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ABSTRACT 

The density spectrum of extensive s i r shower; 
p a r t i c l e s was measured using a p r o p o r t i o n a l counter. 
I t was found t h a t the slope of the i n t e g r a l spectrum 
changes f r o m - 1 . 5 t o - 2 . 0 at about 1 , 0 0 0 m • Using 
t h i s spectrum the primary energy spectrum of cosmic rays 
was d e r i v e d . 

I n measuring the density spectrum of extensive a i r 
showers, the s e l e c t i o n system consists of three large 
l i q u i d s c i n t i l l a t o r s placed h o r i z o n t a l l y on th e . r o o f of 
a. large volume f l a s h tube chamber. I n each t r i g g e r the 
passage of the p e n e t r a t i n g component through the chamber 
were photographed. The density spectrum of the penetrat­
i n g component of extensive a i r showers was measured and 
the r e s u l t s compared w i t h the expected spectrum f o l d i n g 
the derived number spectrum, measuring the density spectrum 
of extensive a i r showers, i n t o the l a t e r a l d i s t r i b u t i o n 
of muons. 

The energy sp e c t r a of charged and n e u t r a l hadrons i n 
extensive a i r showers of median shower size of 2 , 7 . 1 0 ^ 

p a r t i c l e s hav ebeen measured. The r e s u l t s have been r e l a t e d 
t o the energy spectra of hadrons i n shower range of 2 . 1 0 ^ 

t o 4 « 1 0 ^ p a r t i c l e s . 

A search f o r charged e / 3 p a r t i c l e s (quarks) close t o 
the core of extensive a i r showers, of median size of 2 .7*10^ 

p a r t i c l e s , has been c a r r i e d out. I n 5>420 hrs- running time 
no quark candidate has been observed. The upper l i m i t on 
the quark f l u x being 5 .5.IO"" 1 1 cm"*~s**1st'°1 at 90$ confidence 
l e v e l . 
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PREFACE 

This t h e s i s describes the work performed by the 
author i n the Physics Department of the U n i v e r s i t y of 
Durham w h i l e he was a research student under the super­
v i s i o n of Dr. F. Ashtoh. 

A p r o p o r t i o n a l counter i n conjunction w i t h a large 
volume f l a s h tube chamber has been used t o study the 
d i f f e r e n t components of extensive a i r showers selected 
by the predetermined l o c a l e l e c t r o n d e n s i t i e s . 

The day-to-day running of the p r o p o r t i o n a l counter 
and the analysis and i n t e r p r e t a t i o n of the data has been 
the author Ts sole r e s p o n s i b i l i t y . The author has shared 
w i t h h i s colleagues the c o l l e c t i o n of data obtained by 
f l a s h tube chamber, and has been responsible f o r the 
c a l c u l a t i o n s and data i n t e r p r e t a t i o n described i n the 
t h e s i s . 

The p r e l i m i n a r y r e s u l t s , described i n t h i s t h e s i s , 
on the d e n s i t y spectra, of e l e c t r o n , muons and a. quark 
search have been reported by Ashton et a l . ( 1 9 7 3 b ,c,d). 
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CHAPTER 1 

INTRODUCTION 

1 . 1 General 

Among 20 cloud chamber photographs c o n t a i n i n g tracks 
of cosmic ray p a r t i c l e s , Skobel'tsyn ( 1929) observed three 
photographs w i t h two p a r t i c l e s and one photograph w i t h three 
p a r t i c l e s . This showed the a b i l i t y of cosmic ray p a r t i c l e s 
i n producing groups of simultaneous p a r t i c l e s . The existence 
of t h i s k i n d of phenomena, c a l l e d extensive a i r showers (EAS), 
encompassing areas amounting t o a thousand square metres and 
more was disclosed by Auger ( 1938) and independently by 
Kolhorster e t a l . , ( 1 9 3 8 ) . 

The discovery of EAS coincided w i t h the theory of e l e c t r o n -
photon cascades proposed by Bha.bha (1937) and thus led Euler 
( 1 9 4 0 ) i n suggesting t h a t EAS as being electron-photon cascades 
produced i n the atmosphere by means of high energy e l e c t r o n s . 

Scheiri? e t a l . ( 1 9 4 1 ) observed hard p a r t i c l e s i n cosmic 
rays and found t h a t only a few per cent of these p a r t i c l e s 
associated w i t h EAS and t h a t the i n t e n s i t y of hard p a r t i c l e s 
i n cosmic rays increases as the height of observation increases. 
These observations l e d Schein e t a l . , t o conclude t h a t primary 
cosmic rays are protons and t h a t s o f t component were second­
a r i e s o r i g i n a t e d by the primary protons, probably through the 
production of mesons t h a t subsequently decay i n t o electrons 
(Carlson, 1 9 4 1 ) • 

I n 1947> L a t t e s , O c c h i a l i n i and Powell exposed nuclear 
emulsion plates to cosmic r a d i a t i o n at mountain a l t i t u d e s , 
which led t o the discovery of pion . The pion was l a t e r 
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associated w i t h the Yukawa p a r t i c l e , the t h e o r e t i c a l p a r t i c l e 
proposed by Yukawa t o e x p l a i n the binding force of nucleons. 
I n the same year Rochester and But let? ( 1 9 4 7 ) discovered 1 strange* 
p a r t i c l e s . 

The discovery of mesons i n cosmic r a d i a t i o n and other 
experimental observations l e d Zatsepin ( 1949) and Hayakawa(1949) 

t o formulate the nature of EAS. According t o t h e i r views: 
EAS are generated by primary nucleons. These nucleons i n t e r ­
act i n the atmosphere producing, s o f t , p e netrating and nuclear-
a c t i v e components of EAS. A l l t h i s taken as a whole transform­
ed cosmic ray p a r t i c l e s i n t o a branch of nuclear physics, and 
the study of EAS turned out i n t o a method t o i n v e s t i g a t e the 
p r o p e r t i e s of high energy nuclear i n t e r a c t i o n s * 

The energy r e g i o n of EAS which one can study high energy 
physics i s s t i l l f a r beyond the energy a v a i l a b l e i n accelerators, 

12 

i . e . f a r beyond the order of 10 eV (ISR energy r e g i o n ) . 

1•2 Density spectra of electrons and muons 

By f l y i n g balloons w i t h nuclear emulsion payloads t o 
great h e i g h t s , and more r e c e n t l y using s a t e l l i t e s , i t has 
been possible t o study the primary cosmic r a d i a t i o n d i r e c t l y 
up t o energies of ~ 10 ' eV/nucleon. Information at higher 
energies than — 10 " eV/nucleon i s not possible by means of 
d i r e c t measurements. Thus above t h i s energy i n d i r e c t measure­
ments have been used. This includes the study of EAS f o r 
energies of > l O 1 ^ eV. 

Thedensity spectrum of EAS determines the size spectrum 
which i n t u r n could be r e l a t e d to the primary energy spectrum. 
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An experiment has been c a r r i e d out t o measure the 
den s i t y spectrum of EAS. This is described i n chapter 3» 

Another parameter of the EAS which could be r e l a t e d t o 
the primary spectrum i s the number spectrum of muons. Using 
the f l a s h tube chamber, as a. v i s u a l detector, the density 
spectrum of muons of > 0 . 2 GeV hss been measured which i s 
described i n chapter 4« 

Measuring the angular d i s t r i b u t i o n of the muons observed 
i n the chamber and measuring the barometric c o e f f i c i e n t of EAS 
the a t t e n u a t i o n length of the shower p a r t i c l e s have been deduced. 
The r e s u l t s have been explained i n chapter 5« 

1 . 3 Energy spectra of hadrons 

Measuring the b u r s t w i d t h spectra of the hadrons observed 
i n the f l a s h tube chamber below the lead and i r o n absorbers, 
i n showers of median size of 2 . 7 . 1 0 5 p a r t i c l e s , the energy 
spectra of hadrons i n showers have been determined. 

Chapter 6 describes the r e s u l t s obtained, and i n chapter 
7 the nuclear p h y s i c a l aspects of the r e s u l t s have been 
considered. 

1 . 4 Search f o r quarks 

Above — 1 0 ^ eV cosmic rays are the only accessible high 
energy beam; they are, t h e r e f o r e , s t i l l c o n t r i b u t i n g t o the 
f i e l d of high-energy physics, i n p a r t i c u l a r t o search f o r 
t h e o r e t i c a l l y p r e d i c t e d p a r t i c l e s such as quarks, intermediate 
bosons, monopoles and tachyons. 

A search f o r ouarks close t o the core of EAS of the 
median size of 2 . 7 * 1 0 ^ p a r t i c l e s has been conducted using 



the f l a s h tube chamber. This i s described i n chapter 6. 
A type of event showing the production of s i n g l e 

backward moving secondary has been observed i n the f l a s h 
tube chamber. This i s i n v e s t i g a t e d i n chapter 9 and a 
possible explanation of t h e i r production has been proposed. 
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CHAPTER 2 

REVIEW OF MEASUREMENTS ON EA5 

2*1 I n t r o d u c t i o n 

When a. high energy cosmic ray p a r t i c l e , say of energy 
> 10"^eV, a r r i v i n g a t the top of the atmosphere c o l l i d e s 

w i t h a nucleon o f an a i r nucleus, a large number of second­
a r i e s are produced - pions, nucleons, antinucleons, kaons 
and other strong i n t e r a c t i n g p a r t i c l e s . Charged mesons, 
s u r v i v i n g nucleons and other produced str o n g i n t e r a c t i n g 
p a r t i c l e s s u f f e r f u r t h e r c o l l i s i o n s and generate more 
secondaries. The n e u t r a l pions decay immediately i n t o 
two gamma rays which i n i t i a t e electromagnetic cascades i n 
the atmosphere. As t h e i r energy becomes less the decay 
p r o b a b i l i t y of charged pions and kaons becomes comparable 
t o t h e i r i n t e r a c t i o n p r o b a b i l i t y and muons are formed by 
TC^JI+V and K—»li+v • These processes give r i s e t o 

the p e n e t r a t i n g component of a i r showers. This process 
of hadronic and electromagnetic cascade generation continues 
deep down i n the atmosphere and r e s u l t s i n a large number of 
secondary p a r t i c l e s which spread l a t e r a l l y t o considerable 
distances from the shower a x i s . The reasons f o r t h i s are 
as f o l l o w s : 

i ) the f i n i t e transverse momentum of the produced str 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 . 

i i ) the angular divergence of gamma rays and muons formed 
i n decay processes. 
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i i i ) the d e f l e c t i o n o f charged p a r t i c l e s due t o the 
earth's magnetic f i e l d * 

i v ) the m u l t i p l e s c a t t e r i n g of charged p a r t i c l e s i n 
t r a v e r s i n g the atmosphere. The r e s u l t i n g phenomenon i s 
c a l l e d an extensive a i r shower (EAS). 

The hadronic and electromagnetic cascades reach t h e i r 
maximum at d i f f e r e n t depths i n the earth's atmosphere depend­
in g on t h e i r primary energy and the d e t a i l s of the c o l l i s i o n 
processes.' 

Since the m a j o r i t y of the electrons are r e l a t i v i s t i c 
and have v e l o c i t i e s g reater than the v e l o c i t y of l i g h t i n 
the atmosphere, they give r i s e t o Cerenkov r a d i a t i o n , a. 
s i g n i f i c a n t p r o p o r t i o n of which i s i n the v i s i b l e p a r t of 
the electromagnetic spectrum. The electrons also give r i s e 
t o coherent emission of r a d i o waves i n the frequency range 
of 1 MHz t o several hundreds of MHz. The energy r a d i a t e d i n 
the form of r a d i o waves i s however 10"^ times l e s s than the 
energy r a d i a t e d by Cerenkov r a d i a t i o n . 

At the observation l e v e l , whether a t mountain a l t i t u d e s 
or a t sea l e v e l most of the a i r shower p a r t i c l e s a r r i v e i n 
the form o f t h i n discs a few meters i n thickness. 

Thus the f o l l o w i n g components are a v a i l a b l e f o r e x p e r i ­
mental observations, ( i ) the s o f t component, ( i i ) the 
p e n e t r a t i n g (muon)component, ( i i i ) the hadronic component, 
( i v ) Cerenkov l i g h t and ( V ) r a d i o waves. 

