabJe 7.6. 

Only Dardo et a l . (19/2) working a t 70 m.w.e. underground and Tonwar 

et a l . (1971) working at 2,150 metres above sea level have claimed a defini te 

signal at f l ux levels of 10 and 10 cm sec st~ rcspectively 0 

7.5.4 Other quark searches 

The search fo r quarks has involved not only particle physics but 

also some other f ie lds in physics, e.g. cosmology, astrophysics, geophysics, 

spectroscopy, chemistry and biology. 

Astrononical methods have been used in order to study the emission 

l ine speotium from the BOlar chromosphere, "here C, N, 0 are the most 

abundant elements next to H and He. 

Smanoglu et a l . (I966) have predicted a number of transit ion wave­

lengths from C, N and 0 i n various states of ionization. They claim to have 

iden t i f i ed three lines in the emission spectrum of C and N due to - 6 / 3 quark 

bound to the nucleus. I t has been shown later by Bennett (1966) that the 

l ines are most l i k e l y due to weak dipole transitions of normal atoms. 

Searches f o r quarks have been made also in stable matter, and recent 

experimented, searches fo r quarks stopped in t e r res t r i a l matter are reviewed 

and summarized by Kim (1973). The summary given by Kim i s shown in table 

7 .7 . 

According to Cook et a l . (1969), a quark concentration of the order of 

lO*"^ - 10"23 quark/nucleon in sea water corresponds to an unchanging sea 

level intensity over the last 5.10' years of about 10 cm sec st • 

This assumes that a quark mass of the order o f 5 GeV/c^. 



Reference Popth m 
gm/ cm2 

Flux l i m i t in units of 
-10 -2 - 1 - 1 

10 cm sec st 

Jones et a l . (1967) 3|230 metres 

• 

I 
i 

above sea level < 1 

Bjornboe et a l . (19 6 8) 16 to 36 m.w.e. 
underground < 3 

White et a l . (1970) Sea level < 4 

Dardo et a l . (1972) 7<J m.w.e. 

o - - — 
~ 100 

Tonwar et a l . (1971 ) 2,150 metres 
above sea level ~ 10 

Briatore et a l . (1973) 40 m.w.e. 
underground ~ 20 

Briatore et a l . (1975) A0 m.w.e. 
underground ~ 12.5 

Table 7.6 Summary of the f l u x of heavy mass delayed 
particles m extensive air showers. 



Reference Technique Sample Con cen t ra t ion 
l i m i t 

(quarks/nuclpon) 

Chukpa et a l . (3966) Surface 
evaporation 

Ai r 
Sea water 
Meteorite 

< 5 1 0 - ? 7 

< 3 1 0 - 2 9 

< 1 1 0 - 1 6 

Stover et a l . (1967) Magnetic 
levi ta t ion Iron < 4 1 0 " 1 9 

Rank (1968) Oi l drop 
ul t raviole t 
spectroscopy 

Sea water 
oysters and 
planxcon 

< 1 1 6 1 8 

-17 
< 1 1U 

Bragmskii et a l . 
(1968) 

Magnetic 
lev i ta t ion Graphite < 1 1 6 1 7 

Cook et a l . ^969) Surface 
evapora Lion 

A i r 
Rock 

< 1 IO" 2 4 

< 1 1 0 - 2 3 

Johnson (1969) Magnetic 
lev i ta t ion n'loliium < 1 1 0 - 1 9 

Morpurgo et a l . ( l 970) Ilagnetic 
levi ta t ion 

1 
Graphite < 2 1 0 ' 1 8 

Hebard et a l . (1970) Magnetic 
levi ta t ion Niobium < 2 I D " 2 0 

Table 7.7 Summary of the experimental l im i t s on the concentration 
of quarks i n stable matter. 
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CHAPTER 8 

SEARCH FCR e / 3 nUARKS IN FAT'-i?TSTVS AIR SHC'.'ERS 

8.1 Introduction 

A search for quarks in the cosmic radiation has been conducted at 

Durham since 1966. The experiments already completed (Ashton et a l . 1968b, 

Ashton et a l . 1969aand Ashton and King 1971) gave a negative result and the 

l im i t s given by these experiments refer to quarks arr iving at sea level with 

an accompaniment of < 1 particle/m . 

Since 1969 attention was turned to a search fo r quarks in extensive a i r 

showers (EAS) as a result of the work of McCusker and Cairns (1969) and 

Cairns et a l . (1969) who presented evidence for the existence o f quarks with 

2 ° /3 charge. 

A flash tube chamber was con^tn-oteu J ,S a visual detector ufaing a 

neon tube, Ashton eb a l . (1971°^ to search for the f ract ional ly charged 

partJ cle.M in F.AS. Later, the chamber was reconstructed by increasing the 

sensitive volume vriA also i t was found that i t i s important to use the 

definjng layers of flash tubes at the top and bottom of the chamber m order 

to eliminate the edge effect m which a part icle with a charge e could simulate 

quarks. The deteils about the construction of the chamber and the character­

i s t i cs of the neon flash tubes have been given i n chapter 4 . 

From the measurement of the eff iciency - time delay (see section 4 .2 .4) 

i t was found that the f lash tube chamber i s sensitive to particles of charge 
e / 3 but not to charge ^ e /3> since these can not be resolved from the d i s t r i ­

bution of charge e particles. 

The 20 | i s time delay Tp (the time between the passage of the part icle 

through the chamber and the application of the high voltage) was chosen to 
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operate the chamber, because xt gave a wide separation botween the 

dis t r ibut ion of the number of flashes on a track for e and e / 3 particle 

respectively, so this time delay is considered to be optamum time, see 

figure 4 . 8 . 

B r i e f l y , the aim of the present technique was to look for a track 

produced by the passage of a f rac t ional ly charged e / 3 part icle in which i t 

has s igni f icant ly fewer flashes along i t s track than a chavge e particleo 

The chamber has been operated to look for tnese particles in regions 
-2 

of EAS of local electron density S Ae m , the electron density being 

selected by three laquid s c i n t i l l a t o r s s 

The f i r s t search fo r e / 3 quarks was mede in "SAS using a local electron 

density > 4U m ^Ashton et a l . 197^a). The result shows that with a running 

time of 2,750 hours, 20 tracks were observed which reserbled e / 3 quarks. 

AID but 2 of them were explicable in terms of background riuons traversing 

the chamber in the 103 - IV* H s period before the appla cation of the h\gh 

voDtage pulse to the chamber. The details and the scale diagrams of these 

20 tracks (quark candidates) have been given by Saleh (1973)* To eliminate 

the background effect i t was suggested that the sensitive area of the chancer 

must be covered with plastic s c in t i l l a to r s , but as the chamber was new and i t 

was apparent from the photographs obtained that many other aspect of EAS could 

be studied with i t , for example, the energy spectra of charged and neutral 

hadrons in EAS ( th is w i l l be discussed i n the next chapter), muon groups etc* 

i t was decided that rather than to dismantle the chamber and redesign i t to 

overcome the effect of the background muons, the chamber should be carried 

on running to obtain more data using higher local electron densities. I t 

was hoped that higher shower energies ( i . e . higher electron densities selected) 

may increase the number of genuine events to the number of background events 
-2 simulating quarkso Subsequent work using local electron density Ae i 160m 



92 

has been made, no positive events having been observed, Ashton et a l . (1973b). 

The present measurements are a continuation of this work and the search 

for e / 3 quarks has been made near the core of "HIAS using a local electron 
_2 

density Ae > 500 m » 

8.? Distribution of the core distnnce and shower size of ^AS 
given by a locel electron density trigger 

Parvaresh (1975) has performed a calculation to determine the mean 

£hower size and the mean core distance of shovels selected by the detector. 

The calculations wore carried out nunerxcally taking the sea level number 

spectrum given by Hil3as (1970) and the la tera l structure function fo r 

electrons and muons dt sea 3evel given by G-reiscn (1960). Namely, for 

elections: 

f(Ke> r ) - Sgl ( ^ 0 - 7 5 ( J L ^ 3 . 2 5 ( 1 + _r_^ ^ 

where r-̂  is the cascade length in a i r (= 79 metres), and fo r muons: 

BOU. r) = 18 ( l l - f - K r - ° - 7 5 (1 • a" 2 

10 6 ^ 

Y/here Ne is the electron snower size and r i s the radial distance from the 

core in metres. 
_2 

The rate of triggers with local electron density > Ae m and considering 
-2 

the muon density AM- — 0 m i s given by: 
r 
max 

* ( > r , > A e ) = / 2TCr R[>Ne = Ae | 
r 1 f ( r ) J 

, - 1 
dr sec 

r max 

= / 2l i r Rf>Ne = -Ae_ 1 
rmin 1 «*> J 

R( >Ne (?:Ae ) = / 2ur R| >Ne = - ~ ~ | d r a e e - l 



93 

where R( > r , > fie ) i s the rate of triggers produced "by showers f a l l i n g 

at the distance > r from the core and R( > No, 2: Ae ) is the rate of 

triggers produced by showers of size > Ne. 

where Ne = jf^j » **(r) l s ^ e la tera l structure function fo r electrons 

given by Greiscn. 

The above integral v.as evaluated numerically for dif ferent values of Ae, 

and for each value of Ae the muon denbity was considered to be A |1 > C m . 

However, fo r the present information the calculation on the rate of the 

EAS as a function of shower size and core distance producing a local electron 

density A e m have been shown in figures 8.1 and 8 02. 

Prom theso figures i t can be seen that the shower sire selected by the 

tr igger > 500 m * is ~ 1.3 10" and the core distance is ~ 5»5 metres. 

Table 8.1 shows the characteristics of EAS selected by a local density 

detector (see figures 8.1 and 8.2). 

8.3 The EAS experiment 

8.3.1 Calibration of the chamber 

The response of the flash tube chamber to single particles (muons) has 

been measured using the coincidence between the two plastic sc in t i l la tors A 

and B. (see figures A . 1 and 4*6) . 

The 20[is time delay was used to measure the eff ic iency dis t r ibut ion 

of the number of tubes along the track using the same method which has been 

described in section 4«2»4« 

1,046 single tracks were obtained and their photographs were scanned. 

The dis t r ibut ion of the number of flashes in F2 + F3 was shown in figure 8.3» 

no low efficiency track was found ( i f any) in the region o f e/3 quarks. The 

mean number of flashed tubes along the track of a single particle (muon) 

passing through the chamber is Ik - .14 with standard deviation of d i s t r ibu-
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Figure 8.1 The predicted rate of EAS which produce a local 
electron density trigger > Ae m~2, as indicated 
on each curve, whose core f a l l s at distance 
> r metres from the detector. 
Median core distances are shown by arrows. 
Af ter Parvaresh, (1975). 
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Electron density Minimum Median Veda an 
* shower shower core distance 

2 Ae m size size (metres) 

2 10 1.1 10 3 6.Qld* 12 

2 20 2.1 10 3 1.2 10 5 10.5 

2 40 4.3 10 3 3.8 30 5 9.5 

2 80 8.6 10 3 2.7 10 5 8,0 

2 160 1.7 10** 5.01 10 5 6.5 

2 240 2.3 lO2*- 6.5 10 5 5.8 

^ 480 5.1 lO "̂ 1.3 30 5 5.5 

2 1,000 1.0 10 5 2.3 10 6 4.5 

Table 8.1 Characteristics of extensive a i r showers 
selected by a local electron density 
detector (Parvaresh, 1975). 
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t ion of a* = 4« 6 o 

8.3*2 Setting up the tnpger 

Figure B»k shows the block diagram of the extensive a i r shower (EAS) 

trigger system. Three l iqu id sc in t i l l a t i on counters North, Middle and 

South (each of area 1.2^ m") placed close to each other on top of the 

chamber (see figure 4.1) were used to select the EAS trigger by a corneadence 

between the sc in t i l l a to r s . The single part icle pulse height for each scint­

i l l a t o r was measured using a small geiger telescope, and for a l l the running 

time the discrimination level on each s c i n t i l l a t o r was set so as to accept 

a minimum of about 620 particles through i t ( i . e . about 500 particles/m in 

each sc in t i l l a to r ) and the average rate of coincidences was 4 per day. 

8.3.3 Running the experiment 

_2 

With this master trigger > 500 m , the chamber was operated in this 

mode from March 1973 to January 1974 for a t o t a l running tame of 7,009 hours. 

The whole of the run was recorded on a series of films called *G- series' 

and the nuDber of f i lms taken in thi.s series are 21. 

The procedure of scanning the f i lms and the basic data w i l l be discussed 

in the next section. 
8.1) Analysis of the data 

8.4*1 The procedure of the analysis 

In 7,009 hours, only 1,217 a i r shower triggers were recorded with the 

electron density threshold set at Ae S 500 m • The events were recorded 

on f i lms taken by a f ront earners. The analysis procedure fo r individual 

events was achieved by projection of the negative obtained onto a scanning 

table, where each event could be examined in de ta i l . The events were 

projected on a scale diagram showing the front view of the chamber,scale 
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1 i 4,5 to r e a l space. 