I t i s hoped t h a t by studying d i f f e r e n t components of 

EAS (both l a t e r a l l y and l o n g t i t u d i n a l l y ) and the r e l a t i o n s h i p 

between them, one can deriv e primary energy spectrum beyond 

~* lO^eV, primary mass composition and d i r e c t i o n a l d i s t r i -



b u t i o n of p r i m a r i e s , as w e l l as the c h a r a c t e r i s t i c s of 

high energy nuclear i n t e r a c t i o n s • 

2•2 The l a t e r a l d i s t r i b u t i o n of electrons 

The i n v e s t i g a t i o n of the l a t e r a l d i s t r i b u t i o n of charged 
p a r t i c l e s has made i t possible t o obtain a. considerable amount 
of i n f o r m a t i o n about the p a t t e r n of the formation and develop­
ment of EAS, as w e l l as the l a t e r a l d i s t r i b u t i o n of shower 
p a r t i c l e s w h i c h makes i t possible to determine the t o t a l number 
of p a r t i c l e s at the l e v e l of observation* This i s the most 
important parameter i n the analysis of the experimental data 
on EAS, since knowing the l o n g t i t u d i n a l development of shower 
i t i s possible t o estimate the energy of the primary p a r t i c l e 
producing the shower. 

The l a t e r a l d i s t r i b u t i o n f u n c t i o n of charged p a r t i c l e s 
has been derived t h e o r e t i c a l l y by Nishimura and Kamata. (1952, 
195&) f o r pure electromagnetic cascades considering the 
m u l t i p l e s c a t t e r i n g of e l e c t r o n s due t o the Coulomb f i e l d of 
the medium. A s i m p l i f i e d v e r s i o n o f the formula has been 
suggested by Greisen (1956) and i s c a l l e d Nishimura. - Kamata -
Greisen (NKG) formula, given by 

f(£-)= C(S) (XL.) ( E - J t l ) ^ ° u r l i * i r l ' where 

i s c a l l e d the Moliere or s c a t t e r i n g u n i t and defines the 
l a t e r a l distance through which an e l e c t r o n w i t h c r i t i c a l 
energy, E c, i s sc a t t e r e d i n t r a v e r s i n g one r a d i a t i o n length 
(the value of r ^ i s 79 m at sea l e v e l and about 120 m at 
mountain altitude),, r i s the perpendicular distance from the 
shower core, s i s the cascade age parameter and i n d i c a t e s the 
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development stage of the shower and C(S) i s a. normalisation 
f a c t o r such t h a t 

r00 

/ 2 I l f ( x ) x d x = 1 where x ~ -
t r i 

Values of C(S) are as f o l l o w s (Greisen, 1956) 
S 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

C(S) 0.22 0.31 0.40 0.44 0.43 O.36 0.25 

Thus assuming the l a t e r a l d i s t r i b u t i o n f u n c t i o n i s 
independent of shower size the e l e c t r o n density at distance 
r , p( N,r),from the core i n a shower of size N i s simply 

P(N,r) - f ( r_) 
r l 

Greisen (1960) has put forward the f o l l o w i n g emperical 
expression f o r the l a t e r a l e l e c t r o n d e n s i t y , based on e x p e r i ­
mental r e s u l t s which cover a. range of shower sizes varying 
from2*10^ to2*10^ p a r t i c l e s , atmospheric depths v a r y i n g from 

2 2 537 g cm" t o 1,800 g cm , and a t core distances running from 
5 cm to 1*500 m, namely 

O.75 3*25 
p ( H f r ) - 2 ^ 5 ( I L ) ( I L ) # ( i + J L ) 

rj* r r 1 + r 11.4 

Without the l a s t f a c t o r on the r i g h t - hand side of 
the above expression the equation i s the same as th© NKG formula 
w i t h age parameter S = 1.25. A simple c a l c u l a t i o n shows 
t h a t i n a. shower of 2,000 p a r t i c l e s , at sea l e v e l , there i s 
only one p a r t i c l e w i t h i n 10 cm of the core, only 17 w i t h i n a 
metre and only one p a r t i c l e per 120 m2 at 100 m f a r from the 
core using the above mentioned eq_uation. 

Therefore the measurements on the l a t e r a l s t r u c t u r e 
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f u n c t i o n near and f a r from the core needs more p r e c i s i o n 
and some discrepancies between d i f f e r e n t experimenters are 
expected. 

The measurements of Sydney group a t sea l e v e l ( H i l l a s , 
1970a) give a. : much f l a t t e r d i s t r i b u t i o n f u n c t i o n compared 
w i t h the emperical formula of Greisen* The f l a t n e s s i s 

due t o the observation of a. large p r o p o r t i o n of m u l t i core 
15 

showers" f o r showers induced by primaries of energy > 10 veV. 
The' f u n c t i o n i s expressed by 

. — 1 exp(-^g) where r i s i n 
meters* 

The K i e l group ( H i l l a s , 19?Qa)measurements on the p a r t i c l e 

d e n s i t i e s ( w i t h neon tube horoscopes) near shower axes at sea. 

l e v e l are represented by 

p(H,r) - 1.08.10- 2 ^ - J - T ^ e x p e ^ ) w h e r e r i s 

i n meters-* 
The a n a l y t i c expressions mentioned above f o r the l a t e r a l 

s t r u c t u r e of e l e c t r o n s due t o Greisen, K i e l group and Sydney 
group are shown i n f i g u r e 2.1. A l l three functions are 
normalised t o u n i t y . 

As f i g u r e 2,1 shows t h a t there i s good agreement between 
the measured l a t e r a l density d i s t r i b u t i o n of electrons between 
d i f f e r e n t experimenters i n the region of r - 10 - 300 m from 
the shower a x i s . 

The observed discrepency between measurements at both 
l a r g e and small core distances i s p a r t l y due t o the experimental 
e r r o r s i n core l o c a t i o n . 

I t i s i n t e r e s t i n g t o note that w h i l e most of the measure- . 
merits of the l a t e r a l e l e c t r o n density d i s t r i b u t i o n i n d i c a t e 
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Figure 2«1 L a t e r a l s t r u c t u r e f u n c t i o n of EAS p a r t i c l e s . The 
curves are due to empericsl formula given by Greisen 
(1960) and observations of K i e l group and Sydney 
group-Hillas (1970a)» The ordinate gives e l e c t r o n 
density f o r s shower size of N - 1. 
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t h a t the f u n c t i o n i s independent of shower size (Greisen, 
1960), there i s some evidence which suggests t h a t not only-
does the f u n c t i o n depend^ on shower s i z e , but f o r higher sizes 
the average age parameter increases as shower size increases 
as shown i n f i g u r e 2.2 (Miy.Rke et a l . 1973, Vernov et a l . 1970). 
This i s s u r p r i s i n g because as the shower size increases one would 
expect the showers t o be younger since there would be higher 
energy nucleons. feeding i n t o the electromagnetic components. 
As f i g u r e 2.2 shows the increase i n average value of age para­
meter 5 (the age parameter f l u c t u a t e s , see Vernov et a l , 1968) 
s t a r t s from the showers of sizes >a.l0? (equivalent t o c^lO-^eV 

— 2 
primary) at 730 g cm*" atmospheric depth as measured by Miyike 

6 16 e t a l . , and of size >2.10° at sea l e v e l (equivalent -2--10 eV 
primary) as reported by Vernov et a l , ( t o convert shower size 
t o primary energy a f a c t o r of 2 GeV per p a r t i c l e at mountain 
a l t i t u d e and 10 GeV per p a r t i c l e at sea l e v e l i s assumed). 
To account f o r t h i s behavier, Miygke e t a l . , suggest ' a 
change i n the c h a r a c t e r i s t i c s of nuclear i n t e r a c t i o n above 
^ 1 0 1 7 eV.. 

The increase i n age parameter f o r large shower sizes has 
been explained by Linsley (1973) t o be due to the f a c t t h a t 
the age parameter measured at large distances should be l a r g e r 
than average, and t h a t measured at small distances, smaller 
than average. Now since l a r g e showers t y p i c a l l y have been 
measured f a r from the core, the measured age parameter shows 
an increase. 
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2 0 3 The muon component 

2•3•1 General remarks 

Tranverse momentum acquired by mesons during t h e i r 

generation plays a de c i s i v e r o l e i n the d e f l e c t i o n of the 
muons from the shower axis (Vavilov e t aL*, 1957)* Thus 
the study of the l a t e r a l d i s t r i b u t i o n f u n c t i o n of muons gives 
i n f o r m a t i o n about the transverse momentum of mesons.On the 
other hand i t should be noted t h a t the l a t e r a l and energy 
p r o p e r t i e s o f muons associated w i t h a i r showers as a whole 
are connected w i t h the c h a r a c t e r i s t i c s o f nuclear i n t e r a c t i o n s 
at high energy, and w i t h p e c u l a r i t i e s i n the d evelopment of 
the nuclear cascade avalanche w i t h depth. They depend only 
i n d i r e c t l y on the c h a r a c t e r i s t i c of the c o l l i s i o n of the 
primary p a r t i c l e which has given r i s e t o the EAS w i t h the 
nucleus of the a i r atom. The c h a r a c t e r i s t i c s of the nuclear 

12 
i n t e r a c t i o n a t E < 10 eV have been i n v e s t i g a t e d i n much more 
d i r e c t measurements. The i n t e r e s t i n g f e a t u r e of the measure­
ments of the l a t e r a l d i s t r i b u t i o n f u n c t i o n of muons at high 
energy and at large distances from the core, i s t h a t i t i s 
expected t h a t they have o r i g i n a t e d high up i n the atmosphere 
i n the f i r s t few c o l l i s i o n s . Thus i t i s possible t o get some 
in f o r m a t i o n about the primary mass composition (Orford and 
Turver, 1970). 

Linsley and Scarsi (1962) have pointed out the c o r r e l a t i o n 

between primary mass composition and the t o t a l number of muons 

i n a. shower o f size N. 

I n general, measurements of the muon number spectrum at 
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sea l e v e l enables one t o c a l c u l a t e a r a t h e r more accurate 
primary spectrum* This r e s u l t f o l l o w s from the long shower 
a t t e n u a t i o n l e n gth of the muons i n the atmosphere compared to 
e l e c t r o n s . 

2•3*2 The l a t e r a l d i s t r i b u t i o n of muons 

The experimental data o f Clark et a l . (195&) w i t h 
E > 1.2 GeV i n the range of N • 2»1()5 - 2*10̂  i s given by 
Greisen (1960) namely 

N 0.75 -0.75 -2.5 
p(N,r) - 18 ( 7 A ) r ^ ^ ( i + ' ) 
\i i o v 3 2 o 1 

where P (N,r) i s the d e n s i t y of muons m~2 f a l l i n g at core 

distance r metres i n a. shower o f size N. 
The data of the C o r n e l l group (Bennett et a l . , 196£) 

w i t h energy t h r e s h o l d of E GeV i n the size range of N 10^ -
10? p a r t i c l e s show about 20$ reduction i n absolute r a t e 
compared t o the r e s u l t s o f Clark et a l . , and i s represented 
by 

p(N.r.>" E )=1u{^ri\^X^yi^rrW 

„ N ' 6 v 320 A E + 5 0 A E + 2 ' ^ 10 

where p (N,r, > E) i s the density of muons n f ^ , r i s i n meter 
and E i s i n GeV. 

Subsequent measurements on the l a t e r a l density of muons 
at the low energy region (up t o about 20 GeV) show a general 
agreement w i t h the above equation f o r r > 20 m, as shown i n 
f i g u r e 2.3* The l a t e r a l d i s t r i b u t i o n f u n c t i o n given by 
Greisen, as i t i s p l o t t e d i n f i g u r e 2.3> i s steeper than the 
other measurements. This could be explained as a r e s u l t of 
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:ure 2.3 The muon l a t e r a l d i s t r i b u t i o n f o r 1 GeV energy 
t h r e s h o l d . A l l data are normalised t o a shower 
size N = 2.10 7 p a r t i c l e s . The continuous curve 
was c a l c u l a t e d according t o Greisen !s formula. 
( A f t e r Wdowczyk, 1973). 
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the inaccuracy i n core l o c a t i o n , as w e l l as the e f f e c t 
of n o r m a l i s a t i o n which has been introduced by Wdowczyk 
(1973) t o b r i n g a l l the measured r e s u l t s i n t o harmony, 
i.e., normalised t o N = 2*10?. 

Miirthy e t a l . (I968I0), however, have compared the 
pred i c t e d l a t e r a l d i s t r i b u t i o n of muons (E > 1 GeV) i n a. 
shower of size 3U07, assuming d i f f e r e n t models f o r core 
distances r » 1 -1*000 m w i t h Greisen's f i t t o the exp e r i ­
mental data. They f i n d t h a t a l l models p r e d i c t a. steeper 
l a t e r a l d i s t r i b u t i o n f u n c t i o n than experimental measurements. 

2.3*3 T o t a l number of muons 

I n t e g r a t i n g the l a t e r a l muon density over a l l core 
distances gives the t o t a l number of muons, N , of energy 
threshold E GeV i n a shower size N. Table 2.1 shows a 
rep r e s e n t a t i v e number of experimental r e s u l t s . 

Using the r e l a t i o n s h i p between N ( > E GeV) and N e 

at the l e v e l of observation Suga et a l . (1963) and Gawin et 
a l . (1963) adopted a method based on the expectation t h a t a 
gamma ray induced shower w i l l be characterised by p r a c t i c a l l y 
no muons or at best very few muons compared t o hadron induced 
showers, since the cross s e c t i o n f o r photo-meson production 
i s very low. 

Kamata et a l . (1968) c a r r i e d out an experiment a t 
2 

an atmospheric depth of 530 g cm • The minimum size of 

showers recorded f o r which the angular i n f o r m a t i o n has 

also been a v a i l a b l e was equal t o 10'*-. The muon component 



Reference Relationship between 
N and N 

Range of 
shower size 

Greisen (1960) N ( > 1 GeV)- 95000X 

(iL )°-75 
106 

N = 2.10 5-2.10s 

Vernov et a l . 
(1968) 

N ( > 1 0 GeV) = 

(4.9 ± 0.7)10 3 X 
,N .0.78 + 0,025 

N 10 5-10 S 

B a r r e t t et a l . 
(1952) 

N ( > 56 GeV) 
N*t).58 ± 0.05 

Earnshaw e t a l . 
(1968) 

N ( > 1 0 0 GeV) 3 10 4 N = 2-107 

Chatteriee et a l . 
(1965) 

N (»220 GeV) = 50X 

(JL )°° 4 7 ± °-1 

i o 6 

N = lO^-lO 6 

Greisen (1960) N (>560 GeV) = 75 X 
H 
(N )°-7 
10 6 

N » 1 0 3 

Table 2.1 This shows the r e l a t i o n s h i p between the 
observed number of muons N at a. p a r t i c u l a r energy 
t h r e s h o l d associated w i t h EAS of sizes N. The r e l a t e d 
range of shower sizes are given. 



was detected by p l a s t i c s c i n t i l l a t o r s under 320 g cnT^ 

of concrete and lead absorber. The r e s u l t s of Kamata. 

e t a l . showed t h a t 

( i ) there i s a d i s t i n c t class of mu poor showers i n 
the range of N = 3.10^ - 3.10 6 w i t h r a t i o of 5.10"ifof 
a l l showers i n the size range and there i s no evidence 
f o r t h e i r existence f o r N >5« 10 6. 

( i l ) there i s no marked anisotropy f o r t h i s size range 

which can be a t t r i b u t e d t o p o i n t gamma, ray sources. 

The r e s u l t s of Catz et a l . (1970, 1971) at sea l e v e l 

using neon hodoscopes showed t h a t i n the energy range 

l O 1 ^ - 1 0 1 6 eV the r e l a t i v e number of showers which were 

mu - poor showers was 3•10-3 of a l l showers. They found 

t h a t the z e n i t h angle d i s t r i b u t i o n of mu ~ poor showers 

i s considerably d i f f e r e n t from normal showers. The 

median angle of mu - poor shower i s ~ 37° compared t o 

22° f o r proton induced showers and ~ 24° of a l l showers. 

This r u l e d out the p o s s i b i l i t y t h a t mu - poor showers 

are due t o the f l u c t u a t i o n s i n the c o l l i s i o n character­

i s t i c s of hadrons responsible f o r normal showers. 

However Catz et a l . claimed t h a t the muon content of the 

mu - poor showers i n t h e i r experiment i s considerably higer 

than'what i s expected on the basis of the expected photo-

nuclear cross s e c t i o n at these energies. 



2.4 The hadron component 

2.4*1 General remarks 

I t i s known t h a t nuclear cascade plays a basic r o l e i n 
the development of EAS i n the atmosphere. Thus a knowledge 
of the p r o p e r t i e s of hadronic component gives i n f o r m a t i o n 
about the c h a r a c t e r i s t i c s of high energy i n t e r a c t i o n s and 
t h e r e f o r e determines the primary spectrum by studying them 
at d i f f e r e n t depths.. 

A s e n s i t i v e parameter t o the assumed model of high 
energy i n t e r a c t i o n i s the t o t a l number and energy spectrum 
of hadrons of energy E i n a shower i n i t i a t e d by a. f i x e d 
primary energy (Grieder, 1973a)• Thus i t i s of great i n t e r e s t 
t o measure these parameters'in EASo This can be achieved 
i n p r i n c i p l e by measuring the l a t e r a l d i s t r i b u t i o n of hadrons 
i n showers of f i x e d N e. 

2.4.2 The l a t e r a l d i s t r i b u t i o n of hadrons 

The l a t e r a l d i s t r i b u t i o n f u n c t i o n of hadrons has been 
measured f o r d i f f e r e n t hadron energies and d i f f e r e n t ranges 
of slower size and a t d i f f e r e n t a l t i t u d e s . 

The. o v e r a l l experimental observation show an exponential 
f u n c t i o n i n the form of exp( - A parameterised 
expression i s given by Kfameda e t a l . (1965) i n the form of 

n(E,r,N)dE dr = 0.35 N 0* 3^ E " " 1 ' 2 exp (~ ~ ) d E dr 
r© 

where r Q = 2.4 N°«32 E-0.25 

I n t h i s formula. n(E,r,N) represents the density of hadron 
2 

m w i t h energy between E and E + dE ( i n u n i t s of 100 GeV) 



t h a t f a l l at core distances r m t o r + dr m i n a shower of N 
p a r t i c l e s ( i n u n i t s of 10^ p a r t i c l e s ) . The experiment was 
c a r r i e d out at sea l e v e l f o r showers of size 4.10̂  - 4.10̂  
p a r t i c l e s and hadrons of energy i n the range of 100 -1,000 GeV. 

The experimental r e s u l t s of Kameda et a l . together w i t h a 
number of d i f f e r e n t measurements c a r r i e d out at d i f f e r e n t 
atmospheric depths f o r hadrons w i t h d i f f e r e n t energy thresholds 
i n d i f f e r e n t shower size ranges as defi n e d i n ta b l e 2.2 are 
shown i n f i g u r e 2.4» 

Table 2.2 The a v a i l a b l e i n f o r m a t i o n about the experimental 
observations of the l a t e r a l density of hadrons p l o t t e d i n 
f i g u r e 2.4* 

Reference Energy 
thre s h o l d 
of hadrons 
(GeV) 

Range of 
shower size 

(N) 
A l t i t u d e of 
observation 
(g cm-2) 

Kameda e t a l * 
(1965) 

300 4.KA - 4.1C6 1030 

Chatterjee et a l . 
(1968) 

200 1.8.10 5~3.2.10 5 800 

Tsnaka (1961) 100 ^ l O 4 1030 

Van Staa e t a l . 
(1973) 

200 1 0 5 # 1 - 1 0 6 * 5 730 

The value of r Q (the r e c i p r o c a l of the slope of the 
l a t e r a l d i s t r i b u t i o n of hadrons) as reported by Kameda et a l . 

and Chatterjee et a l . increases w i t h shower size* 

According t o Chatteriee et a l . a model i n which* the p 
t 

(transverse momentum of hadrons) d i s t r i b u t i o n and i n e l a s t i c i t y 
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Figure 2.4 The hadron l a t e r a l d i s t r i b u t i o n f o r d i f f e r e n t energy 
thre s h o l d and d i f f e r e n t shower sizes observed at 
d i f f e r e n t a l t i t u d e s . The a v a i l a b l e i n f o r m a t i o n i s 
summarised-in t a b l e 2.2, The ordinate i s i n uni t s of 
p a r t i c l e s m~2 f o r the observation o f Chatterjee et a l 
and Van Staa et a l and i t i s a r b i t s r y u n i t f o r the data 
of Tanska and Kemeda et a l * 



17. 

are i n v a r i a n t (Murthy et a l . I96&&could not explain the 
observed l a t e r a l d i s t r i b u t i o n f u n c t i o n , nor can i t be 
explained by any conceivable change i n primary composition 
w i t h energy since such models^ p r e d i c t 3r--^4ighi:_.sie^^ass^in 
the slope o f ^ l a t e r a l d i s t r i b u t i o n of hadrons w i t h increase 
i n shower s i z e . A model w i t h the f o l l o w i n g changes i n 
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 above 105 GeV was more s a t i s f a c t o r y 
t o f i t the data o f Chatterjee et a l . ( i ) increase i n e l a s t ­
i c i t y , ( i i ) increase i n average transverse momentum of 
charged created p a r t i c l e s , ( i i i ) a f a s t e r increase i n 
m u l t i p l i c i t y of charged p a r t i c l e s . 

Van Staa e t a l . found t h a t the value of r Q i s v i r t u a l l y 
independent of shower s i z e . However, they found t h a t the 
mean distance of hadrons from the shower axis-is l a r g e r ( r = 2 r 0 ) 
than the value obtained from the Monte Carlo c a l c u l a t i o n 
performed by Bradt and Rappaport (1967) by a f a c t o r o f ^ ^ . 
Since the c a l c u l a t i o n of Bradt and Rappaport i s based on a. mean 
transverse momentum of p-̂  « O.35 GeV/c, the value of p t obtained 
by Van Staa et a l . i s p^ = 0.5 GeV/c assuming r i s p r o p o r t i o n a l 
t o p t . 

I t i s i n t e r e s t i n g t o note t h a t there i s some evidence 
based on the observation on multicore showers, which suggests 
a much higher value of p t . Miyake e t a l * (1970) suggest an 
average transverse momentum of 6 GeV/c at an energy o f 3,3.0 ev. 
Samorski et a l . (1971) who f i n d very few multicore events 
are of the o p i n i o n t h a t p^ at a i r shower energies i s not 
d i f f e r e n t from what has been reported at lower energies. 
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2 • 4 • 3 F l u x and energy s p e c t r u m o f hadrons 

C h a t t e r j e e a t a l . (196$) have summarised the r e s u l t s 

o f a number o f e x p e r i m e n t a l o b s e r v a t i o n s o b t a i n e d on t h e 

f l u x and energy spec t rum o f h a d r o n s . T h i s i s shown i n 

t a b l e 2.3. 

As t h e t a b l e i n d i c a t e s t h e i n t e g r a l energy spec t rum o f 

hadrons o f E>100 GeV f o l l o w s a power l a w w i t h s l o p e o f — -1 

and i s 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 shower s i z e . 

The s lope o f i n t e g r a l energy spec t rum i s i n c l o s e agreement 

w i t h model c a l c u l a t i o n s by t h e Monte C a r l o method p e r f o r m e d by 

B r a d t and Rappapor t (1967) and T h i e l h e i m and B e i r s d o r f (1969) 

based on an E " ^ " l aw f o r m u l t i p l i c i t y . These a u t h o r s f o u n d 

a v a l u e o f "1.2 f o r t he exponent o f t h e i n t e g r a l energy spec t rum 

o f hadrons i n t h e r a n g e o f E » 100 -2*000 GeV. 

An a t t e m p t has been made by Gr&eder (1973a) t o compare 

t h e e x p e r i m e n t a l r e s u l t s o f Tanahashi (I965) a t sea l e v e l 

w i t h d i f f e r e n t assumed models f o r h i g h energy i n t e r a c t i o n s . 

He f i n d s t h a t t he model c a l l e d SFB ( s i n g l e f i r e b a l l model) 

when t h e p r o b a b i l i t y o f e x c i t a t i o n o f t h e p r o j e c t i l e t o an 

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

SFB mode l , however , f o l l o w s a. m u l t i p l i c i t y i n t h e f o r m o f 
1/2 

<n s>o< S (Gr ie .de r , 1970 p r i v a t e communica t ion ) where S i s 

t h e square o f t h e a v a i l a b l e energy i n c e n t r e o f mass sys tem 

(CMS) f o r t h e c r e a t i o n o f secondary p a r t i c l e s . 

Tanaka (1961) g i v e s t h e f o l l o w i n g e x p r e s s i o n f o r t h e 

t o t a l number o f hadrons w i t h energy t h r e s h o l d o f E^ GeV i n a 
shower o f s i z e N„ 
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5*10 12 1.1 
n ( > E N , N) - (JJ 

n5 10 

Thus f o r showers o f s i z e s 10 , 10% 10^ r e s p e c t i v e l y 

t h e r e i s o n l y one had ron w i t h energy t h r e s h o l d o f 3 'lO^eV/, 
11 „ ,,,12 *f>10 eV. and 5.10 eV ;. Tanaka t h e n argues t h a t t h o u g h i t i s 

n o t y e t a s su red t h a t t h e r e i s always one and o n l y one such 

h i g h energy p a r t i c l e i n each shower, t hose hadrons o f more 

p a r t i c l e s . T h e r e f o r e T^nake sugges ts t h a t p r i m a r y p a r t i c l e s 

s t i l l h o l d on t h e average more t h a n 0*3 - 0.5?? o f t h e i r i n i t i a l 

e n e r g i e s a t sea l e v e l . Assuming the c o l l i s i o n mean f r e e pa th 

t o be e q u a l t o 100 g cm"~ t h u s t h e geomet r i c mean o f i n e l a s t i c i t y 

i s a p p r o x i m a t e l y 0.4 ~ 0.5. 