I n the ana lys i s the d c f - n i t i o n of a measurable track was one which 

passed throuy.i F2 + F3 l a y e r s and produce at l e a s t one f l a s h m the def ining 

l a y e r s F l a fid ^ • Since t i e def in ing l a y e r s are shorter than the measuring 

l a y e r s F2 and F3 then t h i s ensures that the track has passed the s ens i t i ve 

volume of the chancer (the s ens i t i ve volume could "be defined as the volume 

covered by the elect ro-lt-s) a"d t h i s could el iminate the background rauons due 

to the edge e f f e c t (Ashton c t ?>1. 1971c). 

A measurable track tilth F? + F3 > 60 f lashed tubes a l so must be accomp­

anied by a t leaot one shower track in the chamber of length greater than 

60 ens p a r a l l e l to i t or Viithm - 5° m the projected plane. 

A l l the t r i c k s with F2 + F3 in range 20 - 60 were measured i r r e s p e c t i v e 

of the angle they made to shower tracks HI a p i c t u r e . Hov.ever, a l l the 

events observed i n the chamber wei*e drawn and studied c a r e f u l l y . 

8.i(..2 E a s i c quark data 

The bas ic data from the quark searches are summarised and shown m table 

8 .2 . A l l tho da+a were obtained us ing a l o c a l e lectron densi ty 2: 500 m 

as a master t r i g g e r . 

The frequency d i s t r i b u t i o n of the number of measurable t r a c k s per photo­

graph i s shown in table 8.3, and the frequency d i s t r i b u t i o n of the sum (F2 + 

F3) of the number of f la shes on each track in the 96 measuring l a y e r s for 

the 452 measured tracks i s shown in f igure 8.5. The mean number of f l a s h e s 

along the track in F2 + F3 l a y e r s f o r shower p a r t i c l e s passing through the 

chamber i s 77*88 * 0.22 and the standard deviation o f the d i s t r i b u t i o n i s 

4.67. 

I n f igure 8.5 the arrows represented the expected number of f l a s h e s for 

minimum and plateau i o n i s i n g charge e p a r t i c l e s and quarks of charge e / 3 and 
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Bas ic experimental d a t a o The frequency d i s t r ibut ion 

of the sun> of the number of f lashes in the measuring 

l a y e r f2 + F 3 o The arrows indicate the expected 

number of f lashes for minimum and plateau ion i s ing 

charge e, / 3 and / 3 , (see tab le 8 . 5 ) • 
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^ e / 3 » The pos i t ion o f the arrows are calculated as f o l l o w s : 

(a) Assune the median momentum o f muona at the centre o f F? +F3 producing 

coincidences between 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 s 2 .1 GeV/co 

This waj, calculated from the spectrum given by Hayman and V/olf enda] e (196?), 

and (b) using the curve of mo&t probably^ ion i sa t ion loss i n neon as a 

func t ion o f muon momentum given by Crispin and Fowler (1970). According to 

I ZP, 
t>'is curve the r a t i o between / I M and / i ^ f 0 r ouons wi th = 2.1 GeV/c 

i s 1.1M and 3.43 respect-i ve ly , where I i s the most probable lon i sa t ion loss , 

and I p i s the minimum and Plateau ion i sa t ion losseso Prom the e f f i c i e n c y 

- time delay measurements the o v e r a l l best f i t to the experimental points 

using Lloyd parameters ftfiQ^ v ,as 9 - 1 (see f i g u r e 4*8) . No?., since the 

r a t i o o f amount of lon i sa t ion produced by these muons to tha t o f plateau 

and minimum ion i s ing muons was known (Cr ispin and Fowler), the Lloyd parwieter 

(af^Q^) sui table to these cases could be calcula ted. The expected value o f 
9 ± 1 

the ef^Qi f o r charge e pa r t i c l e s i n 1^ and I p cases are ^ ) = 7^9 - 0.9 

and (7.9 - 0.9) x 1.43 = 11.3 - 1«3 respect ive ly . The expected pos i t ion 

f o r e / 3 and ^ e /3 quarks are obtannpd by d i v i d i n g the Lloyd parameter c a l c u l ­

ated f o r charge e p a r t i c l e s by V 9 t h and V ^ t h s l 'espectively, since the value 

o f a f ^ Q i 1 S propor t ional to the charge squared o f the t raversing p a r t i c l e . 

Table 8.4 shows the expected number o f flashes produced by charge e pa r t i c l e s 

and the e / 3 and ^ e /3 quarks i n the minimum and plateau ion i sa t ion regions. 

The values o f the i n t e r n a l e f f i c i e n c y shown an table 8.4 were calculated from 

the af^Q^ values, using the r e l a t i o n between the i n t e r n a l e f f i c i e n c y and 

a *] ,Ql f o r a i x e < * t j - m e delay o f 20 H s which has been calculated from Lloyd 

theory (see section 4.2.3 and f igu re 4»5)« 

I n f i gu re 8.5, the small bars shown on the arrows indicate the uncert­

a i n t y i n the pos i t ion o f the arrow and the large bars are the expected stand­

ard deviat ion o f the d i s t r i b u t i o n . At one standard deviat ion l e v e l , the e / 3 
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quark track e f f i c i e n c y was considered to be between 28 to 50 flashes i n 

P2 + F 3 , since i t was estimated tho lowest number o f flashes along t rack 

i n F2 + F3 was 20 f lashes . 

I t can be seen from f i g u r e 8.5 that the chamber could not resolve ^ e /3 

quarks, because i t cannot b« dist inguished f r o n charge e p a r t i c l e , but i t 

could resolve e / 3 quarks t i f any). Only two events (G15 - 59) and (G-17 - 42) 

sere observed showing low e f f i c i H n cy tracks wren number o f flashes in F2 + F3 

f a l l i n g i n the e / 3 quark region. The 2 quark candidates were examined i n 

d e t a i l m order to prove whether they are background produced by a muon or 

they are genuine quarks. 

8.4.3 Detai ls o f the two quark candidates 

As mentioned i n the previous section only two candidates were observed 

i n t h i s run and according to t h e i r e f f i c i e n c i e s the two candidates could be 

c l a s s i f i e d as e / 3 quarks. 

Table 8.5 shows the f u l l de ta i l s o f the two quark candidate tracks 

which appeared i n the t a x i of the observed F2 H F3 d i s t r i b u t i o n (see f i gu re 

8 .5 ) . 

Plate 8.1 shows the event G-15 - 59 w^th a possible e / 3 quark t rack 

ind ica ted . 

To prove whether these two tracks are genuine quarks or a background, 

an examination has been made on these two tracks and t h i s w i l l be discussed 

i n the next sect ion. 

8.5 The background e f f ec t s 

8.5.1 The expectpd number o f background muon tracks 

Incoherent muons could simulate e / 3 quarks i f they traverse the 

sensi t ive volume o f the chamber immediately before the chamber t r i g g e r by 

EAS. From the e f f i c i e n c y time delay measurements (see f i gu re 4.8) the 
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Plate 8.1 Event G15 - 59 

A possible quark track i s indicated 



I 

E S T 

T 



90 

t rack wi th F2 + F3 i n the range 28 - 50 (as expected f o r e / 3 quarks) 

could be produced by incoherent muons which traversed the chamber i n the 

time domain 103 - 144 H s preceding the E>S t r i g g e r . 

However, i t i s important to calculate the expec+ed number of background 

muon tracks t ravers ing the chamber m t h i s periodo 

From the sea Tevel v e r t i c a l muon momentum spectrum given by Hayman and 

Wolfendale (1962), the rate of muons with momentum > 0.78 G-eV/c ( t h i s 

momentum corresponds to t^e minimum energy o f muons t raversing the f l a sh 
-3 -2 - 1 - 1 

tube chamber) i s equal to 6.3 10 cm sec £>t • 

The ra te o f muon& t ravers ing the chamber w i t h i n the acceptance geometry 

was ca lcu la ted to be 104.2sec \ This was calculated taking the rate o f 

muons at sea leve] v i t h momentum 0.78 G-eV/c m u l t i p l i e d by the sensit ive 

aperture o f the chamber. 

The rate o f the incoherent muons simulating e / 3 quarkf. i n the sample 

o f 207 meai.u/'ed photographs could be calculated as fo l lows : 207 x 41*10 ^ sec 

x 104.2 sec = 0.9, where 41»10^ sec i s the time domain i n which the muon 

could simulate quarks. This resu l t is s u f f i c i e n t l y close to the observed 

number 2 to suggest tha t both the observed events (&15 - 59) and (&17 - 42) 

are background muons. 
8.5.2 The expected number o f knock-on electrons 

A f u r t h e r experimental t e s t could be applied to examine the number 

o f knock-on electrons ( 6 rays) observed on each quark candidate t r ack . 

From knock-on electron (K.C's) theory one can conclude that the p robab i l i t y 

o f production of K.O's i s propor t ional to the square o f the charge (Z ) o f 

the p a r t i c l e , 30 i t was expected to f i n d lower number o f flashes on 8 / 3 

quark tracks than the tracks o f pa r t i c l e s wi th charge e. 

A knock-on electron was defined as two adjacent flashes (side by side) 
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occurring i n one Dayer o f f l a s h tubes., The number o f K.O's on the two 

observed candidates has been given i n table 8o5. 

There i s the p o s s i b i l i t y that these K.C's are not genuine, but i t 

could be presented by chance as K.O's due to the f i n i t e number o f s ingle 

random backgiound flashes that appear i n eich pictureo These spurious 

flashes are mainly due to radio a c t i v i t y produced m the glass, 

Ashton et a l . (3973c) have measured the r e l a t i o n between the averagp numbpr 

o f knock-on electrons on a track as a func t ion of time delay Tp. They 

found f o r the time delay o f 20 | l s between the passage o f a r e l a t i v i s t i c 

charge e p a r t i c l e (muon) and the appl ica t ion o f the high voUtage pulse to 

the chamber the measured number o f side by side flashes xn 96 layers (F3 + F3) 

u i ^ubes corrected i o r tne spurious background flashes to be 1.6. Therefore 

the expected number o f K.C 's / t rack f o r a quark o f charge e / 3 i s - ' ^ • = 0.3 3. 

This r e su l t i s s u f f i c i e n t l y close t o zero to suggost tha t there should 

be no knock-on electrons expected on the quark t r ack . 

On the other hand one can calculate the side by side flashes expected 

due to the background on each quark t rack . For event G15 - 19 (see tab le 

8.5) the number of side by side flashes expected due to background = 

2/8^.5 x 35/96 x 162 = 1.4, where al ternate layers o f the 96 layers o f 

measuring tubes contain 84 and 85 f l a s h tubes respect ively . The number 

162 represents the number of single random background flashes m F2 + P3 

and the number 35 represents the number o f flashes on the quark t rack i n the 

P2 + F3 measuring layers . Comparing the expected number o f side by side 

flashes due to background (l.J») wi th the observed number o f 4 i t i s concluded 

that t h i s event i s not a genuine e / 3 quark as there i s evidence f o r 

4 - 1.4 - 2.6 knock-on f lashes . 

S i m i l a r l y f o r event G-17 - 42 the expected and observed numbers o f side 

by side flashes are 0.8 and 3 respect ively . Therefore, again there i s 
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evidence here f o r genuine knock-on electrons, and t h i s shows that the 

track observed i n t h i s event i s also not a genuine quark t r ack . 

8.6 Quark f l u x l i m i t 

No genu i n n ° /3 quark tracks have been found i n the running time o f 

7,009 hours, when a loca l electron density greater than 500 m " used as 

a master t r i g g e r . The f l u x obtained at SCife confidence l e v e l i s 

< 4-»3 10 cm sec st • 

This l i m i t re fers to e / 3 quarks incident on the top o f the chamber 

from the atmosphere. I n obtaining the above l imi t ,account was taken o f 
—0 18 

(a) the I6f5 = ( 1 - e * )*100 loss of genuine quark tracks which would 

produce side by side flashes on t h e n tracks a f t e r correct ion f o r random 

background, and (b) due to t h e i r in te rac t ion wi th chamber ma te r i a l , assuming 
( C T q N ^ e l a s t i c = ^ < ° P P >inelaat io = 1 1 m b ' 

The correction f ac to r f o r the in t e rac t ion e f f e c t was calculated to be 6 . 1 . 

8.7 Summary o f Lhe f l a A tube chamber resu l t s 

Since the new arrangement o f the f l a sh tubes was completed i n 1971 

three expermiental runs E, P and t h i s experiment G s t r i e s wi th d i f f e r e n t 

t r i g g e r i n g threshold have been made to look f o r e / 3 quarks. Each run has 

quoted an upper l i m i t f o r e / 3 quarks at sea l e v e l . However, the comparison 

of the basic experimental data f o r the three runs are given i n t a b l e 8.6. 

As can be seen from the table the percentage o f t r i gge r s that give at 

leas t one measurable track decreases as the minimum density t r i g g e r requirement 

increases. This i s because the p r o b a b i l i t y o f observing clean measurable 

tracks i n the events decreases. This e f f e c t can be seen through f i g u r e 8.6 

which shows the frequencj' d i s t r i b u t i o n o f the observed tracks i n the chamber 

f o r the three runs. 
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Table 8.7 shows the l i m i t s gxven by each r a n . I t can be no ted f rom 

-2 
th i fa t ab l e t h a t when the s e l e c t i o n t r i g g e r s was se t on A 6 — 40 m o n l y 

2 events s a t i s f y a l l the c o n d i t i o n s as e / 3 quarks and the l i m i t g iven an 
_2 

the t a b l e as based on these two even t s . For Ae 2:160 m and A© 
_2 

£ 500 m the l a m i t i s c a l c u l a t e d a t the 9Qj£ conf idence l e v e l ( i . e . no 

evenxt obse rved ) . 