2.5 The measured e l e c t r o n number spec t rum 

The s t a n d a r d p r o c e d u r e t o d e r i v e t h e p r i m a r y energy 

s p e c t r u m f o r Ep > 10^e¥ ' i s t o measure the number spec t rum and 

r e l a t e i t t o p r i m a r y energy s p e c t r u m assuming a model f o r t h e 

deve lopment o f showers t h r o u g h t h e a tmosphere . 

S ince t h e m a j o r i t y o f secondary charged p a r t i c l e s o f EAS 

a re e l e c t r o n s ( a b o u t 90$) and t h e p r i m a r y energy spec t rum can 

n o t be d e r i v e d w i t h an accuracy b e t t e r t h a n 10$, an e s t i m a t e 

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

be r e l a t e d t o t h e p r i m a r y energy spec t rum w i t h r e l i a b l e a c c u r a c y . 

To c o n s t r u c t t h e number spec t rum one can use b o t h d i r e c t 

d a t a on t h e f r e q u e n c y o f o c c u r r e n c e o f showers a t a p a r t i c u l a r 

number o f p a r t i c l e s w i t h a. g i v e n l o c a t i o n o f t h e shower a x i s , 

and i n d i r e c t measurements o f t h e " d e n s i t y s p e c t r u m " . I n t h e 

l a t t e r case a knowledge o f t h e l a t e r a l s t r u c t u r e f u n c t i o n o f 

t h a n E^ c o u l d be t e n t a t i v e l y assumed t o be s u r v i v i n g p r i m a r y 
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e l e c t r o n s and i t s dependecne on shower s i z e i s e s s e n t i a l * 

Over t h e y e a r s v e r y many measurements o f t h e e l e c t r o n s i z e 

spec t rum ( d i r e c t method) have been made w i t h a v a r i e t y o f 

d e t e c t o r s and w i t h v a r y i n g degrees o f p r e c i s i o n . The a v a i l a b l e 

d a t a on t h e i n t e g r a l s i z e s p e c t r u m b o t h a t sea l e v e l and a t 

m o u n t a i n a l t i t u d e s i s summarised by H i l l a s (1970b). and i s 
1»5 

p l o t t e d as i n t e g r a l r a t e x N as a f u n c t i o n o f shower s i z e 

(N) i n f i g u r e 2 .5* 

I n s p e c t i o n o f f i g u r e 2*5 i n d i c a t e s the f o l l o w i n g f e a t u r e s . 

( i ) There appears t o be a t r a n s i t i o n f r o m a. r e g i o n o f 

v i r t u a l l y c o n s t a n t s l o p e t o ano the r o f g r e a t e r exponent a t 

about N — 5*lo5 a t s e a i e v e i and N — 2 » 1 0 ^ a t m o u n t a i n a l t i t u d e s . 

( i i ) The t r a n s i t i o n r e g i o n i s r a t h e r s h o r t , i . e . , t h e r e i s 

a. s h a r p change o f s l o p e . 

The e x p e r i m e n t a l r e s u l t s shown i n f i g u r e 2 . 5 , a t sea l e v e l , 

pa rameter I ses as f o l l o w s : 

R ( > N ) = 52 N ~ l e 5 n f 2 s " 1 s f 1 f o r N < 5-105 

R ( > N ) - 3 6 i 9 2 0 N"* 2 - 0 m " 2 s*"1 s t " 1 f o r 5-10% % 3-107 

R ( > N) - 6 . 7 6 JT^P) m" 2 s~1 s t " 1 f o r N > 3-107 

where R( >: N) i s t h e i n t e g r a l r a t e o f showers c o n t a i n i n g 

more t han N p a r t i c l e s a t sea l e v e l . 
7 

The s l o p e o f i n t e g r a l number spec t rum f o r N >>3»10' has 

n o t y e t been c l e a r l y d e t e r m i n e d . I t i s shown r e c e n t l y by 

K h r i s t i a n s e n e t s i . ( 1 9 7 4 ) t h a t the s l o p e o f the i n t e g r a l number 

spec t rum f o r N > 10? i s about ^ . 4 " t»5* The tendency o f t h e 

f l a t t e n i n g i n t he s l o p e f o r N > 107 j _ s 9 ] _ 3 0 S U g g e s t e d by 

K h i r i s t i p n s e n e t a l . c o n s i d e r i n g t h e rauon number s p e c t r u m as 

i t i s shown i n f i g u r e 2 . 6 . A c c o r d i n g t o f i g u r e 2 .6 the I n t e g r a 
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muon number s p e c t r u m a t sea l e v e l (E > 5 GeV) i s r e p r e s e n t e d 

by 

R ( > N , 2: 5"GeV) - 1.05.10-2 I f 2 * 0 f o r 7 .10 3 < N < 2.5.10^ 

R( 2: N , > 5 GeV) = 31«5 N " " 2 # * f o r 2.5.1(A< N < 4.10^ 
V- | i 

R( 2 r N , > 5"3eV) = 1.}1CT 3 N " 2 * 0 f o r 4.10 5 < N < 3.10 8 

| i |JL 

where R( 2: N , ^ 5 GeV) i s t h e i n t e g r a l muon number spec t rum 

o f energy > 5 GeV i n u n i t s o f cm"* f c ' s~ J -st" . 

C o n v e r t i n g muon number , N , t o e l e c t r o n n u m b e r , N e , u s i n g 

t h e r e l a t i o n be tween them as g i v e n b y Gre i s en (I96O) i n d i c a t e s 

t h a t t h e r e i s a t endency i n t h e f l a t t e n i n g o f t h e s l o p e o f t h e 

number s p e c t r u m f o r N e t o about - 1*5* However t he 

dat©. o f C o r n e l l g r o u p , as i n d i c a t e d i n f i g u r e 2.5, shows t h a t 

t h e s l o p e o f i n t e g r a l number spec t rum a t sea l e v e l f o r N e >r 10? 

remains c o n s t a n t a t abou t - 2 0 

The e x p e r i m e n t a l d a t a on t h e number spec t rum, however , 

sugges ts a change i n t h e s l o p e around 5»105 a t sea l e v e l and 

2.10^ a t m o u n t a i n a l t i t u d e s w h i c h c o u l d be a t t r i b u t e d t o a 

change i n t h e p r i m a r y energy spec t rum around 10^ - 10^ eV. 

2*6 R e l a t i o n be tween the e l e c t r o n number spec t rum and 

e l e c t r o n d e n s i t y s p e c t r u m . 

The i n t e g r a l d e n s i t y s p e c t r u m H(>A ) i s d e f i n e d as the 

f r e q u e n c y w i t h w h i c h t h e charged p a r t i c l e d e n s i t y a t a f i x e d 

p o i n t i n space exceeds t h e v a l u e A • As ment ioned e a r l i e r 



one can d e r i v e the number spec t rum, i n d i r e c t l y by measur ing 

d e n s i t y s p e c t r u m . 

The d e n s i t y s p e c t r u m has been measured q u i t e o f t e n and 

i s f o u n d t h a t i t f o l l o w s a power law i n t h e f o r m o f Hfc*A)~KA 

L e t us assume t h a t a l l showers have t h e same l a t e r a l 

d i s t r i b u t i o n f u n c t i o n , t h u s 

A ( r ) = — - f ( — ) where A ( r ) i s t h e d e n s i t y o f p a r t i c l e s 
T 1 

i n a shower o f s i z e N a t core d i s t a n c e r , r ^ i s t he M o l i e t e 
r 

u n i t and f ( f ^ ) i s t h e l a t e r a l d i s t r i b u t i o n f u n c t i o n o f e l e c t r o n s . 

Nov/ assuming t h e i n t e g r a l number s p e c t r u m i s expressed 

by R( > N) = C N one may c a l c u l a t e the d e n s i t y spec t rum by 

H ( > A ) " p n r d r R ( > N) 
y0 

p 

Thus t h e exponents o f t h e number s p e c t r u m and d e n s i t y 

s p e c t r u m are e x a c t l y t he same assuming the f o l l o w i n g c o n d i t i o n s i 

( i ) The s l o p e o f t h e number spec t rum i s independent o f 

shower s i z e . 

( i i ) The l a t e r a l d i s t r i b u t i o n o f e l e c t r o n s i s independent 

o f shower s i z e . 

T h e r e f o r e a measurement o f the d e n s i t y spec t rum g i v e s 

i n d i r e c t l y the number spec t rum and c o n s e q u e n t l y t he p r i m a r y 

ene rgy spec t rum assuming t h e r e l a t i o n between the l a t e r a l 

s t r u c t u r e f u n c t i o n o f e l e c t r o n s and shower s i z e i s known. 
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? 0 7 jfejLmary__ energy spec t rum 

The p r i m a r y energy s p e c t r u m has been o b t a i n e d by two 

d i s t i n c t p r o c e d u r e s , ( a ) t h e d i r e c t method and (b) t h e i n d i r e c t 

me thod . 

2.7.1 D i r e c t method 

The d i r e c t measurements have been c a r r i e d o u t u s i n g 

i o n i z a t i o n c a l o r i m e t e r s i n s a t e l l i t e s ( G r i g o r o v e t a l . , 1971) 

and a l s o u s i n g an i o n i z a t i o n s p e c t r o m e t e r f l o w n a t b a l l o o n 

a l t i t u d e s (Ryan e t a l . , 1972). The measurements have been 
12 

ex t ended t o about 10 eV̂  per n u c l e u s . One o f t h e advantages 

i n measur ing t h e p r i m a r y s p e c t r u m by t h e d i r e c t method i s t h a t 

i t i s p o s s i b l e t o o b t a i n t h e p r i m a r y energy spec t rum per n u c l e o n , 

i . e . , t o d i s t i n g u i s h be tween d i f f e r e n t e lements and thus t o 

o b t a i n t h e p r i m a r y mass c o m p o s i t i o n . 

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

d i f f e r e n t i a l ene rgy spec t rum o f p r o t o n s i n t h e range o f 50 to. 

>L,.000 GeV i s - 2.75 - 0*03 and f o r h e l i u m n u c l e i i s - 2.77 -

0.05. They f i n d t h a t the r a t i o o f p r o t o n t o h e l i u m p r i m a r i e s 

i s 26 ± 3 a t 40 GeV/nuc leon and i s c o n s t a n t w i t h i n e r r o r s up 

t o LOO G e V / n u c l e o n . 

G r i g o r o v e t a l . f o u n d t h a t t he s l o p e o f p r o t o n s p e c t r u m 
12 

s teepens a t 10 ~ev/ and sugges t heavy p r i m a r i e s p redomina te 

f o r E p > 1 0 1 2 e v . 

Webber (1973) has summarised the measured d i f f e r e n t i a l 

p r i m a r y s p e c t r a i n t h e range o f — 10 7 - l O ^ e V o b t a i n e d by 

Jhe Max P l ank I n s t i t u t e g r o u p and The Goddard group ( b o t h o f 

t h e s e e x p e r i m e n t s use the t o t a l energy C a l o r i m e t e r s ) . The 

r e s u l t i s shown i n f i g u r e 2.7* 
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F i g u r e 2. 7 D i f f e r e n t i a l energy s p e c t r a o f v a r i o u s groups o f 
" n u c l e i o b t a i n e d by The Max Plank I n s t i t u t e group 

and The Goddard g r o u p . Both o f these expe r imen t s 
use t o t a l energy c a l o r i m e t e r s - . ( A f t e r V/ebber, 1973)* 



The d i f f e r e n t Z ranges i n t h e p r i m a r y s p e c t r a g i v e n by 

Webber are VH, M, LH c o r r e s p o n d i n g t o Z > 2 3 , 6 < Z < 9 and 

10 ^ Z < Ik r e s p e c t i v e l y * U s i n g t h e p r i m a r y c o m p o s i t i o n 

( W o l f e n d a l e , 1973) t h e p r i m a r y energy spec t rum p e r n u c l e o n 

o f each group has been c o n v e r t e d t o t h e energy spec t rum per 

n u c l e u s and t h e r e s u l t s a re shown i n f i g u r e 2*8 ( t he p r o t o n 

and h e l i u m spec t rum have a l s o c o n v e r t e d t o i n t e g r a l s p e c t r a 

per n u c l e u s ) * The b r o k e n s p e c t r a f o r p r o t o n and h e l i u m and 

t h e s o l i d s p e c t r a f o r M, LH and VH g r o u p were t a k e n f r o m 

f i g u r e 2*7 t o d e r i v e t h e i n t e g r a l energy s p e c t r a per nuc leus 

shown i n f i g u r e 2*6 and i s p l o t t e d as R ( > E ) E as a f u n c t i o n 

o f energy (Ep) per n u c l e u s * The spec t rum c a l l e d A i n f i g u r e 

2 . 8 i s t h e a d d i t i o n o f a l l p r i m a r i e s . 

2 . 7 • 2 I n d i r e c t method 

S ince t h e p r i m a r y s p e c t r u m f a l l s o f f v e r y r a p i d l y , i n d i r e c t 
12 

measurements above about3*10 'eV* t ake o v e r . 

The p r o c e d u r e up t o about i s t o .measure t he energy 

s p e c t r u m o f muons and hadrons a t d i f f e r e n t l e v e l s o f o b s e r v a t i o n 

i n t h e atmosphere and assume a model f o r n u c l e o n i c development 

o f p r i m a r i e s t o d e r i v e t h e p r i m a r y s p e c t r u m . Brooke e t a l . 

(1964) have d e r i v e d t h e p r i m a r y spec t rum over the range o f 

1 0 ^ - 5 » 1 0 ^ e V i / n u c l e o n f r o m t h e measured, sea l e v e l spec t rum o f 

p r o t o n s and muons. T o g e t h e r w i t h geomagnetic d a t a on t h e 

p r i m a r y s p e c t r u m t h e y have expressed t h e i r r e s u l t s by 

R ( > E ) = 0*87 +g |5 E-1.58 cm"" 2 s~ 1 s t~ 1 where R£>E) i s t h e 
i n t e g r a l energy spec t rum w i t h E > E GeV. 

The d e r i v a t i o n o f the p r i m a r y spec t rum beyond. E >• l O ^ e V 

has been c a r r i e d o u t by measur ing d i f f e r e n t components o f EAS 



F i g u r e 2»& I n t e g r a l energy spec t rum o f p r i m a r y 
cosmic r a y s i n t h e range l O - ^ - l G ^ O 
eV. LH, Mj VH, He and P a re c a l c u l ­
a t e d i n t e g r a t i n g the d i f f e r e n t i a l 
s p e c t r a o f v a r i o u s components g i v e n 
by Webber (1973)> as men t ioned i n 
t h e t e x t , and A i s o b t a i n e d summing 
t h e s p e c t r a o f these components . 
The e x p e r i m e n t a l da ta are f r o m Kempa 
e t 81 .(1974). G i s f r o m Greisen(1965)• 
S i s t h e Sydney expe r imen t ( B e l l e t a l . , 
1974)» H i s t h e Haverah Park e x p e r i m e n t 
(Edge e t a l . ,1973) and Y i s t h e ' Y a k u t s k 
e x p e r i m e n t ( K r a s i l n i k o v , 1973)• 
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p a r t i c l e s as f o l l o w s * 

Measurements o f EAS are made l a r g e l y on t h e e l e c t r o n 

component a t sea l e v e l and moun ta in a l t i t u d e s t o d e r i v e the 

p r i m a r y s p e c t r u m . A l t h o u g h t h e r e are some i n d i c a t i o n s t h a t 

t h e maximum accuracy occu r s when t h e e x p e r i m e n t a l l o c a t i o n i s 

near t h e l e v e l o f maximum development ( B r a d t and Rappapor t , 

1967) t h e p r i m a r y s p e c t r u m d e r i v e d f r o m the measured sea l e v e l 

s p e c t r u m g i v e s c l o s e agreement w i t h measurements c a r r i e d out 

a t 'mounta in a l t i t u d e s , where showers i n i t i a t e d by p r i m a r i e s i n 

t h e range o f E « 10^+ - 10^7 e V are a t t h e i r maximum deve lopment . 

For example , t h e p r i m a r y s p e c t r u m o b t a i n e d by Saxena (1973)» 

m e a s u r i n g t h e s i z e s p e c t r u m a t 920 g c m " 2 , e x p r e s s e d by 

in E -2.1610.10 2 1 1 14 16 
Rfe EM3.74+0.20) 10 u ( —ff- ] off s ' s r ' for 5.10 ;< E<£2.10 eV 

10 1 3 

i s i n r e a s o n a b l e agreement w i t h t he r e s u l t s o f C l a r k e t al .(1963) 

measu r ing t h e s i z e s p e c t r u m a t 530 g crrr'- and 630 g cm" • 

C l a r k e t a l . express t h e i r r e s u l t s f o r t h e i n t e g r a l p r i m a r y 

s p e c t r u m as 
-2,2+0.15 

R f e E J « ( 2 . 0 t 0 i t ) 1 0 " U ( - % - ) c i r f V s r 1 for 6 . 1 0 1 < E < 4.1017 eV 
10 7 

S t u d i e s o f t h e muon component a t sea l e v e l , i n g e n e r a l 

g i v e r a t h e r more a c c u r a t e p r i m a r y spect rum measurements due t o 

t h e l o n g shower a t t e n u a t i o n o f t h e muons i n t h e atmosphere and 

c o n s e q u e n t l y s m a l l e r s e n s i t i v i t y t o z e n i t h ang le (and o t h e r 

f a c t o r s ) . The energy s p e c t r u m o f p r i m a r y cosmic r a y s has been 

d e r i v e d measur ing t h e muon number spec t rum by the Sydney group 

f o r e n e r g i e s o f ^ 1 0 1 7 eV ( B e l l e t a l . , 1974)• 

Anothe r method has been used by the Haverah Park g roup 

t o d e r i v e t h e p r i m a r y s p e c t r u m , T h i s g r o u p have r e l a t e d the 

measured r e s p o n s e o f EAS p a r t i c l e s a t about 600 m d i s t a n c e 

f rom, t h e c o r e i n deep w a t e r Cerenkov d e t e c t o r s ( m i x t u r e o f 
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e l e c t r o n s and muons) a t sea l e v e l t o t h e p r i m a r y ene rgy . 

T h i s q u a n t i t y has been shown by H i l l 3 s (1970b) t o be a. u s e f u l 

pa ramete r t o r e l a t e t o p r i m a r y energy and has l e s s s e n s i t i v i t y 

t o p r i m a r y mass c o m p o s i t i o n and the assumed model f o r h i g h 

energy i n t e r a c t i o n s . 

A l t h o u g h t h e r e i s c l o s e agreement between d i f f e r e n t 
17 

e x p e r i m e n t s up t o abou t 10 eV i n d e r i v i n g t h e p r i m a r y spec t rum 
17 

t h e s i t u a t i o n i s n o t v e r y c l e a r beyond 10 eV :. 

. G r e i s e n (1965) has summarised t he a v a i l a b l e da ta on t he 

p r i m a r y s p e c t r u m and g i v e n t h e f o l l o w i n g e x p r e s s i o n f o r the 

i n t e g r a l energy s p e c t r u m o f p r i m a r y cosmic r a y s . 

R ( > E ) - 10"L ( .JLOUjl .6 m - 2 s - l a t - l f o r i o 1 0 < E < 1 0 1 5 e V 

E 

R ( > E ) - Z 1 0 - 1 0 ( ! 0 i 7 ) 2 ' 2 m - V ^ t - 1 f o r 1 0 l 6 < E < 1 0 1 8 - 5 e V 
E 

K ( > E ) - U C - 1 6 ( ^ V ' 6 n r V W 1
 f o r B > 1 0 l 8 * 5 e V . 

Subseouent d e r i v a t i o n s / . o n t h e p r i m a r y energy spec t rum 
17 

f o r E > 10 f e V by means o f more r e l i a b l e models f o r h i g h 

ene rgy i n t e r a c t i o n s and o t h e r p a r a m e t e r s , i n d i c a t e t h a t t he 

s l o p e o f i n t e g r a l SDectrum beyond c o n t i n u e s t o be 

around - 2 . D i f f e r e n t g roups d e a l i n g w i t h the p r i m a r y s p e c t r u m , 
17 

f o r E > 10 eV, g i v e t h e f o l l o w i n g e x p r e s s i o n s : 

R(>E) = ( A - S t a S J I O - 1 0 ^ ) - 2 ' 1 7 4 0 ' 0 3 m-2 s-1 s r1 f o r 31<&E<1019eV, 
10 

due t o Edge e t s i . (1973)> measur ing t h e response o f deep 

w a t e r Cerenkov d e t e c t o r s a t 600 m f r o m t h e core a t sea l e v e l ; 

-12 tr -1-93*007' o 1 1 17 io 
R O E ) . 13.5105110 (-£=-) m ~ 2

 s*1

 s f1 f o r 10<E<10 eV, 
10 0 

o b t a i n e d by K r a s i l n i k o v (1973) f r o m measurements o f t h e 
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Cerenkov l i g h t f l u x d e n s i t y a t the c o r e d i s t a n c e 400 m and 

m e a s u r i n g t h e number s p e c t r u m o f e l e c t r o n s i n t h e r ange o f 

1 0 1 ? - 1 0 1 8 eV and l O 1 ^ - 10*9 e V r e s p e c t i v e l y ; end f i n a l l y , 

R ( > E ) M 0 - 1 2 - 0 3 i a 0 1 ( - 4 - r t 9 6 i a ° 2 m 2 s 1 s r 1 f o r 1 0 1 7 5 < E < 1 0 2 0 ' 2 5 eV 

r e p r e s e n t i n g t h e p r i m a r y spec t rum o f B e l l e t a l . ( 1 9 7 4 ) o b t a i n e d 

f r o m measu r ing t h e muon number spec t rum a t sea l e v e l . I n 

a l l t h e above e x p r e s s i o n s R( > E) i s t h e measured i n t e g r a l 

p r i m a r y s p e c t r u m and E i s expressed i n eV. 

The i n t e g r a l s p e c t r u m g i v e n by G r e i s e n f o r E < 10^-7 e V 

and t h e measured spec t ra , o b t a i n e d by t h e Sydney g r o u p , Haverah 

Park g r o u p and Y a k u t s k g r o u p f o r E > 1 0 1 7 are shown i n f i g u r e 

2 . 8 i n t h e f o r m o f i n t e g r a l r a t e x E i n u n i t s o f (eV cirrus""-^st""-*-) 

and a re s p e c i f i e d by l e t t e r s G, S, H and Y r e s p e c t i v e l y . 

The d a t a f r o m a v a r i e t y o f expe r imen t s have been re -examined 

by Kempa e t a . l . ( 1 9 7 4 ) f o r E > 1 0 ^ 2 eV. The e x p e r i m e n t a l p o i n t s 

shown i n f i g u r e 2 . 8 a re f r o m Kempa e t a l » 

2 . 8 .Conc lu s ion 

Some o f t h e e x p e r i m e n t a l r e s u l t s on EAS r e v i e w e d i n t h i s 

c h a p t e r sugges t t h a t on average showers d e v e l o p f a s t e r t h a n 

e x p e c t e d , a f a c t t h a t appears t o i n d i c a t e t h a t t h e m u l t i p l i c i t y 

i n e x t r e m e l y h i g h energy i n t e r a c t i o n s i n c r e a s e s even f a s t e r 

t h a n g i v e n by an E 1 / ^ law (Kane ko e t a l . , 1 9 7 1 ) » T h i s i s 

v e r y i m p o r t a n t s i n c e v a r i o u s t h e o r e t i c a l models r e q u i r e a 

l o g a r i t h m i c i n c r e a s e (Feynman, 1969)* A c c o r d i n g t o t h e 

s c a l i n g model ( t h e l o g a r i t h m i c i n c r e a s e i n m u l t i p l i c i t y a g a i n s t 

p r i m a r y energy i s c a l l e d t h e s c a l i n g model) t h e mean t r a n s v e r s e 

momentum o f secondary p roduced p a r t i c l e s i s a lmos t independen t 

o f p r i m a r y energy w h i l e EAS d a t a shows a s low i n c r e a s e i n the 

mean t r a n s v e r s e momentum as t h e p r i m a r y energy i n c r e a s e s . 
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CHAPTER g 

MBA5UREMBNT5 OF_THE DENSITY SPECTRUM 
OF EA5 AT SEA LEVEL 

3•1 Introduction 

Measurements of the sea l e v e l density spectrum gives 
information about the sea l e v e l size spectrum assuming the 
l a t e r a l d i s t r i b u t i o n of par t i c l e s about the shower axis and 
i t s size dependence are known* Using available knowledge 
about the physics of high energy p a r t i c l e interactions and 
available experimental data on shower development the r e l a t i o n ­
ship between sea l e v e l size and primary energy can be estab­
lished* I n t h i s way the measured sea l e v e l density spectrum 
can be used t o make an accurate estimate of the primary cosmic 
ray spectrum f o r energies > 1 0 ^ eV where d i r e c t measurements 
using balloons and s a t e l l i t e s have not yet been carried out* 
The spectrum has been measured quite often with a variety of 
detectors and although a l l measurements are consistent with 
each other up to densities of about A =1*000 m" , there are 
some discrepancies for higher density regions* 