I t can be seen a l so f rom t a b l e 8.7, t h a t two values f o r the s c i n t i l l a t o r 

t r i g g e r t h r e s h o l d are g i v e n . I n i t i a l l y the t h ree l i q u i d s c i n t i l l a t o r s used 

t o s e l e c t 3AS were c a l i b r a t e d u s i n g a two f o l d coincidence geager te lescope 

u s i n g muons. T h e i r t r i g g e r t h r e sho lds A ( s c i n t . ) were set accord ing t o 

t h i s c a l i b r a t i o n . 

Feirveiresn (lk3»75) m n i& worK u s i n g a p r o p o r t i o n a l counter i n connect ion 

w i t h the th ree s c i n t i l l a t o r s has revea led t h a t the d e n s i t y measured by 

s o i n t a i l a t o r i s too l a r g e by a f a c t o r o f 2 (see t a b l e 8 .7) . The reason 

f o r t h i s T f . b e l i e v e d t o be due t o e l e c t r o n - p h o t o n cascade development an 

the compara t ive ly t h i c k l i q u i d s c i n t i l l a t i o n s (phosphor th i ckness 17»5 cms). 

The same e f f e c t has a l so been observed by Katsumata (I964). A ( t r u e ) shovaa 

i n t a b l e 8.7 i s b e l i e v e d t o r e f e r t o p a t t i c l e densaty as measured by a 

p r o p o r t i o n a l counter o r a s c i n t i l l a t i o n counter w i t h a phosphor t h i c k n e s s 

< 5 cms. 
8.8 Conclusaon 

Using the neon f l a s h tube technique the f l a s h tube chamber shows the 

c a p a b i l i t y o f d e t e c t i n g f r a c t i o n a l charged p a r t i c l e s and e / 3 charge p a r t i c l e 

was most l i k e l y t o be de tec ted r a t h e r than ^ e /3 charge p a r t i c l e . 

I n a r u n n i n g t ime o f 7»009 hours two t r a c k s were observed i n the 

expected quark r eg ion and bo th were e x p l a i n e d as due to background incoheren t 

muons• 

The upper l i m i t f o r e / 3 quarks i n EAS o f a median shower sa^e 6.5 10^ 

( 2 6 T 
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-2 -11 —2 -1 -1 

(assuming Ae ( t r u e ) = 2̂ 0 m ) i s found t o be < 4*3 10 cm sec s t 

a t the SOfo conf idence l e v e l . 

I n f u t u r e work t o .search f o r q u a i k s , the chamber needs t o be m o d i f i e d 

such t h a t the e f f e c t o f the background w i l l be e laminated ( o r m i n i m i s e d ) . 

The plan i s t o increase the number o f p l a s t i c s c i n t i l l a t o r s (an p o s i t i o n s 

A and B, s te f i g u r e 4 » l ) so as t o cover the vdiole s e n s i t i v e area o f the 

f l a s h tubeo The coincidence f rom A and B i n d i c a t e s the passage o f s m g l o 

p a r t i c l e s (muons) through the chamber i n the t ime p e r i o d 0 - 200Us preceding 

the EAS t r a g g e r . 

The background muon w i l ] be i n d i c a t e d th rough a system c a l l e d a 

' p r e v i o u s p a r t i c l e i n d i c a t o r 1 and w i t h t h i s system the background problem 
S n O u l u ut; e i l u i j j i a C t s u . 

However, the r e s u l t s shown i n t a b l e 8«,7 suggest a l so t h a t v i t h t h e 

above m o d i f i c a t i o n the search f o r e / 3 quark i n SAS should be undertaken 

u s i n g a l o c a l e l e c t r o n d e n s i t y Ae ( t r u e ) o f 5 20 m • 
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CHAPTER 9 

Th'R ENERGY SPECTRA C1? HADPCN5 

JN ^XTHNSIVS AIR SFO.rCRS 

9.1 I n t r o d u c t i o n 

Whi le the chamber was runn ing t o search f o r quarks I n reg ions o f 

- 2 

o f l o c a l e l e c t r o n d e n s i t y 2 250 n , many examples o f h i g h enargy hadrons 

i n t e r a c t i n g i n a 15 cm l e a d absorbed above the chamber and a 15 cm i r o n 

t a r g e t s i t u a t e d i n the chamber were observed. Th i s cou ld be exp la ined as 

due t o the ex is tence o f h i g h energy hadrons i n the core o f EAS. 

E x p e r i m e n t a l l y o n l y the w i d t h o f the b u r s t emerging f r o m the t a r g e t 

can be measured. L a t e r , the chamber has been m o d i f i e d and a c a l i b r a t i o n 

o f the r e l a t i o n s h i p between the average b u r s t w i d t h and b u r s t s i ze was 

ob ta ined e x p e r i m e n t a l l y f o r b o t h l e a d and i r o n t a r g e t s (see s e c t i o n 

However, i n t h i s chapter the measurements o f the nadron energy spectrum 

f r o m the i r o n end l e a d t a r g e t s w i l l be d i scussed . The reason f o r s t u d y i n g 

hadrons i n TAS was t o r e l a t e the measurement t c genera l shower c h a r a c t e r i s t i c s 

which i s s t i l l n o t f u l l y unders tandab le . 

9.2 A n a l y s i s o f the da ta 

9.2.1 Scanning technique 

The technique used i n scanning the f i l m s was based on p r o j e c t i n g the 

nega t ive onto a scanning t a b l e . The r e d u c t i o n m scale be ing 20 : 1 t o 

the r e a l space. The same methods discussed i n chapter if were used t o 

measure the w i d t h o f the b u r s t i n the f l a s h tube l a y e r s d i r e c t l y below the 

i r o n and l e a d absorbers . An event was accepted when the whole w i d t h o f the 

b u r s t f e l l on the f l a s h tube chamber and i t has a d e f i n a b l e w i d t h . 
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For b u r s t s o c c u r r i n g i n i r o n charge i d e n t i f i c a t i o n was poss ib le i n the 

f l a s h tubes F l a (8 l a y e r s ) 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 » 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 i n s i d e the chamber 

and be c o i n c i d e n t w i t h the middle o f 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 d e f i n e d as one f o r which the above d e f i n i t i o n o f a charged p a r t i c l e was 

no t s a t i s f i e d . 

The b u r s t s observed m the l e a d could be exp la ined due t o charge and 

n e u t r a l p a r t i c l e s t o g e t h e r , s ince the re i s no f l a s h tube l o c a t e d above the 

l e a d t o i d e n t i f y the incoming p a r t i c l e . 

I n t h i s run i t was d i f f i c u l t t o i d e n t i f y the n e u t r a l p a r t i c l e s produc-

xng b u r s t s i n i r o n , because w i t h the h i g h e l e c t r o n d e n s i t y t r i g g e r ( Ae£2$0m ' ) 

the p r o b a b i l i t y t o ge t more t r a c k s i n F l a w i t h i n , the w i d t h o f the b u r s t i s 

h i g h , so o n l y k events were c l a s s i f i e d as n e u t r a l events i n t h i s r u n . 

Since the d e f i n i n g l a y e r P la does n o t cover a l l the area o f the i - o n 

absorber , some observed b u r s t s produced i n i r o n i n whi~h the t r a c k showing 

the incoming p a r t i c l e has n i s sed the t o p f l a s h tube l a y e r F l a and s imula tes 

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 eithaarat the back o r the f r o n t 

o f t he chamber where the i r o n was n o t covered comple te ly by the f l a s h tubes 

(see f i g u r e 4 .1 ) • T h i s type o f event c o u l d be recognised by the s t range 

shape they made on t h e l a y e r F2. P l a t e 9.1 shows an example f o r t h i s e f f e c t . 

However, t h i s type o f event (edge e f f e c t ) does n o t count f o r n e u t r a l o r 

charged p a r t i c l e s . 

9.2.2 Basic data 

I n 7»009 hours 407 b u r s t s i n l e a d and i r o n have been observed f rom 

1,217 t o t a l t r i g g e r s . The run was i n reg ions o f EAS o f a l o c a l e l e c t r o n 

d e n s i t y > 250 m ( & - s e r i e s ) . P l a t e s 9«2 t o 9.4 show some t y p i c a l i n t e r ­

a c t i o n events observed i n the chamber. 



Pla te 9 . 1 Event C-18 - 39 

An edpe e f f e c t event s i m u l a t i n g a n e u t r a l 

p a r t i c l e b u r s t . The w i d t h o f the b u r s t 

increases immedia te ly on pass ing 

f r o m Fib t o F2. 





P l a t e 9.2 Event G19 - 52 

A charge p a r t i c l e b u r s t produced i n the i r o n . 

N = 215 p a r t i c l e s 

E ^ = 143 G-eV. 



» 



P l a t e 9.3 Event G?l - 8 

A b u r s t produced i n the l e a d and p e n e t r a t i n g 

the i r o n . 

N = 1,350 p a r t i c l e s 

E - = 1,000 GeV. 
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Pla te S.k Event G19 - 49 

A b u r s t produced i n t h e chamber as a r e s u l t 

o f the i n t e r a c t i o n o f a charged p a r t i c l e 

w i t h the g lass o f a f l a s h tube . 
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The r e s u l t s o f the measured b u r s t w i d t h d i s t r i b u t i o n s o b t a i n e d f r o m 

the b u r s t s observed i n the l e a d and i r o n absorbers are shown m f i g u r e 

Table S.l shows a lso the number o f the bur&ts observed m the l e a d and i r o n 

absorber . 

9.3 The energy spec t ra 

The measured b u r s t w id ths below the l e a d and i r o n t a r g e t were conver ted 

i n t o number o f p a r t i c l e s ( b u r s t s i z e ) u s ing the measured r e l a t i o n s h i p between 

the b u r s t w i d t h and the b u r s t s ize measured m the v e r t i c a l b u r s t experiment 

f o r a s i n g l e unaccompanied hadron (see f i g u r e s i f .22 and 4 .23) . For the 

energy convers ion i t was assumed t h a t the b u r s t s observed i n the 3ead t a r g e t 

• 

pr imary p a r t i c l e are assumed t o be produced by it" and those w i t h a n e u t r a l 

p r imary by neut rons o r a n t i n e u t r o n s , a l though i t i s poss ib l e t h a t some o f 

these evonts cou ld be produced by K ° , K 0 mesons. 

The moasured energy spect ra o f hadrons observed t o i n t e r a c t i n the l e a d 

and i r o n t a r g e t s were c a l c u l a t e d u s i n g the b u r s t s i ze - energy r e l a t i o n s h i p 

f o r p ion induced b u r s t s i n the l e a d and i r o n (see f i g u r e s 3«6 and 3«7 )o 

Figures 9«2 and 9»3 show r e s p e c t i v e l y the d i f f e r e n t i a l and the i n t e g r a l 

energy spec t ra ob ta ined f r o m t h e present exper iment . 

I n bo th f i g u r e s the energy spectrum measured f r o m b u r s t s observed i n 

l e a d r e f e r t o the a l l p a r t i c l e s and the energy spectrum measured f r o m b u r s t s 

observed i n i r o n r e f e r t o charged p a r t i c l e s o n l y . Both spec t ra have been 

c o r r e c t e d f o r the ape r tu re e f f e c t i n which the p r o b a b i l i t y w i l l be reduced 

f o r an event be ing accepted as the b u r s t w i d t h inc reases . The spec t ra 

represented the t o t a l number o f hadrons f a l l i n g on the chamber, and the 

i n t e g r a l exponent f rom b o t h the i r o n and l e a d spec t ra shows \ = 1.07 - 0.09 

f o r energy E 2: 200 GeV. 
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9*4 Study o f the muon contamination 
9*4*1 Generr.3 remarks 

I n section 9*2 i t jvas assumed tha t a l l the bursts observed m lead 

and the charged bursts i n i ron arc produced by pions and according to 

t h i s assumption the energy spectra were evaluated (see f igures 9*2 and 9*3)• 

But as m every problem v.hich deals wi th nuclear i n t e rac t ion studies the 

muons cont r ibut ion to the measured burst spectrum must bo knoraio I n t h i s 

section a p redic t ion f o r the muon burst spectrum i n i ron and lead i s made 

and compared with the measured burst spectrum 9 

9*4*2 Ratio of rate of bursts produced m load and i ron absorber 

The r a t i o o f measured bursts m lead and i ron absorbers could load to 

information about the con t r ibu t ion o f muons to the measured spectra. 

The r a t i o o f the number of bursts i n i ron to the number of burst i n 

lead was taken to be 0 .45. This has beei* calculated using the constant 

values f o r the in t e rac t ion length o f pions in the lead and i ron (soe t a b l e 3 * l a ) . 

However, Figure 9*4 shows t h i s r a t i o as a func t ion o f energy* The 

points represent the measured r a t i o , and i t can be seen that there i s good 

agreement between the measured and the predicted r a t i o (dash l i n e ) . This 

suggests that there i s no evidence f o r a s i g n i f i c a n t muon cont r ibut ion to 

the measured spectra. 