These were the main motivations to measure the density 
spectrum* The experiment was performed using a proportional 
counter* Before describing the present experiment a number 
of previous works of density spectrum of EAS, carried out at 
sea l e v e l and mountain a l t i t u d e s , using d i f f e r e n t types of 
detectors w i l l be explained i n the next section* 
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3*2 Previous measurements of the electron density spectrum 

3*2*1 R.J« Norman (1956) 

The i n t e g r a l density spectrum of EAS i n the range of 
A • 20 - ipOO m has been measured by Norman with a. proport­

io n a l counter. The experimental arrangement comprised three 
proportional counters of the control grid type (Norman, 1955) 

2 

each 0.05 m i n area, arranged i n a horizontal plane at the 
three corners of a. 5 metre equilateral triangle at 60 m eleva­
t i o n above sea l e v e l * A three fold coincidence was used as a. 
method of EAS selection. The pulse height d i s t r i b u t i o n of 
observed densities recorded by a single counter were photographed 
on an oscilloscope and converted t o a density spectrum, assuming 
the most probable pulse height of single muons observed i n a. 
c a l i b r a t i o n run i s equivalent to one p a r t i c l e . Norman expressed 
his r e s u l t s by 

R( > A ). - 540 A - 1 ' 3 9 1 h r " 1 f o r 20<A<500 m~2 

< 

with evidence of an increase of the slope t o -2.2 at A = 1P00 m' 
Consequently he predicted a number spectrum i n the form of 
R( > N) - 2 . 3 . 1 0 " 4 ( l ^ r 1 , 4 * 0 , 1 h r " 1 m"2 N < 10 6 

w i t h evidence of a rapid increase i n the exponent above N = 10^. 
To derive a number spectrum mentioned above, Norman assumed 

an age'dependence on shower size given by 

S • 1.4 0# 1 log where S i s the age parameter and 
N i s the shower size. 
However the i n t e g r a l primary energy spectrum derived by 

Norman, from the measured i n t e g r a l density spectrum at sea l e v e l , 
follows as 



R(>E) = 0.32 ( )~ m"2 h r " 1 s f where E is i n eV, 
1 014 

for 10^< E<10^ eV, above which the exponent increases r a p i d l y 
17 

reaching about ~3 at E - 10 eV. 

3.2.2 J.R. Prescott (1956) 
C y l i n d r i c a l i o n i s a t i o n chambers 57*6 cm long and cm 

i n diameter f i l l e d t o 39 atmosphere with nitrogen were employed 
by Prescott to measure the density spectrum of EAS. The 
apparatus was made up of two ionization chambers at 3ra and 5m 

from the mastergroup. The master group consisted of three 
G " M tubes i n coincidences located immediately above one of 
the chambers to i d e n t i f y EAS. 

The experimental data, f o r coincidence bursts greater than 
a given size i n both chambers at aseparation of 5m obtained 
i n 725•£ hr running time indicated that there i s 7% probability 
t h a t a single l i n e of slope "1.45 f i t s a l l the observed data 
i n the range of A - 400 - i^OO nT • Prescott, however, 
measured the d i s t r i b u t i o n of burst sizes i n a single ionisation 
chamber 5m apart from the master group. I n 627.9 hr running 
time 115 bursts were observed. At density of A < ip00 m~ 
the slope of spectrum was found to be the same as i t was 
obtained previously, though i t s absolute rate was greater by 
a fa c t o r of two compared t o the former one. The probability 
that the experimental results obtained, analysing the results 
of a single ionisation chamber, f i t a. single l i n e i n the whole 
range of measured densities with slope of - 1.45 was found t o 
be 4$. The observation based on the second method showed 
that the slope of i n t e g r a l density spectrum i s - 1.54 - 0.14 

i n region of A * 500 - 3,000 nT 2 for in t e g r a l density spectrum 
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at sea l e v e l . 

3.2,3 R.J. Reid et al.(1961, 1962) 

The d i f f e r e n t i a l density spectrum of EAS was measured 
by Reid et al.using a counter controlled cloud chamber. The 
experiment was carried out at three d i f f e r e n t stations, Jamaica, 
Ireland and Sydney. At each station two cloud chambers were 
employed w i t h t h e i r axes at r i g h t angles to each other, but 
only the number of tracks through one of the chambers counted 
and related t o the density spectrum. The illuminated areas 
of the chambers at Jamaica, Dublin and Sydney were 540 cm , 
360 cm2 amd 0.11 m2 respectively. A considerable number of 
tr i g g e r i n g c r i t e r i a were used t o t r i g g e r the cloud chambers. 

Though they found some discrepancy i n the observed slope 
of the density spectrum due to the difference i n t r i g g e r i n g 
c r i t e r i a , the overa l l results corrected for Poissonian f l u c t ­
uations of the number of pa r t i c l e s crossing the chambers, and 
also corrected f o r the t r i g g e r i n g probability of the chamber 
system showed that the slope of d i f f e r e n t i a l density spectrum 
i s -2.5 i n the region of A • 50 - 500 m~2 and - 3.9 ± 0.5 f o r 
A z y.00 n f 2 . 

Further observations were made at the Jamaica station 
(Reid et al*»1962) and i t was concluded that the slope of 
density spectrum i n d i f f e r e n t i a l form i s ~ 2.6 i - 0.3 f o r 
densities i n the range of A » 200 - 3,000 rrT 2 and - 4.0 * 0.5 

f o r A • 3,000 -5,000 m~2 with a chi - square p r o b a b i l i t y , 

P - 0.72* 
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3.2.4 J. Gemesy et al«(1964) 

Gemesy et a.1.employed a cloud chamber to investigate 
the density spectrum of EAS.. A coincidence pulse of four 
G - M counters (of an area, of 320 cm2 each) placed at the 
corners of a (10 x 9) ro2 rectangle enclosing the chamber. 
The chamber was a. multiplate one, where only the volume above 
the upper plate i n the chamber was scanned when counting the 
number of tracks shown on the photographs. The illuminated 
area of the uppermost plate of the chamber was 150 cm2. The 
observation was carried out at 410 m elevation. 

A t o t a l of 3£74 coincidences were recorded i n the region 
of A " 70 - 13,000 m-2# They found that there i s no s i g n i f i ­
cant change i n the slope of density spectrum and t h e i r results 
are summarised i n table 3.1. 

Table 3.1 The exponents of int e g r a l density spectrum 
obtained by Gemesy et a l . 

Range of 
density 
(m-2) 

70 - 200 300 - 700 aoo - 13000 70 - 13000 

Exponent 
of i n t e g r a l 
dens i t y 
spectrum 

-1.49 - 0.03 -1.83 * 0.12 -1.63 - 0.13 -1.57- 0.03 

3.2.5 J.B.T. McCaughan et al.(1965a) 

The d i f f e r e n t i a l density spectrum was measured at. sea 
l e v e l by means of a controlled cloud chamber. The chamber 
was 30 cm i n diameter and illuminated to. a depth of 17 cm. 
EAS were selected by the coincidence of three G ~ M trays 
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(each of area 64.4 cm ) located at the apices of a triangle 
(2.4 x 2*4 x 1.2 metre) j u s t above the chamber. 

The experimental results showed that the d i f f e r e n t i a l 
density spectrum could be represented by two power laws of 
exponents ~ 2.491 « 0*036 and ~ 3*42 « 0.32 respectively, 
j o i n i n g at A= 560 t ISO m~2 (McCaughan et a l ^ 1965b). 

3.2.6 Measured density spectrum at mountain altitudes 

The density spectrum of EAS has been measured using 
proportional counters and cloud chambers at mountain elevations. 

The experimental r e s u l t s of the measured integral density 
spectrum obtained by McCaughan et a. 1. (1965b), Swinson and 
Prescott (1965 - 196$) showed that the slope of spectrum is 
about ~ 1.4 f o r lower densities and increases continuously. 

The t r a n s i t i o n region, i . e . the region where before i t 
the slope of spectrum i s f a i r l y constant (about - 1.4) depends 
on the a l t i t u d e of observation. 

Swinson and Prescott (1965) have shown that at a l l altitudes 
the spectra are essentially the same shape and that , apart from 
absolute rates, the spectra can be superimposed by a density 
scale - change i n the approximate proportions, 1 : 7»5 22 for 
sea l e v e l , £285 m 3 n c * J260 m respectively (densities are 
expressed i n units of pa r t i c l e s m ). This was done i n the 
f i r s t instance by a t r i a l and error f i t of the sea. l e v e l 
spectrum t o those at the higher al t i t u d e s , i n which the density 
spectrum was displaced i n steps u n t i l the ordinates of the two 
curves bore the same r a t i o to each other at s i x points. They 
applied a sim i l a r technique t o the cloud chamber data, of 
McCaughan et al«(1965b) and found a r a t i o of about seven between 
sea. l e v e l and £285 m, i n good agreement with the proportional 
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counter data. Swinson and Prescott (1963) also investigated 
the density spectrum at 3,575 m elevation using proportional 
counters. They however showed that the t r a n s i t i o n region 
increases as a l t i t u d e of observation increases and found a 
r a t i o of 1 : 5' : 7.5 : 22 f o r sea l e v e l , 3,575 m, 2£35m and 
%260 m elevation respectively. These values were obtained 
using proportional counters f o r the density spectrum measure­
ments. I f densities are expressed per square l a t e r a l scatter­
ing' u n i t , the above proportions become 1 : 7 s 13.5 : 47 f o r 
sea l e v e l , 3,575 m, %2&5 m and 3£60 m respectively as shown i n 
figure 3*1* 

3.2.7 Discussion of the previous measured density spectrum 

The i n t e g r a l density spectra, (explained i n t h i s section) 
measured at sea l e v e l and mountain altitudes are shown i n 
figures 3*2 and 3*3 respectively. 

Greisen (1960) gives the following expression f o r the 
i n t e g r a l density spectrum based on summarised experimental 
r e s u l t s . 

B O A ) - F U " ( a + ° , 5 b 1 0 9 A ) K A < 1 ( A m-2 

where Ro - 0.15 a = 1.3 and b - 0.11 at sea l e v e l and 
R0

 88 1.6 s" 1, a - 1.25 and b - 0.13 at J260 m (705 g cm" 2). 

The absolute i n t e n s i t i e s of the measured int e g r a l density 
spectra have not been reported i n a l l experiments, thus f o r 
ease of comparison each measured density spectrum, shown i n 
fig u r e 3*2, has been normalised so that the rate at A = A Q 

be i d e n t i c a l to the rate given by Greisen at sea l e v e l ( A Q i s 
the minimum density measured i n each experiment). Gemesy et 
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Figure 3*1 Relative values of density observed at 
d i f f e r e n t a l t i t u d e s . P i s from Prescott 
(1956)* S i s from Sv/inson and Prescott 
(1965), M i s from McCaughan et a l . (1965b) 
and A i s from Swinscn and Prescott (1968).. 
The s t r a i g h t l i n e shows the r e l a t i v e energy 
r e t a i n e d by a Proton as a f u n c t i o n of a l t i ­
tude. 
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given by Greisen (19^0) at 7O5 g cm"-, 
assuming a 1L0 g cm""" absorption length 
at t h e i r minimum observed d e n s i t i e s . 
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a l . ( I 9 6 4 ) have reported t h e i r measured spectrum i n the form 
of R(>N) as a function of N where N i s the number of tracks 
observed i n t h e i r cloud chamber. To convert the number of 

-2 
tracks, N, t o densities i n units of m , i t i s assumed that 

N «»2 A « ~— m~ where S i s the area of t h e i r chamber, i.e. o 
o 

S 98 0.015 m . I t i s obvious that the absolute rate of the 
density spectrum i s a function of the lev e l of observation. 
Absolute rates are assumed to be correct at 705 g cm"^ 
atmospheric depth as given by Greisen; for the other altitudes 
they were derived from the normalised data assuming a 140 g cm 
absorption length f o r the rate at lower densities, as found i n 
e a r l i e r experiments. The available information about the 
running time or the t o t a l number of observed events greater 
than the minimum measured electron density are summarised i n 
table 3.2. 