9.4*3 Bursts produced i n the f l a s h tubes 

A t o t a l o f 34 events observed during t h i s run show in terac t ions mside 

the chamber v»ith the glass of the f l a s h tubes and the aluminium electrodes. 

The in t e rac t ion length o f these pa r t i c l e s i n t e rac t ing i n the chamber 

could be estimated i n order to produce evidence that the observed bursts are 

due to pions in te rac t ing rether than muons. For t h i s purpose a l l t ' ie measured 
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charged pa r t i c l e s producing bursts m F2 and F3 should have s t rack 

appearing i n Fla and F ib , i . e . that the p a r t i c l e had passed through the 

] ead and i ron absorber. iSach event was drawn on a small scale diegran 

(scale 20 : ] ) and the distance from the top of v ? to the point o f i n t e r ­

act ion was measured. A correction has been made to the observed frequency 

f o r the aperture o f the chamber, based on the measured angular d i s t r i b u t i o n 

of charged p a r t i c l e produced bursts m i r o n (G - scries) and using the method 

of Lovat i et a l . (1954). From the angular d i s t r i b u t i o n the value o f n found 

wa.s 8 - 2 , where n i s the exponent i n the cos11 \ ) angular d i s t r i b u t i o n assumed. 

Figure 9»5 shows thit> r e s u l t . The best l i n e through the corrected points 

has been drawn and the in te rac t ion length o f pa r t i c l e s producing bursts xn the 

cnambcr was tound to be K = 110 - Kb g cm This i s consistent wi th the 
—2 / 

value o f 130 g cm" found using Alexander Bnd Y e k u t ^ e l l i ( I 9 6 l ) , The above 

value of X shows that bursts i n glass are produced by hadrons and the c o n t r i ­

but ion of muons t o the bursts i s not s i g n i f i c a n t . Since the muon p r o i p b i l a i y 

to produce bursts depends on the material ( Z and A ) , so one can expect greater 

r e l a t i ve con t r ibu t ion i n the lead and i ron absorber, more than i n the g]ass 

(91«5 £ C m 1 x 1 F 2 + F3). But since the p r o b a b i l i t y o f hadrons traverse)t ' 

the lead and i r o n and in te rac t ing i n the chamber i s only 25a (see table 5.3) 

then one could expect tha t the measurement o f the in te rac t ion length m the 

f l a s h tubes i s relevant to the consideration o f the muon burst cont r ibu t ion 

i n both absoi'bers. Plate 9«4 shovvs an example of a burst i n the glass 
9*4*4 Predicted muon burst spectrum 

A ca lcu la t ion has been made to predict tne rate of muons producing 

bursts i n the lead and i ron absorbers a& another t es t to show the cont r ibut ion 

o f muons to the t o t a l observed burs t s . 

I n t h i s case the i n t e g r a l nuon energy spectrum i n extensive a i r showers 
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above the f l a sh tube chamber with l o c a l electron density o f i c 2 250 m 

was calculated. The ca lcula t ion was carr ied out by Parvaresh (1975, p r i v a t e 

communication). I n t h i s ca lcula t ion the number spectrum given by H i l ] a s 

(1970), the l a t e r a l electron density and the l a t e r a l muon density o f energy 

> 3 H given by Greisen (196O) were laken. Then the in t eg ra l rate o f muons of energy > E ^ could be wr i t t en as fo l lows : 
r N max max 

R ( S E J J L , >250) y J 2n r A p . ( i E ^ , r , N ) li(N) dM dr 
r=0.1 \ i n 

where R(K) dN 3i> the d i f f e r e n t i a l number spectrum, A 11 ( S E I ( , r ,N) i s the 
• 1 

l a t e r a l density o f muons o f energy 2 at core distance r and a.n <* 
9 

shower o f size N . N was taken to be 510 , N the minimum sifce capable 
max min 

_2 
o f producing a density o f 250 m at the core distance r , calculated from 
the e lect ron s tructure f u n c t i o n , and r i s the maximum core distance f o r 

max 

a shower of size 510^. 

However, t o calculate the muon burst spectrum one has to take the 

calculated muon cross sections given i n section 6.2 and f o l d i n the above 

calculated muon energy spectrum. The resu l t f o r the predicted nuon burst 

spectrum i n the i ron and lead absorbers i s shown i n f igures 9«6 and 9«7 

respect ively . Figure 9»6 shows the comparison between the predicted d i f f e r ­

e n t i a l burst and energy spectra f o r muons and the measured hadron burst and 

energy spectra i n i r o n . S i m i l a r l y f i gu re 9»7 shows t h i s comparison i n 

lead* 

The dotted curve on the measured hadron burst spectrum shows the 

shape o f the spectrum a f t e r substracting the muon con t r ibu t ion , the c o n t r i ­

but ion at l a rger burst sizes was very s p a l l . 

From the comparison between both f igures one can see that more iruons 
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could bo expected m lead absorboi than i r o n . V/ith t h i 3 predic t ion one 
could give the percentage of the cont r ibut ion o f muons to the measured 
burst s t 100 GeV i n i ron and lead as 2fo and 7/o respect ively . 

9 . 5 Character is t ics o f hadrons m "vft.S 

To re le te the present measurement to the charac te r i s t ic o f hadrons m 

a shower o f a given size, an expression i s required f o r the density o f 

hadrons o f energy S per u n i t E at core distance r i n a shower size No 

For t h i s purpose the resul ts o f Kameda et a l . (1965) were used. They 

studied the density o f the hadrons o f energy > 100 &eV i n EAS o f size 

4 6 
4 . 1 0 - 2) . 10 , using a mul t ip la te cloud chamber s i tuated i n the EAS arrayo 

(S, E + dE) at a core distance ( r , r + dr) f ro" i the axis of shower size 

N / l 0 p a r t i c l e s , and they expressed t h e i r resul t s as: 

n ( B , i . H ) dS dr = 0 . 3 5 N 0 , 3 5 E " 1 , 2

 e x p ( ~ - ) dE dr 

0 . 3 2 ^ - 0 . 2 5 

r o 

*here r Q = 2 . 4 n E , E i s i n un i t s o f 100 GeV, and r i n metres. 

By in t eg ra t ing the above expression over a l l core distance, one obta-u-o 

the number o f hadrons o f energy >100 GeV i n a shower of size N not consis­

ten t w i th a f o l l o w i n g expression given i n t h e i r paper. They found the 

number o f hadrons of energy > 100 GeV i n a shower o f size N pa r t i c l e s i s : 

n(N, 2 100 GeV) = C ( ~ - ^ 1 « ° ~ ° » 1 5 
10? ' 

where C = 7 . 2 - 1 .5 

I t i s , however, necessary to modify the l a t e r a l density o f hadrons 

given by Kameda et a l . i n which i t gives 7 . 2 hadrons o f energy 2 100 GeV 
5 

i n 10 shower s ize . 

The modif ied expression f o r the above l a t e r a l density has been calculated 
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and the r e su l t is shown below: 

n(E,r,T T ) dE dr = 6.23 ic"- 5 N ° ' 5 5 T f 1 , 2

 e X p ( ~ ) dS dr m" 2 GeV"1 

0.32 -0 .?5 

' r o 

where r Q = 0.19 N J '? 

The enerf^y spectrum of hddrons m showers could be obtained by in tegra t ing 

the above expression over a l l core distances. Kameda et a l . found that the 

slope o f t h e i r energy spectrum to be -0.75, while other workers ( f o r example, 

Bradt and Tiappsrot, 1967 and Gneder, 1972 from t h e i r llonto Carlo simulfi\ ions) 

found d i f f e r e n t slopes varying between - (1.0 to 1.2). 

Since with the present experiment the N - dependence and the value of 

the parameter r>̂  r"?n not Tie checked, i + ,,T?? eim^cd that the ex^rccoicn given 

by Kaneda et a l . f o r r Q and the size dependence are correct and a new I p t e r a l 

density of hadrons was assumed f o r the present experiment to f i t the data. 

This was as fo l lows : 

n(S, r ,N) del dr = A N 0 ' " 5 5 E ~ a exp(- •—-) dE dr m" 2 GeV-"1 

o 

0 32 —0 25 

where r Q = 0.39 N E , wi th r an metres, u m u n i t o f single p a i t i ' i e s 

and E i n GeV. 

To derive the d i f f e r e n t i a l energy spectrum o f hadrons associated with a 

minimum l o c a l electron density Ae , i t i s necessary to evaluate numerically 

the fo l lov i ing i n t e g r a l : 
r N max max 

R(E, > A e ) = y j 2 r t r n(E, r ,N) R(N) dE dN dr 

r=0 N min 

where N m i n i s the minimum shower size that f a l l s at core distance r which 

can produce a l o c a l electron density > A e , R(N) dN i s the d i f f e r e n t i a l 

number spectrum, ^ m a x i£> taken to be 100 metres and N m a x was assumed to be 

510 9 . 
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The procedure of ca lcu la t ion was to f i n d the best value of A and 

which f i t the present measurements. To do t h i s a vjas allowed to vary 

between 1 .5 snd ? » 2 and f o r each value o f a the constant A v.as normalised 

5 such that i t gives 7 » 2 hadrons of energy > 100 GeV i n showers o f size N = 10 . 

The r e su l t o f the ca lcu la t ion which shows the predicted rates o f hodrons 

R( > 2 ,>Ae) f o r d i f f e r e n t values o f l o c a l electron density t r i g g e r and 

a = 1 .75 are presented i n f i g u r e 9 . 8 . (Parvsresh, 1975 private commim ± ra t ion) t 

I t was found that a = 1 .75 gives the best f i t to the measured slope 

( Y = 1 .07 - 0 . 0 9 ) o f the i n t e g r a l spectrum o f hadrons f o r E > 200 GeV. 

I t should be noted that the calculat ions shown i n f i g u r e 9*8 have been 

performed us in^ the number spectrum given by Ashton and Parvaresh(1975) <> 

Ine predicted spectra tor 1UU > "S > 1 ,000 GeV have been shown as 

dashed l i ne s m f igure 9*8 because the func t ion \ihich i s given by Kameda <?l a l . 

i s v a l i d f o r the energy range 100 < E < 1,000 GeV. 

The i n t eg ra l rates o f extensive a i r showers producing hadrons o f energy 
_2 

— E GeV, when the l o c a l electron density 4 e > 250 m have been calculated 

as a func t ion o f shower sizes and core distances. The resul ts are shown i n 

f i gu re 9»9 and 9»1C respect ive ly . 

9 .6 Comparison between the measured and predicted hadron number 

Using f i g u r e 9 » 3 the t o t a l number o f hadrons o f energy > 200 GeV 
2 

incident from the atmosphere on the sensi t ive area of the chamber 1.51 x 1 .70 m 

i n a running time o f 7 j009 hours i s found to be 180. This f igure i s ca lcula ted 

by adding the number of observed hadrons in t e rac t ing i n lead and i ron and 

correct ing t h i s number due to the p r o b a b i l i t y o f i n t e rac t ion (see table 5 . 3 ) • 

Measurements on the angular d i s t r i b u t i o n o f hadrons about the zenith 

using the G - series data shows that t h e i r spa t i a l angular d i s t r i b u t i o n can 

be represented by l ( $ ) - l ( c ) cos11 \f , where n = 8 * 2 . 

file:///ihich
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The t o t a l i n t e n s i t y l ( T ) o f hadrons per u n i t area i s therefore re la ted 
to t h e i r v e r t i c a l i n t e n s i t y l (C) by: 

1(T) = 1 ( 0 ) . , where 2 K (So l id angle f a c t o i ) = 
n + 2 n + 2 v ° ' 

0 . 5 7 " 0 .11 fat. 

Taking the above f igures the rate of measured hadrons of energy 

E > 200 GeV i s 4 . 8 1 0 " b sec""1 s t " 1 n f ? . 

T h i o can be compared v. i th the predicted rate o f hadrons of energy > ZOO GeV 

and associated wi th v e r t i c a l showers fcivmg a l o c a l e lec t ion density > 250 m 

o f 3 . 5 10 sec s t m . There i s reasonable agreement between the 

predicted and measured rate o f hadrons. 

However, the present measurements suggest that f o r hadrons o f energy E 

i n the range 200 < E < 1 ,000 GeV the l a t e r a l density o f hadrons could be 

represented as fo l lows : 

n(S, r ,N) dE dr = 0 . 26 N ° ° 3 5 E " 1 ' 7 5 exp ^ — ) cLE dr m" 2 GeV - 1 

r o 

0 3 2 ""0 2*5 

where r Q = 0 .19 N E " ° y w i tn E i n GeV and N m un i t s o f single 

p a r t i c l e s . 

In tegra t ing the above expression over core distance and hadron energy 

gives "che t o t a l number o f hadrons o f energy S IS GeV i n shower of size N . 

/ 2Tir n(D,r>15) dr dE 
E + . 0 

= 0 .045 N ° - 9 9 E " 1 - 2 5 

and E i n GeV. 

where N i s i n un i t s o f single pa r t i c l e s 
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The present ca lcu la t ion shows that 80^ o f the hadrons of energy 

£ 200 G-eV mea&iired m t h i s experiment are produced by showers i n the sice 

5 5 
range 1 .3 10 - 8 .0 10 . This was calcula ted using f igu re 9 . 9 which shows 

- 2 

tha t m regions o f MS o f l o c a l dens i ty > 250 m , hadrons o f t h i s energy 

accompanied the shower i n 80fT. o f the t r i g g e r s . 

Table 9 . 2 shows a summary o f the two previous experiments and the 

present experamert which have been made wi th thp fDash tube chember to study 

the number o f hadrons an EAH. I n t h i s table the shower size range f o r each 

run i s given wi th the expressions showing the number of hadrons o f energy 

S E m shoT/ers o f size N . I t should be noted that i n both previous measure­

ments the same technique ^as uj>ed to evaluate the number o f hadrons 2 v. GeV. 

Figure 9 . L I shows the number spectrum of hadrons o f energy 2 200 GeV 

per fjhower as a func t ion o f shower size f o r the three re su l t s . Good agree­

ment between the bhree resul ts i s obtained. 

Figure 9.12 shows also the comparison o f the number o f hadrons per 

sho.ver obtained from d i f f e r e n t experiments at sea l e v e l and d i f f e r e n t 

theore t i ca l p red ic t ions . I n t h i s f i g u r e the experimental resul ts o f 

Kanedd et a l . (19&5) and Tanamshi ( I9&5) were compared with the present 

resul t s and i t was found that the Kameda et a l . resul t s are i n good agree­

ment wi th the present resul ts but there i s some inconsistency f o r shower 
5 

sizes less than 10 pa r t i c l e s between the present resul ts and those o f 

Tanahashi. This discrepancy could be due to the l a t e r a l density expression 

o f hadrons e i v e n by Kameda et a l . which i s not corrected f o r the smaller 

shover s ize . 

The theore t i ca l calculat ions (Monte Carlo) also were shown wi th two 

d i f f e r e n t models. Greider (1970) has produced two models so ca l l ed IDFB* 
* _ 

and S?B • I n both models the assumption has been made that NN are produced 
i n high energy in t e rac t ions . Both models have a d i f f e r e n t m u l t i p l i c i t y 
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form, so f o r IDFE the raultip]icity was n OC E ' and f o r SFB was 
s 

V 2 

n g ( X E > No agreement v«as found vath the experimental data. 

9*7 Contusion 

The energy spectra o f hadrons m extensive a i r showers at sea l e v e l 

has been obtained from measuring the burst width m the f l a s h tubes. 

I n converting from burst width , to burst s ize , to energy a l l the 

bursts observed un lead have been assumed to be produced by jc* , and f o r 

i r o n the charged bursts are assumed also to be produced by tz • 

The energy spectra have been measured m the energy range 10 < ?! < 1 ,000 

GeV, and a slope o f Y = 1*07 - 0 .9 has been found f o r the i n t e g r a l spectra 

o f energy > 200 GeV. 

Invest igat ions have been made to study the rauon cont r ibu t ion to the 

measured burst spectrum. The rate o f rouon induced bursts i n the i ron and 

lead absorbers was calculated and i t v/as found that only 2f0 and 77° o f the 

unions contribute to the measured bursts at energy 100 GeV an i ron and lead 

respect ive ly . So i t was suggested tha t the con t r ibu t ion of maon bursts 

to the t o t a l measured bursts was small and neeDycted. The enprgy snectrum 

was re la ted to shower charac te r i s t ics by adopting a parameterisation o f the 

form obtained by Kameda et a l . ( 1 9 6 5 ) 8 The resu l t s o f the number of hadrons 

o f energy i 200 GeV i n showers o f size 1 .3 10^ - 8 .0 10^ was determined and 

compared with d i f f e r e n t r e su l t s . Good agreement was found wi th other 

experiuental resul ts but not w i th the p r ed i c t i on . 

From the charge to neu t r a l r a t i o one could explain the behaviour o f 

high energy c o l l i s i o n , but since only 4 events were observed as bursts 

produced by neu t ra l pa r t i c l e s (the lo&s o f neu t ra l p a r t i c l e bursts could 

be due to the e f f ec t s explained i n the t ex t ) the r a t i o can not be given 

accurately. 
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CHAPTJSj? 10 

SUMMARY 

The study o f the s t rongly in t e rac t ing pa r t i c l e s i n cosmic rays has 

been carried oat using e f l a s h tube chamber in an attempt to understand 

the nature o f these p a r t i c l e s . 

A v e r t i c a l burs t experiment has been performed v i t h the f l a s h tube 

chamber and a measurement o f the hadron energy spectrum has been made Ln 

the energy range 10 GeV - 10 TeV. According to the Baruch et a l . (1973) 

measurements the spectrum has a step m the region of 2 - 8 TeVo They 

pyril mnefi fmoh on e f f ec t i * due to the ot.i ctcncc c f a r.s" p a r t i c l e c f r s^ t 

mass m the range 40 - 70 GeV/c , mean l a f e time > 2 10 second and i n t e r ­

ac t ion length o f 1 ,000 ^ "^yoo 8 c r a 2 » The present r e su l t on the Miergy 
- ? 7 1 o 1 

spectrum shows a constant slope of 15 * * over the energy range 10 GeV 

to 10 TeV and does not support the observation made "by Baruch et a l . Howevur, 

i t is concluded that i f such a step exis ts as a real e f f e c t and has been 

observed by Barucn et a l . then i t must be seen i n the present experiment 

Vore r ecen t ly , a paper by Baruch et d . ( 1975) states: 

"The argument f o r the existence o f this Mandela,, given by Baruch et a l . (1973) 

was based mainly on the observation ' s tep ' m the sea l e v e l hadron spectrum. 

Yfe now know that t h i s step was due to a f a u l t i n the i n i t i a l storage o f the 

signals from the proport ional counter." 

However, according to t h i s paper the e lectronic f a u l t now has been 

corrected and the apparatus modified by adding neon f l a s h tubes to measure 

the zenith angle d i s t r i b u t i o n and to i d e n t i f y the incoming p a r t i c l e s . The 

hadron spectrum measured i n 26 days wi th the new arrangement i s shown i n 

f i gu re 1 0 . 1 . Their new measurements are i n good agreement v/ith the present 
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by Baruch et a l . ( 1 5 7 5 ) . "he srectrura can 
be represented by the form R ^ ) = A E " 2 , 7 , 
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work and a slope o f Y = 2 07 f o r the d i f f e r e n t i a l spectrum i s found. 

A measurement o f the sea l eve l neutron energy spectrum has been made 

wi th the present experiment m the energy range 30 - 1 ,000 G-eV. The 

spectrum was found to be i n good agreement with the neutron measurenents 

summarised by Ahston et a l . ( 1 9 7 0 ) . At lower energy the spectrum i s also 

found to be m good agreement with proton measurements o f Brooke and 

Violfendfle (1964) and Diggory et a l . ( 1 9 7 4 ) . The measured spectrum has 
-?,9 i o . l 

been represented by a power law o f the form H an the energy range 

50 - 1 ,000 &eV. 

The pion energy spectrum has been derived from the t o t a l burst spectrum 

measured m the chanbsr a f t e r substractmg the nucleon burst spectrum and 

the muon conte j imat ion. The resul ts obtained on the pion spectrum gave 

a rapid \ a r i a t i o n m the r a t i o of pions to proton as the energy increabet.. 

I n the lower energy region the resul t s o f Brooke et a l . (1964) and Diggory 

et a l . (1970 have been found to be i n good agreement wi th the present 

r e su l t s . 

An extensive a i r shower experiment has been set up to search f o r quarks 

near the core o f EAS using the f l a sh tube chamber as a v i sua l detector . 

Although the quark model hes provided u s e f u l information to understand 

the observed m u l t j p l e t s tructure of elementary p a r t i c l e s , there i s as yet 

no strong evidence of the existence o f the quarks. I n t h i s experiment the 

chamber was run f o r 7 ,009 hours using a master t r i g g e r EAS producing a 

l o c a l electron density > 250 m • Two events observed were explained 

l a t e r as due to background incoherent muons t ravers ing the chamber i n the 

time period 103 - 144 M- 5 before the EAS t r i g g e r . An upper l i m i t was 
•-11 —2 —1 — 

given on the f l u x o f e / 3 quarks at sea l e v e l o f < 4o3 10 cm sec st 

Possible modif icat ions to the f l a sh tube chamber to improve the technique 

were suggested i n section 8 . 8 . 

file:///ariation
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I t has been shown that the technique o f measuring cascade widths 
below th ick absorbers i s a v a l i d method o f measuring the energy spectra o f 
hadronso The i n t e g r a l spectra v.hich have been measured i n lead and i ron 
absorber show a slope o f 1 .07 - 0 .09 f o r energy > 200 GeV, The number o f 
hadrons wi th energy > 200 GeV have been evaluated and compared wi th other 
experimental rosul ts and theore t i ca l predictions* 

At present, a smal3 a i r shower array has been constructed around the 

f l a s h tube chamber i n order to give information on the shower s ire and the 

core distance Tor each event accompanied by a shower. i f i t h t h i s arrangement, 

hadrons i n a i r shovers w i l l be studied i n more d e t a i l . 

F i n a l l y , one o f the resul t s provided by t h i s experiment i<> the detectson 

of h igh ly i on i s ing pa r t i c l e s as magnetic monopoles. B r i e f l y a high ion i s ing 

t rack should be observed et these long time delays, whereas normal tracks 

due to charge e pa r t i c l e s w i l l not bo saen0 This w i l l be discussed i n 

Appendix B 0 
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AFT3TOTX A 

DERIVAriCN C A HADRCr BURST SF5CTRUM Tl 15 CT_pJLEAD 

A hadron burst spectrum was derived in a 15 cm of lead absorber using 

the resul t s o f the calculat ions introduced xn Chapter 3 <an<3. the atsumed 

sea l eve l d i f f e r e n t i a ] hadron energy ^poctru^. 

The procedure i n the calculat ions to derive t h i s spectrun was the same 

as the one discussed i n section 5 « 8 . The aim o f these calculat ions was 

made i n oider to re-examine the e f f e c t o f f luc tua t ions on the measured burst 

&ize spectrum. 

I n section 5*8 t h i s was discussed using the sea l e v e l hadrons ener^v 

spectrum given t y Baruch et a l . (1973) w i th a step xn the spectrum i n tbt, 

region o f 2 - 8 TeV. (see section 5 » 8 f o r more d e t a i l s ) . 

I n t h i s appendix ctnoiher esse W<AS taken wherp the spectrum V-ss a 

constant slope, y = ? . 8 . Ho?<ever, one can b r i e f l y discuss the procedure 

o f t h i s ca lcu la t ion again as fo l lows : 

The d i f f e r e n t i a l spectrum was divided in to many eel]s and f o r each 

- 2 - 1 - 1 

c e l l the number o f events i n un i t s o f cm sec st was ca lcula ted . 

The burst size d i s t r i bu t i ons (Ne) as a func t ion o f the depth o f in t e rac t ion 

xn the lead absorber was used. These d i s t r i b u t i o n s have been calculated 

f o r d i f f e r e n t primary pa r t i c l e s (protons) , (see f igu re 3 . H ) • 

From the above d i s t r i b u t i o n s the p r o b a b i l i t y that a primary proto i 

incident on the lead absorber produces a burst size N per u n i t N was calculated. 

Now the above p r o b a b i l i t i e s were folded i n to the frequency o f each c e l l 

and the expected shape o f the burst spectrum observed i n the lead i s shown 

i n f i g u r e A . l . The predicted burst spectrum shows a slope o f Y = 2 . 8 a l so . 

To derive the energy spectrum from the above predicted bur&t spectrum the 

burst size - energy re]a t ionsnip was used assuming the incident primary 

pa r t i c l e s to be protons (see f igure 3 « 7 ) » The spectrum was corrected f o r 
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the p r o b a b i l i t y o f protons which dad not in t e rac t m lead . The derived 

energy spectrum i s also shown i n the same f igure A . l , The energy spectrum 

shons a slope o f Y = 2 . 8 a lso . 

Although there i s a f ac to r o f about 1 .5 d i f f e r r ^ c e i n the i n t ens i t y 

betv-~en the- t>\o er.eigy spectra the slopes of the tv.o spectta arc the samo0 
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SEARCH 7CR T"^ i'M?CTlC I'CNOPOI!? 

B.] In t roduct ion 

I n 1931 Dirac introduced a mathematical predic t ion f o r the existence 

o f magnetic monopoles. These monopoles are m t e i e s t i n g as they sppear 

to be the only v.av o f explaining the quan t i t i aa t ion c f electrac charge* 

Hov.ever, according to Dirac ( 1 9 3 1 , 1 9 4 6 ) , i f the fundamental e l e c t r i c 

tic 
charts i s e then the monoj/oles of fundamental strength g = n • ~ , 

t i c 
n = 1 , 2 , 3 « « « should ex i s t , vdiere — ^ i s the reciprocal o f the f i n e 

e 

s tructure constant = 137o 

Schwmger (1966) predicts tha t the monopole's charge J S iv.ice that 

Dirac deduced, i . e . g = n " ~ ~ > n = 1> ? > 3 So, i f the quarks 

wi th e / 3 charge ex i s t then the values o f g becomes "~— and " ^- ° -

\\ c c 
respectivelyo Thus, the detection o f monojolcs \ f i t h g = or 

would i n d i c i t e that the quarks vfi th f r a c t i o n a l charge do not e x i s t . The 

main charac te r i s t i c o f mcnopoles i s t h e i r very large rate o f i on i za t i on 

loss 111 matter (Bauer 1 9 5 1 » Cole 1 9 5 1 ) • So, f o r r e l a t i v i s t i c monopoles 

the track they produce i n any v i sua l detector shows a s imi l a r s tructure 

to those produced by high Z n u c l e i . Table B . l shows a summary o f some 

expected properties o f monopoles. The production o f monopoles i s expected 

to be s imi l a r to those producing electron - posi t ron pairs and the fo l lowing 

process shows t h i s : Ashton ( 1 9 7 3 ) . 