Inspection of figures 3*2 and 3«3 indicate the following 
features ( i ) On average i t i s l i k e l y that the slope of density 
spectrum does not remain constant throughout the measured density 

—2 
ranges (1 - 6,000 rrf )• 
( i i ) The t r a n s i t i o n region of the spectrum i s rather short 
at sea l e v e l but the change i n the slope occurs gradually at 
mountain a l t i t u d e s . 
( i i i ) The t r a n s i t i o n region occurs at lower densities using 
cloud chambers than proportional counters or ionisation 
chambers. 
( i v ) The t r a n s i t i o n region has a. strong dependence to the 
le v e l of observation as i t i s shown i n figure 3«1« 



Reference Running time 
(hr) 

Total number of 
observed events 

Freq- Minimum 
uency density 

(m-2) 

Altitude 
of observ­
ation. 

Prescott 
(1956) 

6 2 7 . 9(Curve 
B i n f i g . 2 ) 115 4 0 0 Sea. level 
7 2 5 o 8(Curve 
A i n f i g . 2 ) 

7 0 5 0 0 

Gemesy 
et s i . 

(1964) 
- 3000 7 0 4 1 0 m 

McCaughan 
et a l . 
(1965b) (at 
Sydney 
station) 

- Z0&7 2 0 0 Sea l e v e l 

McCaughan 
et a l . 
(1965b) 

6,979 2 Q D 0 0 2 0 0 3 2 3 5 m 

Swinson & 
Prescott 
(1965) 

3^-50 

7>000 mm 

mo 3 2 8 5 m 

3£60 m 

Swinson & 
Prescott 
(1963) 

3P12 1 , 5 0 0 BOO 3 , 5 7 5 m 

Table 3.2 Available information about running time and 
the t o t a l number of observed events obtained by various 
experimenters (mentioned i n section 2) and the a l t i t u d e 
of observation. 



The importance of the measured density spectrum i s 
clear considering the featuresmentioned above. I n general 
the change i n the slope of spectrum has been interpreted due 
t o (a) a change i n the characteristic of nuclear interaction 
or (b) as a r e s u l t of a c u t - o f f i n the primary energy per nucleon 
spectrum. 

As mentioned e a r l i e r Swinson and Prescott found that the 
various spectra (measured at d i f f e r e n t a l t i t u d e s ) have the 
same shape and could be superimposed, apart from observed rates, 
by a change i n the density - scale, f o r example by a factor 
of 13o5 from %285 m elevation to sea l e v e l , and that these 
proportions, as shown i n figure 3«1> matched the rate at which 
a nucleon would on average lose energy, i t s energy E after 
depth x m.f.p. being, f o r an e l a s t i c i t y |3 i n c o l l i s i o n s , 

E - E 0 | 3 X 

Swinson and Prescott calculated the f r a c t i o n a l energy, f , 
E 

retained by primary, i . e . f « — , as a function of atmos-
Eo 

2 
pheric depth X g cm" assuming an e l a s t i c i t y O.45 and an 
int e r a c t i o n length of 75 g cm • The so l i d l i n e i n figure 

E 
3el shows t h e i r calculated r a t i o f - -v-" . 

-"o 
Swinson and Prescott thus suggest that the density spectrum 

r e f l e c t s the energy per nucleon spectrum at some higher level 
i n the atmosphere and then the observed cut-off i n the measured 
density spectrum indicates a cut-off i n the primary proton 
spectrum, o r i g i n a l l y proposed by Peters (1952), Norman (1956) 

and suggested by Bray et al . (1964) to interpret the observation 
on the core structure of showers at sea l e v e l , made with the 
Sydney a i r shower array. 
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3*3 Introduction t o the present experiment 

A proportional counter of rectangular cross section 
was employed i n present experiment to measure the density 
spectrum of EAS. The counter i s made up of aluminium walls 

3 
with external dimensions of (15 x 15 x 101) cm . The central 
wire of the counter i s made of tungsten 7*610*"̂  cm i n diameter 
stretched along the <central axis of the counter. The wa l l i s 
6 mm t h i c k . The counter i s f i l l e d with 90$ argon and 10% 

methane (to prevent photo production) to atmospheric pressure. 
The c e n t r a l wire (anode) of the counter i s shorter than the 
length of the counter by 4*5 cm at each end. To minimise the 
i r r e g u l a r i t i e s of the e l e c t r i c f i e l d at i t s ends each end i s 
enclosed by a glass cylinder. A scale diagram of the counter 
and the electronic c i r c u i t diagram used as a head uni t are 
shown i n figures 3*4b and 3*4a respectively. 

To measure the density spectrum of EAS i t i s essential 
t o c alibrate the counter and to be sure that the counter works 
i n the proportional region. What i s measured i n the proport­
ional counter i s ionisation loss and before describing the 
main experiment a knowledge of the properties of the counter 
are necessary. This i s done by measuring the response and gas 
gain of the counter due t o the passage of incoherent cosmic ray 
pa r t i c l e s and the results are explained i n the following section« 

3*4 Calibration of the proportional counter 

3*4*1 Most probable energy loss 

The parameter which i s measurable by the proportional 
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counter is the energy loss of ionising particles i n traversing 
the counter. I n a. t h i n absorber l i k e the proportional counter, 
employed i n the present experiment,-what i s measured is the 
most probable energy loss which i s due to the more frequent 
low energy transfer c o l l i s i o n s of charged p a r t i c l e s . The 
most probable energy loss has been derived by Symon (194#) and 
his results are summarised by Rossi (1952), namely, 

(g cm™ ), |3 i s the velocity of p a r t i c l e r e l a t i v e t o the velocity 
of l i g h t , I ( z ) i s the ionisation potential of the medium and 
J i s given by Rossi i n graphical form and takes i t s asymptotic 
value of 0.37 f o r the present case. 

The above formula i s calculated f o r a track length of 
13»8 cm ( i n t e r n a l thickness of the counter) of the gas of the 
counter as a function of Lorentz factor and the r e s u l t i s shown 
i n figure 3«5« 

3.4-2 The density e f f e c t 

This effec t was pointed out by Swan (193&) and causes a 
reduction i n most probable energy loss and i s more predominant 
i n dense materials. I t has been investigated by Fermi (1940) 

and Sternheimer (1952, 1956) t h e o r e t i c a l l y . The analytic 
expression f o r the density.effect due to Fermi and Sternheimer 
are given by Rossi (1952) and Ksyakawa (1969) respectively by 

2c rrr c x 4c m x 
,3 w ( Ln E 

( l - pr) r ( z ) 

z 
where c » 0.15 "~ A 

cm g" , x i s the thickness of matter 

A(|3) 2C m, e Ln£ f o r 1/2 
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i - p e - 1 / 

where £ i s the d i e l e c t r i c constant of the medium r e l a t i v e 
t o vacuum and the other terms have t h e i r usual meanings. 
For the present case £ -1 - 1.2J.O-5. 

The above expressions were due t o Fermi. Sternheimer 
gives the f o l l o w i n g expressions 

A( (3 ) » 4«606 y + c + a (y-^ - y) f o r y^< y < y^ 

A( (3 )= 4.606 y + c f o r y > y 1 

P 
where y = l o g „ , P being the momentum of the 

mc 

primary p a r t i c l e and m i t s mass. The values a, b, c, y^ and 

y 0 are tab u l a t e d by Hayakawa. f o r argon and methane. 

The corr e c t e d value of the most probable energy l o s s , 
a f t e r s u b t r a c t i n g the density e f f e c t due t o Fermi and Sternheimer, 
f o r the p r o p o r t i o n a l counter as a f u n c t i o n of the Lorentz f a c t o r 
o f primary p a r t i c l e i s shown i n f i g u r e 3«5» According t o 
f i g u r e 3*5 the r a t i o of minimum i o n i s a t i o n t o plateau ionisa.tion 
i s — 60f* Ramans Murthy (1963) measured most probable energy 
loss i n a p r o p o r t i o n a l counter and found a r a t i o of (45 - 5)% 

p 
a t — = £000 which i s lower than the predicted r a t i o . This 

mc 
r a t i o has been i n v e s t i g a t e d f o r neon f l a s h tubes and w i l l be 

described i n Appendix Aa 

3*4«3 S t a t i s t i c a l f l u c t u a t i o n s i n the energy loss by c o l l i s i o n 

Since the c o l l i s i o n s which are responsib3.e f o r energy loss 
are independent the amount of energy l o s t f o r p a r t i c l e s of a 
given kind and i n c i d e n t energy are n o t the same* This w i l l 
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cause a f l u c t u a t i o n i n the most probable energy loss and has 
been i n v e s t i g a t e d t h e o r e t i c a l l y by Symon ( 1 % # ) • Rossi (1952) 
has p l o t t e d Symon's r e s u l t s f o r t h i n absorbers- The d i s t ­
r i b u t i o n obtained i s shown i n f i g u r e 3*6a, 

Blunck and Leisegang (1950) and Blunck and Westfald (195D 
have modified the Laundau theory, i n c l u d i n g the binding energy of 
ele c t r o n s * Their r e s u l t s are shown i n f i g u r e 3*6b f o r d i f f e r -
ent values of b , where b i s defined by f o l l o w i n g expression 

energy loss i n t r a v e r s i n g x g cm" of matter and the other 
terms have t h e i r usual meanings* 

p 
For b « 3 the d i s t r i b u t i o n i s i d e n t i c a l t o the one 
pred i c t e d by Landau* 
3*4*4 Pulse height d i s t r i b u t i o n of sin g l e p a r t i c l e 

To i n v e s t i g a t e the density spectrum of EAS one needs 
t o measure the response of the detector when a. single p a r t i c l e 
passes through i t * Incoherent cosmic ray p a r t i c l e s were 
selected by the coincidence between two t r a y s o f G.M# tubes, 
placed above and below the counter f o r t h i s purpose* Each 
t r a y c o n s i t s o f three tubes placed beside each other i n a 
h o r i z o n t a l plane. The p r o p o r t i o n a l counter i s positioned 
between two t r a y s * The distance between the c e n t r a l wire 
of the counter and the anodes of the top t r a y i s 25 cm and from 
the 8nodes of the bottom t r a y i s 19 cm • The whole apparatus 
i s mounted on an aluminium f rsrne* The G»M. tubes are c y l i n d ­
r i c a l (made of glass) w i t h e x t e r n a l and i n t e r n a l diameters of 
3*6 cm and 3*26 cm r e s p e c t i v e l y * The anode of each tube i s 

20 A Z 
4/3 

(o*3 m. ( me c j \ 
r ~ ~ i r ) 

where A i s "the average 
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Figure 3.*6a The Landau d i s t r i b u t i o n i n 
energy loss c a l c u l a t e d using 
the theory of Symon f o r the 
p r o p o r t i o n a l counter used* 
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Figure 3«6b The Blunck and Westphal d i s t r i ­
butions i n energy loss f o r various 
b , normalised t o compare w i t h 
Landau d i s t r i b u t i o n . . The b*: * 0 
curve i s i d e n t i c a l t o the Landau* 



26 cm long* A coincidence from both t r a y s shows t h a t a 

p a r t i c l e has traversed the p r o p o r t i o n a l counter as shown i n 

f i g u r e 3«*7a« The coincidence r a t e i s a f u n c t i o n of the 

atmospheric pressure and was, on average, ™ 10 min"^ f o r a. 

pressure of 76 cm Hg. The pulse height d i s t r i b u t i o n of single 

p a r t i c l e s was measured by an oscilloscope t r i g g e r e d e x t e r n a l l y 

from the coincidence pulse of the G - M tr a y s at d i f f e r e n t 

values of the voltages V 0, applied t o the p r o p o r t i o n a l counter* 

An example i s shown i n f i g u r e 3*7b f o r V 0 = 2*£0 KV. The 

dashed d i s t r i b u t i o n i s the expected one from Laundau theory* 

The p r o b a b i l i t y of the expected and the measured d i s t r i b u t i o n s 

being i d e n t i c a l i s 0*57* using a Chi - square t e s t * 

3• 4• 5 The ef fect3__gf_ o t h e r ; processes on the pulse height 
d i s t r i b u t i o n * 

The main e f f e c t s which could broaden the measured pulse 

height spectrum are as f o l l o w s : 

( i ) Knock-on electrons from the w a l l of the counter 

could broden the spectrum* Since the minimum energy of a. 

knock-on e l e c t r o n produced i n the middle of the w a l l i s 1*8 

Mev, c a l c u l a t e d using the range - energy r e l a t i o n s h i p given by 