Y + P — > P + g + g 

P + P — > P + P + g + g 

file:///fith
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B .2 Previous monopolc searches 

Cosmic ray searches f o r monopolos have been performed by many groups: 

Ashton et a l . (196%) searched at sea l e v e l fo r monopoles using s c i n t i l l a t i o n 

counters and f l a s h tubns. They demended a pulse produced by monopoles o f 

greater than 4 , 0 0 0 times the pulse height produced by single p a r t i c l e muons. 

No events were observed and a f l u x 1-imit o f less than 1 .3 l O 1 ^ cm ^ sec 1 st 1 

was given. E r l y k m and Yakovlev (19&9) have used aonisation calorimeter to 

t»c 
to aeerch f o r raonopoles wi th g = and the f l u x l i m i t they produced i s 

- 1 2 - 2 - 1 - 1 13 -13 
< 2 . 5 10 "cm sec st f o r energy E > 10 eV and less lhan 7 10 
cm" 2 sec" 1 s t " 1 f o r 11 > 3 1 0 1 5 eV. 

2 

Fleischer et e l . . ( 1 9 7 1 ) have produced a negative resu l t using an 18 m 

area lexan polycarbonate array exposed at sea Jevel and the ITux at sea l e v e l 

they found to be < 1 .5 10 CIP 2 sec 1 s t 

Yock (3975) searched f o r the heavy mass h i g h l y charged pa r t i c l e s i - i 
- 1 C 

cosmic rays, no candidates were detected and en upper l i m i t o f 7 10 
—? —1 —1 2 

cm " sec s t a t sea l e v e l under 600 gra/cm concrete was obtained w i o h 90A 

confidence l e v e l . 

I n eccelerator work searches also have beui made f o r monopoles and a 

30 GeV proton accelerator experiment o f Amaldi et a l . (1963) and Purcel l et a l . 
2 

( I 9 6 3 ) show that the monopoles mass i s greater than 2 . 8 GeV/c i f they e x i s t , 
Gurevich et a l . (1972) used a 70 GeV proton accelerator and they have 

—43 2 2 given the production cross section cr< 1 .4 10 cm f o r JTg < 4 » 9 GeV/c . 

A search f o r monopoles i n p-p c o l l i s i o n was performed at CEBN - 1SR by 

Giacomelli ( 1 9 7 5 ) . The experiment was sensi t ive f o r monopoles o f mass 

Vg < 30 GeV. The search yielded an upper l i m i t on the production cross-

-36 2 
section o f cr < 2 10 cm at 9C>£ confidence levelo 
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Bo3 Present search 

The advantage o f the technique performed xn the v e r t i c a l burst 

experiment as described i n chapter k his, been used to search f o r monopolo3 

i n cosmic rays. Thxs search was made while the chamber was run on a long 

time delay o f 330 \L s . In t h i s txme d e l a y , i f a burst occurred xn the xron 

absorber the track which indicated the incoming p a r t i c l e can not be seen i n 

F l a . Therefore, i t was suggested that i f monopoles ex is t then they could 

be seen i n the chamber and t h e i r detection w i l l be by pulses recorded from 

scxntx i la tors C and A due to bursts produced xn lead and i r o n (see fxgure 

A•9) end the appearance o f an e f f i c i e n t t rack i n the chamber associated 

wi th burs ts . However, i n scanning a defxnxtxon was assumed to look f o r 

these hxgh e f f i c i e n c y t racks . 

Two types of events were observed from the data taken from the H - series, 

(a) events showing only a single track i n the chamber w i t h no burst width 

observed on the f l a sh tubes and a pulse height corresponding to a burst size 

Ne e i ther xn s c i n t i l l a t o r A or s c i n t i l l a t o r B, (b) events showing a single 

t rack appearing i n the f l a sh tube layer Fla and a burst observed i n the 

chamber und^r a 15 cm i ron absorber. 

9 events were observed and c lassxf ied as type (a) events. Table B.2 

shows more de ta i l s about these events. Accordxng to thxs table no event 

shows a burst sxze xn both s c i n t i l l a t o r s due to the passage o f a single 

p a r t i c l e . Plate B . l shows an example o f thxs type of evont. Fxgure B . l 

and B.2 show the relatxonshxp which has been measured i n chapter 4 f o r the 

number o f f l a s h tubes flashed between - 0.5 cm on the scanning sheets 

(scale 1 : 20) from the core o f the cascade over the f l a s h tube layer Fla 

or Fib (? la and Fib are the f l a s h tube layers under the lead and the i r o n 

respectxvely) and the burst sxze recorded exther i n scxnt i lDator C or A. 

The resul ts o f those 9 events (see table B.2) are p lo t t ed i n the f igures 

B . l and B.2 as crosses. 



Event Burst occurred 
i n 

No. of f la shes 
along the track 
i n , 
F l a F ib 

Burst s i ze (N) In 
3 C i n t i ] l a t o r 

A C 

H42-34 Pe 4 3 950 

H51-13 Pe 5 3 1,500 -
H53-62 Fe 7 6 1,025 ma 

H55-10 pb 7 5 M 2,600 

H55-11 Fe 3 3 675 -
H56-15 Fe ^ 3 1,225 -
H56-35 Fe 6 5 675 

H63-13 pb 4 3 - 1,400 

H77-36 Fe 7 6 825 mm 

Table B.2« Experimental d e t a i l s about the 9 events observed i n the 

f l a s h tube chamber (type (a) event ) , these events show 

only a s ingle track travers ing the chamber and a p u i s 0 

height corresponding to a burst s i z e (N) e i t h e r i n 

s c i n t i l l a t o r A or C with no burst width seen xn the 

f l a s h tubese 

( F l a and F ib are the f l a s h tube layers under the lead 

and iron r e s p e c t i v e l y ) . 
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These type of events can be explained as "background puons, t ravers ing 

the chamber within the 350 Us time delay. They a r e probably caused by 

large angular bursts which t r igger the chamber but the core of the cascade 

missed the f l a s h tubos» 

One event v.as observed of type (b) and t h i s i s shown m plate B . 2 . 

T h i s t-ype of event i s explained by the ca l cu la t ions made by T/ard (1975) , 

pr ivate communication as being due to a young burst produced m the l a s t 

few radiat ion lengths m lead absorber and the secondary pions emerged from 

the absorber close together f a l l on the f l a s h tube l a y e r F l a within one tube. 

So a track could be seen m F l a and a burst an the chamber could be observed 

due to these piont. interacted m iron absorber. 

« i l i i nu geaujjiB a v w a s navmg D e e n detected tne upper l i m i t could be 

—11 —2 -1 — 

set a t 90?o confidence l eve] for these monopoles as < 2.5 10 cm sec s t 

B.4» Discuss ion 

I t i s important to d i scuss the recent r e s u l t given by Pr ice et a l . (1975) 

on the detection of a monopole. Pr i ce et a l . i n a balloon f l i g h t found a 

very heav i ly ion i s ing p a r t i c l e passing through t h e i r experiment. The 

experiment contained a stack of Cherenkov f i l m s , emulsion and Lexan sheets . 

The lexan sheets indicate that the observed t rack was produced by e i ther a 

nucleus with 125< Z < 137 and p S 0.92 or a monopole with g = 157 e. 

The r e s u l t from the emulsion shows that the p a r t i c l e was moving downward 

with p = 0.5 and was e i ther a nucleus with Z ~ 80 or a monopole with 

g = 137 e. They concluded that t h i s track was due to a monopole of 

s trength g = 137 e and mass > 200 m^. 

However, one can point out here that the search f o r nonopolcs at 

sea l e v e l has an important advantage over high aDtitude searches because 

at high a l t i t u d e one can f i n d many hign Z p a r t i c l e s which could m any 



1?4 

experiment simulate monopoles whereas at sea l e v e l the probabi l i ty i s 

very small to detect high 2 . 

The or ig in of the monopole i s s t i l l unknown but i t could be produced 

m the cosmic rays e i l h e r in high energy cosmic ray in terac t ions i n the 

atmosphere or in the primary cosmic radiat ions 

V i t h the present experiment the search for monopoles i s not very 

r e l i a b l e and a nev experimental arrangement i& needed to Le set up for 

t h i s purpo&e. 



Plate B . l Event H53 - 62 

An example of a poss ible monopole 

t r a v e r s i n g the chamber. The 

osc i l loscope trace shows a pulse 

from s c i n t i l l a t o r A only. The 

event was observed on a run using 

a-fime "delay ? D of 330 y-s"« 

A = 1,025 p a r t i c l e s 





Plate B.2 Event W+9 - 1 

An example of an event in which three 

separated bursts can be seen. 

The middle shows a burst produced by 

a poss ible monopole. 

The~event-was-observed-on a run using 

a time delay T of 330 | i s . 





125 

T h e author v/ishes to thank Professor A.W, VTolfendale for the provis ion 

of the f a c i l i t i e s for thas work and for h i s i n t e r e s t and support. 

He i s extremely grateful! io hi«» supervisor Dr, 1 ? . Ashton for h i s w i l l i n g 

guidance, s t imulat ing s U b ^ e ^ T ^ s and invaluable help throughout the work. 

}'&ny members of the Cosmic Ray Research Group, S t a f f and R e s e a r c h Students, 

are thanked for he lp fu l d i scuss ions , m p a r t i c u l a r Dr. D.A. Cooper and 

Dr. A . Parvaresh for thear f r i e n d l y a s s i s t a n c e . 

The t echn ica l s t a f f of the Physics Department, in p a r t i c u l a r Mr. Vi". L e s l i e , 

Mr. M. Lee and Mr. Lincoln are thanked for t h e i r he lp . The author i s 

gra te fu l to ^ r s . A. Gregory for her invaluable help in drawing many of the 

diagrams for t h i s thesas . 

The Durham Confuting Unj.t i s thanked for the provision of computing f a c ­

i l i t i e s as w e l l as for advice at various t imes . 

The author i s gra te fu l to Mrs. J . L inco ln foi her care fu l typing of t h i s 

t h e s i s . 

The author LS grate fu l to the members of h i s fami ly , i n p a r t i c u l a r to 

h i s mother, who has been a great source of help© 

He i s g r a t e f u l to the B r i t i s h Counci l for the grant of a fee award. 

F i n a l l y , the Government of I r a q i s thanked for f i n a n c i a l a s s i s t a n c e . 



REFERJT:CIS 

126 

P . I . C . C . R . = Proceedings. I n t . Conf. Cosmic Rrys 

A d a i r , R . K . , Barge, D . A . , Chu, iT.T. and Leipuner, L . B . , ( 1 9 6 4 ) * 
F r o c . C o r a l . Gables Conf . , 36. 

A d a i r , R . K . cind Kasha H . , (1969) , Fhys . Rev. L e t t . , 23_, 1355. 

Alexander, G.and Y e k u t i e l l i , G . , (1961), Nuovo C i m . , 19, 103. 

AJkofer , O . C . , Carstensen, K . and Dan, V . D . , (1571), P . I . C . C . R . , Hobart, 
4 , 1314. 

A13aby, J . V . et a l . (1969), Nuovo C i m . , 64A, 75. 

Amaldi, E . et a ] , (1963), Nuovo Cim. , 28, 733. 

Anderson, C D . (1932) , Sc ience , 76, 238. 

Anderson, C D . and Neddomeyer, S . H . , (1938), Phys. R e v . , 54., 88. 

Antipov, Y u . M . et a l . (1969) , Fhys . L e t t . , 30B, 576. 

Ashton, P . , Cos t s , R . 3 . , Uolyoak, B . , Simpson, D.A. and Thompson, M.G. , 
MQ^^ V n o V T r u s t -,r>r > « ~ 4 W ~ , 3 r 1~l T O-l 
^ ~~^ - — I f - — » f — » - - " — — *r V A A V M ' I A . I ; , J I J •A.t J . 

Ashton, P . , Coats , P . B . , , K e l l y , G . V . , Smpson, D. i* . , Smitn, N . I . and 
Takahaehi, T . , (1968a, , Canadian J o u m ? I of P h y s . , 46, 1125. 

Ashton, F . , Coats , R . B . , Ke31y, G . l ' . , Simpson, D . A . , Smith, N . I . and 
Takahashi , T . , (1968b), J . Phys. A . , 1, 569. 

Ashton, P . , Edwards, H . J . and K e l l y , G.!»T. C l ? 6 9 a ) , Phys. I e t t . , 29B, 22,9. 

Ashton, P. et a l . (1969b), I z v e s t Akad. N-uk . , 3^, 1817. 

Ashton, P . , S n i t h , N . I . King , J . and } Tamidzh nnian, ^ . A . , (1970) , 
A c t a . Fhys . Hung., 2 £ , Suppl. 3 , 25. 

Ashton, F . , Edward&, H . J . and K e l l v , f o i l . , ( l 9 7 1 e ) » J . Fhys . A, Gen. P h y s . , 
4 , 352. 

Ashton, F . , Breare , J . M . , Holroyd, ' . U . , T s u j i , K . and Volfendale , A . t ' . , (1971b) , 
L e t t . Waovo Cun . , 2 ( 1 4 ) , 707. 

Ashton, F . , Coats , R . B . , K i n g , J . , T s u j a , K«and VTolfendale, A . w . , (1971c) , 
J . Phys. A . , 4 , 895. 

Ashton, F . and K i n g , J . , (1971) , J . Phys. A j Gen.Phys . , 4 , 431. 

A&hton, P . , (1973) , 'Cosmic Rays at Ground Level* f Ed i t ed by A.".'. Wolfendale, 
Published by tne I n s t i t u t e of Fhys . (London)o 

Ashton, P . , Cooper, D . A . , Parvaresh , A. and Sa leh , A . J . (1973a) , 
J . Phys. A , 6, 577. 

Ashton, , Cooper, D . A . , Parvaresh , A. and Saleh, A . J . , 
(1973b), F . I . C . C . R . , Denver, 3 , 20$6. 
(1973c) , P . I . C . C . R . , Denver, 2997. 

Ashton, F . and Parvaresh, A . , (1975), P . I . C . C . R . , I»funich, 8, 2719. 

Ashton, P . , Cooper, D . A . , N a s r i , A . , Parvs-resh, A. and Sa leh , A . J . , (1975) , 
P . I . C . C . R . , Munich, 8, 2980. 



127 

Ashton, F . c-\nd Sal ' .h , A . J . , 
(1975a), Nature, 256 (5516), 387. 
(3575b), P . I . C . C . 7 ! . , Munich, 7 , 2507. 
(1975c) , P . I . C . C . 3 . ,1'unicn, 2 , 2467. 

Aubert, J . J . et a l . (1974), Lc-b. f or N u c l . S c i e . Technical report 
NC CCO - 3069 - 271. 

A u r e l a , A . and . .olfendale, A.V' . , (19^7), Ann. Acad. S c i e . Fenn . , 6A, 226. 

Azaryan, I ' . C . et a l . (3973) , Sov. J . N u c l . P h y j . , 16, 678. 

Azimov, S . A . , Abdullaev, A . U . , ' ya lovsky , V.M. f>nd Yuldashbaev, T . B . , 
( I 9 6 3 ) , P . I . C . C . R . , Ja ipure , 5_, 69. 

Babecki, J . , Buja , 7,., Grigorov, N . L . , Losk icwicz , J . , I . a a s a l s k i , J . , 

Oles , A. and She&toperov, V . Y a . , ( l ^ 6 l ) , Sov. Fhys . J3TP, 13, 1089. 

Bacry, H . , I T uyts , J . and Van Have, L . , ( l 9 6 4 ) , Phys. L e t t . , 9^ 279. 

Barton, J . C . , (1967) , F r o c . Fhys. S o c , 90, 87. 

Barton, J . C . and StocVel , C . T . , (1966), Fhys . L e t t . , 21, 360. 
Baruch. J . 7 1 . F . , Brooke, G. ,md. Kellermann, E . Y , r . , 

(1973) , Nature, 2h2 ( l l i » ) , 6 . 
(3-973), J . F h y s . A j r a t h . Nuc l . G e n . , 6, 98. 
V.1973;, F . I . C . C . R . . , DcuvCi, ^ , 23C1. 

Baruch, J . E . ^ , , Brooke, G . , Huang, C . H . , K c l l e r n a n n , 3 . V . and V a l p t e r , N . D . , 
(1975), To be published in the f i n a l F . I . C . C . R . Volume, Punich. 

Bauer, S . , (1951) , F r o c . Camb. Ph i3 . S c - c , 47 , 777. 

B e c k l m , E . E . and E a r l , J . A . , (1964) , Phys. R e v . , 13_£B, 237. 

B e l e n k j i , S . Z . and landau, L . D . , (1956) , Ni ovo Cira. S u p p l . , 3 , 15* 

Bennett, '.Y.^i., ( I 9 6 6 ) , Phys. Rev. L e t t . , 17, H 9 6 . 

Bhabha, I T . J . , ( l ?35 N - , Proc . Roy. S o c . , 152A, 559. 

Bhabha, H . J . , ( 193 ' ° ) , Proc . Roy. S o c . , 16LA, 257. 

Bingham et a3. ( 1 ° ^ ) , Phyt>. Rev. L e t t . , 1 ? , 423. 

Bjornboc, J . , Damgard, G . , Hansen, K . , C h a t t e r j e e , B . K . , G n e d e r , P . , 

Klovning, A . , L i l l e t h u n , 2 . , and P e t e r c , B . , (1968) , Nuovo C i m . , 53B, 241. 

Bjorken, J . D . , Glashow, S . L . , (1964) , Fhys . L e t t . , 11, 255. 

B l a c k e t t , P . i ' . S . and C c c h i a l i n i , G . P . S . , (1932) , Nature, 130, 363. 

Blum et a l . (1964) , i b i d , page 353a. 

Bothe, \i. and Kolhor&ter, '-7.Z., (1929) , P h y s . , 56j. 751. 

Bradt , V . H . , and Rappaport, S . A . , (1967) , Phys. R e v . , 1&J_, 1567. 
B r a g i n s k n , V . B . , Ze3'dovich, Y a . B . , Martynov, V . K . and l ! i g u l i n , V . V . , 

(1968) , Sov. F n y s . , JETP, 27, 51. 

B r i a t o r e , L . , D 'Et torre P i ? ? z o l i , B . , Piano, A . , S i t t e , K . , F i c c h i , P . , 
and V i s e n t i n , R . , (1973), P . I . C . C . R . , Denver, 3 , 2101. 

B r i a t o r e , L . , Dardo, I . , D'Ettorre F i a z z o l i , B . , I'annocchi, G . , P i c c h i , P . , 
S i t t e , K . and V i s e n t i n , R . , (1975) , P . I . C . C . R . , ?'unich, 7, 2i»05. 

Brooke, &. and »'.olf endale, A . ( 1 5 6 4 ) , Proc . Phys. S o c . , 83_, 843. 

Brooke, G . , Meyer, M.A. and .Volfendale, A . " / . , (1964) , F r o c . Phys. S o c . , 83, 871. 



128 

Buhler - Brog l in , A . , D a l p i s z , P . , Tlas&am, T . and Z i c h i c h i , A . , (1967) , 
Nuovo C i m . , 51A, 837. 

B u j a , Z . , (1963) , Acta Fhys. P o l . , Zjj., 381. 

C a i r n s , I . , McCusker, C . B . A . , P c a k , L . S . and Woolcott, R . L . 3 . , (1969) , 
Phys. R e v . , 186, 1394. 

Chin , S . , H a n a y r u , Y . , Hare, T . , Higashi , S . and T s u j i , K . , (1971), 
Nuovo Cim. , 2A, 419. 

C h r i s t y , R . F . and Kusakd, S . , (1941) , Phys. R e v . , £ 2 , 405. 

Chukpa, M.k., S c h i f f e r , J . P . and Stevens, C M . , (1966) , Phys. Rev. L e t t . , 
17, 60. 

C l a r k , A . T . , E r n s t , R . D . , ? m n , H . F . , G r i f f i n , & . G . , Hansen, N. 1"!., and 
Smith D . S . , (1971), Phys. Rev. L e t t . , 27, 51. 

Coats , R . B . , (19G7)> Ph.D. t h e s i s , Durham, Unpublished. 

Cocconi, &., Koester , L . S . and Perk ins , D . H . , ( I 9 6 I ) , UCRL High Energy Phys. 
Study Semmui-s, 28, (UCID - 1444). 

Cole , H . J . D . , (1951) j Proc. Camb. P h i l . S o c , 47 , 196. 

Cook, D . D . , De Pasqua l i , G . , ' r a n f e l d e r , H . , Peacock, R . N . , S t e m r i s s e r , F . 
and Yfottenburg, A . , (1969) , Thys. R e v . , 188, 2092. 

Cowan, T?.W. and Matthews, K . , (1971) , Phy&. Rev . , Z»D, 37. 

Cox, A . J . , Beauchemp, V . T . , Bowen, T . and Kalbach, R . N . , (1971) , 
r . I . C . C . R . , Hobert, 3_, 1167. 

Crawford, D . F . and J.'essel, H . , (1965), N u c l . P h y s . , 61, 145. 

C r i s p i n , A. and Fovfler, &.N. , (1970), Rev. ' Tod. T h y s . , 4j?, 290. 

Crouch e l a l . ( l ? 7 l ) P r e p r i n t . 

Dardo, M. , Navarra, G. Penengo, P. and S i l t e , K . , (1972) , Nuovo C i a i . , %A, 319* 

Diggory, I . S . K O O K , J . R . , Jenkins , J . A . and Turver , K . ^ . , (1974) , 
J . Phys. A, 7 ( 6 ) , 741. 

D i r a c , P . A . v . , (1931) , Proc . Roy. S o c , 3 3JA, 60. 

D i r a c , P . A . F . , (1948), Phys. R e v . , 74, 817. 

Dmitriev, V . A . , Kul ikov , G.V. and K h n s t i a n s e n , G . B . , ( I 9 6 O ) , 
Sov. Phys . , JETP, _3J» 6 3 7 . 

Dobrotin, N.A. and S a l a v a t m s k y , S . A . , (1960) , Proc . 10th Ann. 
Rochester Conf. on High Energy F u e l . Phys. 

E l l s w o r t h , ^.7/. I t o , A . , Ton..ar, S . C . , S tre i tmat ter , R . E . , V a c F a l l , J . R . , 
Siohan, 7. ana Yodh, G . B . , ( 1 9 7 5 ) . , P . I . C . C . R . , Munich, 2537. 

E r l y k x n , A.D. and Yakovlev, V . I . , (1969), Sov. P h y s . , JETP, 29, 922. 

Erofeeva , I . N . , 1'itschenko, L . G . , I l u r z m , V . S . , Raooport , I . D . , 

S a n c h e r a , L . I . , (1965) , P . I . C . C . R . , London, 2 , 833. 

Erofeeva , I . N . , (1971), D i s s e r t a t i o n , N u c l . Phys. I n s t , of the 1,'oscow 
State U n i v e r s i t y . 

Evans , G. et a l . (1973/72) , Proc . Roy. Soc. Edinburgh ( A ) , 70, 143. 

F a i s s n e r , H . , Holder, N . , K r i s o r , K . , I'ason, G . , Sawaf, Z. and Unbach, H . , 
(1970) , Phys. Rev. L e t t . , 24, 1357. 



129 

Fermi , E . nnd Yang, C . N . , (1945) , Phyrs. R e v . , ]6, 1739. 

Feynsran, B . P . , (1969) , r h y s . Rev. L e t t . , 23_, 1415. 

F l o i s c h p r , R . L . , Hart , H . R . , N i c h o l s , G-.E. and Prxce , P . B . , (1971) , 
Phys. R e / . , 4J>, 24. 

F r e n z i n i , P . and Shulman, S . , (1968) , Phys. Rev. L e t t . , 21, 1031. 

Freuenfe lder , H . , Kruse , U . S . and Sard , R . D . , (1970) , Phys. Rev. L e t t . , 24, 33. 

G-alper, A . l * . , Gonozov, V . A . , et a l . (1970) , Sov. J . ^ u c l . P h y s . , 10, 193. 

Garmii'e, G . , Ieong, C. and Sreeks-ntan, B . V . , (1968) , Phys. Rov. , 166, 1280. 

G a r r a f f o , 2 . , Pignotto, A. and Zgrab l i ch , G-., (1973) , N u c l . P h y s . , 533, 419. 

Gbll- i leun, (1964.), Fhys . L e t t . , 8, 214. 

G i a c o n e J l i , G . , R o s s i , A. V. and V a n n m i , G . , (1975) , Nuovo C i m . , 28A, 21. 

Gomez, R . , et a l . (1967) , Phys. Rev. L e t t . , 18, 1022. 

G r c i d e r , P . K . v . , (1970) , I n s t . N u c l . Study, Tokyo, Fub. INS J 125. 

Gre ider , P . K . F . (1972), Nuovo C i m . , 7A, 867. 

Gre i sen , K . , (1956) , Progress i n Cosmic Rays P h y s . , ^ , (Amsterdam, North 
Holland) • 

Gre isen , K . , ( I 9 6 0 ) , Ann. Rev. N u c l . S c i . , 10, 63 . 

Gngorov , N . L . , ' ' u r z m , V . S . end Raport, I . D . , (1958) , Zh. ^ S P . Teor. ? I B . » 
34, 506. Sov. Phys . , JTJTP, 2» 348. 

Grigorov, N . L . , Scbmya'cov, V . A . , Tretyakova, C h . A . , Shestoptrov, V . Ya . . , 
Babaian, K n . P . and Dulyan, G . G . , (1965) , P . I . C . C . R . , London, 2, 860. 

Grigorov, N . . . et a l . (1970) , Acts Pnys. Hung., 29, Supp. 3 , 37. 

Gurevich, I - I . et a l . ( 1 9 7 ? ) , Phys. L e t t . , £ 8 3 , 549. 

Hagopian, V . , Sc love , „'., ^ h r l i c h , R . , Leboy, ?^., Lanza, R . , Rahm, D. and 
V/ebster, V., (1964) , Phys. Rev. L e t t . , l j j , 280. 

Hayakav/a, S . , ( I 9 6 9 ) , Cosnic Ray P h y s i c s , Published by 7'iley, New York. 

Hayman, P . J . , and .Tolfendale, A..'./., (1962) , Proc . Phys. S o c , 80, 710. 

Hazen, W . E . , Hendel, A . Z . and '.remcr, S . R . , (1971) , P . I . C . C . R . , Ilobart, ^ , 1200. 

Hazen, . / . S . (1971) , Pnys. Rev. L e t t . , 26, 582. 

Hazen, V . T . , H-idson, A . L . , Wmters te in , D. and K e l l e r , C , (1973) , 
P . I . C . C . R . , Denver, _3_, 2087. 

Hazen, Y.'.]]., Fadson, A . L . , K a s s , J . R . , Green. B . R . and Lloyd , P . G . , (1975) , 
P . I . C . C . R . , Vunich, 7, 2473. 

Hebart et a l . (1970) , F r o c . 12th I n t . Conf. on Low Temp. Phys . , 855. 

Hess , V . F . , (1912) , Phys. Z . , 13_, IO84. 

Heutch, C .A . and F r e s c o t t , C . Y . , (1964) , Phys. R e v . , 135B, 772. 

H i l l a s , A . V . , (1970) , Acta Phys. Hung., 29j. Suppl . 355. 

H i l l a s , A . M . , (1972) , Cosine r a y s , Pergairon F r e s s . 

Hughes, E . B . and Karsden P . L . , (1966) , J . Geophys. R e s . , J l , 1435* 

Ivanenko, l . P . and Samosudov, B . 3 . , 
(1959) , S o / . Phys. J 35 ( 8 ) , 884. 
(1367a), 
(1967b , 

B u l l . Acad. 3 c i . , LSSR, 30, 1722 
bov. J . of L 'uc l . P h y s . , 5 ( 3 ) , 442. 



130 

Jacob, M. , (1975) , Phvs. Bul letan ( \ p r j l ) , 175. 

Johnson, i . W , (196';)» Ph.D. ^hes i s , I ichigan U n i v e r s i t y . 

Jones, L . \ i . et a l . (1967) , Thys . R e v . , 164, 15&4-

Jones, L..'«'., Bubsian, A."?, and Demoe3ter, G.D. et a l . , (1970) , 
Pnys. Rev. L e t t . , 25, 1679. 

Jones, w .V. , (1969=1), Phys. R e v . , 187, 1868. 

Jones, ' . r . v . (1969b), P . I . C . C . R . , Budapest, Acta Phys. Acad. S c i . Hung.( l970) , 
29, Supp. 4 , 513. 

Jones, TuV/., P m v a u , K . , Po l lvogt , U . , Schmidt, ^ . K . H . and Huggett R . 1 ' . , 
( I 9 6 9 ) , F . J . . C . C . R . , Budapest. Acta Phys. Acad. S c i . Hung,, 29, Suupl . 4 , 521. 

Kameda, T . , JIacda, H . , Cda, H . and Sugihara, T . , (1965) , P . I . C . C . R . , 
London, 2, 681. 

Kaneko, T . ct a l . (1971) , P . I . C . C . R . , Hobart, 2» 2759. 

Kasha, H. and S t e f a n s k i , R . J . , (1968), Thyr,. R e v . , 172, 1297. 

Katsumata, I . , (1964) , J . Phys. Soc. Jepan, 12, 800. 

Khrimyan, A . V . , Avakyan, V . V . , Pleshko, K . P . and Khrimyan, G.V., (1964) , 
1ZV. JfSSGR Ser . f i z . , ? 8 , 1803. 

Kim, (1973) , Contemp. P h y s . , 14 ( 4 ) , 289. 

K i r a l y , P. and Vol fendale , A . Y / . , (1970) , Phys. L e t t . , 31B, 2,30. 

Ko lhors ter , (1914) , Ber deutscn Phys. G e s . , 16, 719. 

K n s o r , K . , (1975) , Nuovo C i m . , 2JA, 132. 

L a i , R a ^ ivan, R . , Rangasvamy, T . M . , Sreekantan, B . v . and 
Subraiaenian, (1963) , P . I . C . C . R . , J a i p u r , 5 , 260. 

L a t t o s , C . I . ' . G . , Ic'uirhead, H . , C c c h i a l m i , G . P . S . and Powel l , C . F . , 
(1947) , wature, 159, 694. 

Lee , T . D . , (1965) , Nuovo C i m . , _3_5, 933-

L9ipuner, L . , l a r s e n , R . , Se&somo, A . , Smith, L . and M l l i a m s , H . , (1973) , 
P . J . C . C . R . , Denver, j i , 2081. 

L e v i n , ""S.M. and F r a n k f u r t , L . L . , (1968) , Sov. Phys. Usp, 2 , 106. 

L loyd , J . L . , (1960) , Proc . of the Phys. S o c . , LXXV, 387. 

L o v a t i , A . , Mura, A . , S u c c i , C.and T a g l i a f e r r i , G . , (1954) , Nuovo C i m . , 
12 , 526. 

llassam, T . and Z i c h i c n i , A . , (1966) , Nuovo C i m . , 4 3 , 227. 

McCusker, C . b . A . and C a i r n s , I . , (1969), Fhys . Rev. L e t t . , _23, 658. 

McDiaraid, I . B . and .,'ilson, V . D . , (1962) , Can. J . P h y s . , 40 , 698. 

l l e s s e l , H. and CrcAford, D . , (1970) , Tables (Oxford, Pergaman). 

L'orpurgo, G . , (1967) , Acta Phys. Hung., 22, 105. 

Morpurgo, G. et a l . (1970) , N u c l . I n s . a n d l l e t h . , J_9_, 95. 

V u r z i n , V . S . , Bashmdzhagyan, G . L . , E r o f f e e v a , I . N . 1,'ishchenko, L . G . , 

R a p o p o r t , I . D . and Sarycheva, L . I . , (1967) , Sov. J . N u c l , F h y s . , 5 , 435. 

K y a l k o v s k i l , V . U . , U 9 7 2 ) , D i s s e r t a t i o n , FT IAN UZBSSR. 

Mylro i . V . G . and '. . i lson, J . G . , (1951) , Proc . Phys. Soc. A , 64, 404. 

file:///prjl


1.31. 

Nagel , H . H . , (1965) , Z . FhysaJk, 386, 319. 

Nash, T . , Yamonouchi, To, Nesse, D.and S c u l l i , J . , (1974) , 
Phys. Rev. L e t t . , }2 ( 1 5 ) , 858. 

Nikolsky , S . I . , (1967) , Sov. Fhys . JETP, 2h, 535. 

Nishimura, J . and Kamata, K . , (1952), Prog. Theor. F h y s . , 1, 185. 

N i s h i n a , Y . , Tomon^a, ?. and Kobvyebi, V., (1935) , S c i . Pap. I n s . 
Phys. Chcra. Research, Japan, _27_, 137« 

O e n , B . G . and Wilson, J . G . , (1955), Proc . Phys. S o c , 68A., 409. 
P«r- t i ca l Data & r 0 U P » (1972) , Thys. L e t t . , 39B ( 1 3 ) , 145. 

P a r v a i c s h , A . , (1973) , l h . D . T h e s i s , Durham, Unpublished. 

P a t t i s o n , J . B . T . , (3965) , I h . D . T h e s i s , Durham, Unpublished. 
Pmkeu, K.and Thoipson, K . V . , (19^6), The Rev. of the S c i e n t i f i c I n s t . 

37 ( 3 ) , 302. 

Pane, J . Davison, R . J . and G-reisen, K . , (1959) , Nuovo Cimi, 1^, 1181. 

P r i c e , r . B . 3hj.rk, 3 . K . , Osbome, uZ. and Pinsky, L . S . , (1975). 
Phys. Rev. L e t t . , 35 ( 8 ) , 487. 

P o r c e l l et n l . {lO^j), Phys. R'jv . , 129, 2326. 

Racah, G . , (1937) , F u o " 0 Cim, 14., 93. 

Rahm, D . C . and Sternheiirer, R . N . , (1969) , Brookhaven preprint BNL 3J|072. 

Rahm, D . C . and L o u t t i t , R . I . , (1970) , Phys. Rev. L e t t . , 24, ?79. 

Rank, D . K . , (1968) , Phys. R e v . , 176, 1635. 

Rochester, C-.D. -nc B u t l e r , C . C . , (19^7), Mature, 160, 855. 

R o s s i , B . , (1932) , Fhys. Z . , ^ 3 , 304. 

R o s s i , B . , (1952), High Energy P a r t i c l e s , ( F r e n t i c e - H a l l ) . 

Ryan, I ' . J . , Crmes, J . P . and Balasubrahranym, V . K . , (1972) , 
Phys. Rev. L e t t . , 28, 985. 

Sakata, S . , (1956) , Frog. Theor. Phys . , 16, 686. 

Sa l eh , A . J . (1973), tf.Sc. T h e s i s , Durhem, Unpublished. 

Schv/mger, J . , (1966) , ^hys. R e v . , 344, 1087. 

Shestoporov, V . Y a . , (1974) , Sov. J . Nuc. P h y s . , 1 2 , 656. 

Sinanoglu, C , Skutnik, B.and Tousey, R . , (1966) , Phys. Rev. L e t t . , 1 7 , 735. 

Siohan, ? . , La Pointe , V., MacFal l , J . , Stott lemyer, A . , E l l s w o r t h , R . n . , 
Yodh, & . B . , (1973a), P . I . C . C . R . , Denver, ^ , 2129. 

Siohan, F . , La Pointe , M . , I T a c F a l l , J . , I t o , A . , Stot t le iryer , A . , 
Tonwar, S . C . , E l l s w o r t h , R W . , Yodh, G . B . , ( l 9 7 3 h ) , P . I . C . C . R . , 
Denver, 3_, 2135. 

Siohan, F . , La Pointe , V., V a c F a l l , J . , Stott lemyer, A . , S tre i tmat ter , R . , 
E l l s w o r t h , R . V . , Yodli, & . B . , (1975), P . I . C . C . R . , Kunich , 2» 2 532 . 

Stover , R . \ / . , Koran, T . I . and T n s c h k a , J . M . , (1967) , Phys. Rev . , 164, 1599* 

S t r e e t , J . C . and Stevenson, ^ . C , (1937) , Phys. R e v . , 52, 1003. 

Tanahashi , &., (1965) , Proc . Phys. Soc. Japan, 20, 883. 



132 

Thic lhe in , K.C. an<? Beier&odorf, R. , (1969), Acta Phys. Acad. 
Sci . Hung., ?9_, ~^PPl» t>, 51-9. 

Thiolheajn, K.C. and Zol3rsr , H . , (1972), J . Fhys. A , 5_, 1054. 

TJion, H . , (1964), Thys. ?c-v., 136, B4A7-
Tonwar, S.C. ITaran&n, S. and Srcekantan, B . v . f (1971), P . I .C.C.R. , 

Hobart, . j , 1171. 

Vatch, R.H. et a l . ( l ?72 ) , J . Phys. A, 6, 1050, 

udowczyit, J . , (1973), 'C^smo ^ayo at G-round Level*, ?c i ted by 
A.V. y,oIfe^dj.le, Fubliished by tne I n s t i t u t e of Fhys. (London). 

>/ebbcr, ff.^., (1973), P.I .C.C.R. , Denver, 5, 3568. 

White, u . I , ' . et a l . (1270), Aotd Fnys. Aced. S c i . Hung., 2£, Suppl. 3» 33 • 

Ti lson, (1970), Natal-*, 2?5, 1238, 

\'o2feidili=>, A . V . , (1973), 'Cosmo ?ays at Ground L e v e l ' , 

Edited by A . t . Violfei dale, Published b j the I n s t i t u t e o f Fhys. (London). 

Yukawa, H . , (1935), Proc. Phys. L'ath. Soc. Japan, 17, 48. 

Yock, P .C . I ' . , (1974), Nucl . Fnys., B76, 175-

Yock, P.C.I. 1., (1975), KuuL. Phyb. BS6 .̂ 216. 
Yodh, G.B., ^ a l Yash and T r e f i l , J .S . , (l;!*)> Fhys. Rev. L e t t . , 28 

(15 ) , 1015. 
Yodh, G.B., (-L974), (pr ivate comniun^cation). 

Zerby, C D . and Koran, U.S. , (3963), J . Appl . Phys., }±, 2443. 

Zweig, G. , (1964), Preprints TH401, ""mil* 
Zweig, G., (1965), Symmetries an Elementary Pe r t i c l e Fnysics iJd. 

A. Zichichx (Nov/ York : Acad. Press). 