Wilson (1951) f o r aluminium, the t o t a l p r o b a b i l i t y of knock-on 

production, i n the w a l l of the counter by muons (which i s the 

main component i n cosmic rays at sea l e v e l ) i s 3*4$-« This 

value i s c a l c u l a t e d from the Rutherford formula. (Rossi, 1952)• 

( i i ) Taking the geometric i n t e r s c t i o n mean fr e e path of 

a proton i n aluminium, Lg = £7- g cm""2, and thickness of the 

w a l l , x, the number of p a r t i c l e s , N, t h a t w i l l i n t e r a c t f o r N 0 

i n c i d e n t p a r t i c l e s i s given by 
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Figure 3*7a The G-M- counter c a l i b r a t i o n arrangement. 
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Figure 3»7b The expected s i n g l e p a r t i c l e d i s t r i b u t i o n 
according t o Landau (dotted d i s t r i b u t i o n ) 
compared w i t h the measured single p a r t i c l e 
d i s t r i b u t i o n ( s o l i d d i s t r i b u t i o n ) from the 
p r o p o r t i o n a l counter at Vo « 2.40 KV. 
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N - N 0 ( exp CL2L) - 1 ) 
h 

S u b s t i t u t i n g the values, f o r x and Lg, one obtains a 

value of 1*£5^ f o r the i n t e r a c t i o n p r o b a b i l i t y * 

( i i i ) The e f f e c t of the u n c e r t a i n t y i n the t r a c k length 

d i s t r i b u t i o n i n the gas of the counter i s investigated i n the 

fo l l o w i n g way: 

The area of the G - M t r a y s are divided i n t o 16 small 

areas and f o r each s m a l l area of the top t r a y a l l possible 

t r a c k s which meet the coincidence requirements have been 

considered* The d i s t r i b u t i o n i n t r a c k length i s found to 

be very narrow s i n c e the counter i s of rectangular shape* 

Thus the imposed width i n the pulse height spectrum due to the 

u n c e r t a i n t y i n t r a c k length i s n e g l i g i b l e * Therefore the 

measured pulse height s p e c t r a f o r d i f f e r e n t values of high 

v o l t a g e s , V 0, applied to the proportional counter represents 

the s i n g l e p a r t i c l e spectrum. The mean pulse height of each 

spectrum i s assumed to represent the equivalent energy l o s s of 

one p a r t i c l e having t r a v e r s e d the gas of the counter at the 

corresponding high voltage, V Q« The r e s u l t s are shown i n 

f i g u r e 3«S« This graph shows that the counter operates i n 

the p r o p o r t i o n a l region* 

3*4*6 Gas gain of the proportional counter 

Let us assume the capacitance of the counter plus the 

head u n i t system i s C 0 . Sappose the amount of charge c o l l e c t e d 

by the c e n t r a l wire of the counter when traversed by a charged 

p a r t i c l e i s Q* Then Q s CV 0 where V'0 i s the output pulse 

height from the counter* 



V 2.8 3.2 
Voltage applied to the electrodes IK.V ) 

ure 3 y T h e v a r i a t i o n of the mean pulse height, 
w i t h operating voltage f o r the pr o p o r t i o n 
counter 



Suppose one includes i n the head u n i t c i r c u i t an 
a d d i t i o n a l capacitance, C, i n p a r a l l e l w i t h CQ. The output 
pulse height w i l l decrease t o a value v where V- — 2 — • 

c + c 0 

Therefore a. p l o t of C against ~ i s expected t o be a s t r a i g h t 
l i n e w i t h an i n t e r c e p t on the ordinate equal t o CQ„ 

For a f i x e d value of applied v o l t a g e , V Q, t o the counter 
the d i s t r i b u t i o n i n pulse height from the counter was obtained 
using the same procedure as described i n the s i n g l e p a r t i c l e 
c a l i b r a t i o n * The mean of each d i s t r i b u t i o n , f o r d i f f e r e n t 
values of C, was taken as the corresponding value of v• 

The experimental r e s u l t s are shown i n f i g u r e 3*9» From 
f i g u r e 3*9 one obtains C 0 * (54*3 i #) Pf« 

The median Lorentz f a c t o r f o r a s i n g l e p a r t i c l e t o meet 
the t r i g g e r i n g requirements i s 29*5 > as w i l l be described i n 
se c t i o n 3*6. The energy required t o release one i o n pair 
i n the gas of the counter i s 26*9 ©V, Rossi (1952)* This 
value r e f e r s t o an e l e c t r o n o f 17»4 KeV i n argon (which i s 9Qfo 
of the gas i n the p r o p o r t i o n a l counter) and i s assumed t o be 
the same f o r the s i n g l e p a r t i c l e i n c a l i b r a t i o n run. Thus 
the number of i o n p a i r s produced when a sing l e p a r t i c l e traverses 
through the gas of the counter i s 1,017* 5* This i s derived 
assuming 27*5 KeV energy loss (most probable energy loss) f o r 
a charged p a r t i c l e t r a v e r s i n g the counter w i t h V s 29*5» as 
obtained from f i g u r e 3»5* Therefore the mean g a s ^ i n of 
the counter, M, i s given by 

M • (333*5 - 49»D V where v i s the mean pulse height 
measured i n mV. A p l o t of the gas g a i n , M, as a f u n c t i o n 
of v o l t a g e , V 0, i s shown i n f i g u r e 3*10« 
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Figure 3*9 Reciprocal of the me^n pulse height 
(rnVP , obtained f o r values of the 
capacitance C, inserted i n the c i r c u i t 
f o r V 0 * -2.60 fcV. 
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t e r i s t i c f o r the p r o p o r t i o n a l 
counter. 



hi,, 

3#5 Experimental arrangement 

3»5«1 General 

For measurements of the density spectrum of EAS one 
needs a system c o n s i s t i n g of several detectors spread a. few 
metres apart t o i d e n t i f y the a r r i v a l of an EAS. The system 
i s c a l l e d a. master t r i g g e r . I n the present experiment the 
master t r i g g e r i s made of three large area l i q u i d s c i n t i l l a t o r s 
placed h o r i z o n t a l l y beside each other on the r o o f of a. large 
volume f l a s h tube chamber. The p r o p o r t i o n a l counter i s 
loc a t e d on the top of the middle s c i n t i l l a t o r , M, under a. 
l i g h t r o o f (4 g cm i n t h i c k n e s s ) . The counter i s mounted 
on an aluminium frame. The distance between the top layer 
of the l i q u i d s c i n t i l l a t o r and the anode of the counter i s 
57* 5 cm. 

When the e l e c t r o n d e n s i t y , A > measured by the l i q u i d 
s c i n t i l l a t o r s exceeds a minimum value,the output pulse from 
the counter i s photographed on an oscilloscope. The 
osci l l o s c o p e camerars t r i g g e r e d by the coincidence pulse from 
the l i q u i d s c i n t i l l a t o r s through a c y c l i n g system. The 
experiment was c a r r i e d out i n three runs c a l l e d E, F and G 
corresponding t o minimum EAS l o c a l e l e c t r o n d e n s i t i e s of 
40 wT , 160 m~ and 511 m r e s p e c t i v e l y . One s c i n t i l l a t i o n 
p a r t i c l e i s defined as the mean of the measured pulse height 
spectrum obtained i n a s i n g l e p a r t i c l e c a l i b r a t i o n using the 
same procedure as described f o r the c a l i b r a t i o n of the prop­
o r t i o n a l counter. I n run E the pulse length and i n runs 
F and G the pulse height spectrum of EAS p a r t i c l e s was measured. 
The e l e c t r o n i c c i r c u i t diagram used i n run E, converting pulse 
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height t o pulse l e n g t h , i s shown i n f i g u r e 3 .13a. P l a t e 3 . l 
shows an example of pulses obtained i n run E and run F. 

For each EAS t r i g g e r not only was the p r o p o r t i o n a l 
counter pulse height recorded but also the t r a c k s of p a r t i c l e s 
i n the f l a s h tube chamber s i t u a t e d below the p r o p o r t i o n a l counter 
were photographed • The f l a s h tube chamber i s described i n 
the next s e c t i o n . 

3».5»2 The neon f l a s h tube chamber 

A scale diagram of the f l a s h tube chamber i s shown i n 
f i g u r e 3«H» The chamber uses 10,748 f l a s h tubes. These 
are c y l i n d r i c a l and made o f soda glass f i l l e d w i t h a gas 
mixture of 9&% neon gas and 2% of helium gas t o a pressure of 
60 cm of mercury. Each tube i s 2 m long w i t h mean ex t e r n a l 
diameter of 1.7& cm and i n t e r n a l diameter of 1.58 cm. Each 
tube i s covered w i t h polythene sleeving t o i n h i b i t l i g h t 
passing t o neighbouring tubes. The chamber contains 124 l a y e r s 
of f l a s h tubes, a l t e r n a t e l a yers having $k or 85 tubes placed 
h o r i z o n t a l l y . 

Above every second layer o f tubes are aluminium electrodes, 
0.122 cm i n thickne s s , 3*3 cm apart. I n the sections F2 and 
F3 ( f i g u r e . 3»11) the area of the electrodes i s 2.95 ra2> while 
i n F l and F4 the electrodes are shorter i n depth by 30 cm, 
and cover an area of 2.4& m . 

Between Fla and Fib there i s 15 cm of s t e e l which allows 
one t o study the cascade showers produced i n the s t e e l , 3nd t o 
i d e n t i f y the parent p a r t i c l e s i n Fla. as being charged or 
n e u t r a l . 

D i r e c t l y below the i r o n , and also below F4a, there are 



PLATE 3*1 

An example of a. pulse obtained i n 
the F s e r i e s , from the p r o p o r t i o n a l 
counter. _ 

An example of a pulse obtained i n 
the E s e r i e s , from the p r o p o r t i o n a l 
counter. 

A e» 175 m"2 
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2 
two p l a s t i c s c i n t i l l a t o r s A and B, of area. 1*05 m and 
thickness 5 cm, each viewed by f i v e 53 AVP p h o t o m u l t i p l i e r 
tubes and one 56 AVP tube. These two p l a s t i c s c i n t i l l a t o r s , 
i n coincidence, were used t o s e l e c t s i n g l e p a r t i c l e s (muons) 
t r a v e r s i n g the chamber and i s c a l l e d the s i n g l e p a r t i c l e 
s e l e c t i o n system* 

The s t e e l p l a t e s , f l a s h tubes and p l a s t i c s c i n t i l l a t o r s 
are contained i n an inner framework of s t e e l g i r d e r s , while 
around the chamber i t s e l f i s a. l a r g e r enclosure c o n s i s t i n g of 
30 cm t h i c k w a l l of barytes concrete and a roof of 15 cm of 
lead supported by s t e e l p lates o f thickness 1.3 cm. This 
absorber cuts out the s o f t components- of EAS while a l l o w i n g 
p e n e t r a t i n g p a r t i c l e s t o pass through the chamber. 

Above the lead there are three large l i q u i d s c i n t i l l a t o r s 
which form an EAS s e l e c t i o n system. These s c i n t i l l a t o r s are 
each of area 1.24 m % depth 15 cm, and are each viewed by two 
EMI 9583B p h o t o m u l t i p l i e r tubes. The performance of these 
l i q u i d s c i n t i l l a t o r s are described i n d e t a i l by Ashton et a l . 
(1965). 

The whole chamber i s l i g h t - t i g h t , a l l o w i n g the use of a. 
camera w i t h o u t a s h u t t e r . This means t h a t the camera i s 
continuously s e n s i t i v e , the f i l m being wound by one frame a f t e 
each event. 

When a t r i g g e r occurs a high voltage pulse i s applied 
t o the electrodes, c r e a t i n g the necessary e l e c t r i c f i e l d acros 
the neon f l a s h tube such t h a t i n tubes containing i o n i s a t i o n 
due t o recent passage of a charged p a r t i c l e , the neon gas w i l l 
break down and a. v i s i b l e discharge w i l l occur i n the tube. 

This high voltage pulse i s produced i n the f o l l o w i n g way: 
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The master 5 v o l t t r i g g e r pulse t r i g g e r s a. thy r i s t o r , prod­
ucing an output pulse of + 3 0 0 V magnitude. This pulse i s 
fed t o a high voltage pulse transformer, the output of which 
produces a t r i g g e r pulse f o r the M T r i g a t r o n I ? spark gap. 

A voltage of 1 6 KV i s supplied across the main spark 
gap • The pulse applied t o the electrodes i s approximately-
r e c t a n g u l a r of height 8 KV and length of 10(1 S • 

A block diagram of the e l e c t r o n i c c i r c u i t s used i n the 
EAS s e l e c t i o n system ( l i q u i d s c i n t i l l a t o r s ) and the f l a s h 
tube chamber c a l i b r a t i o n telescope ( p l a s t i c s c i n t i l l a t o r s ) i s 
shown i n f i g u r e 3 *12« 

3 • 6 Response of the p r o p o r t i o n a l counter t o EAS p a r t i c l e s 

I n s i n g l e p a r t i c l e c a l i b r a t i o n runs f o r the p r o p o r t i o n a l 
counter the minimum energy f o r muons and electrons t o meet 
the t r i g g e r i n g requirements are 24 MeV and 7 * 8 MeV r e s p e c t i v e l y . 
These are c a l c u l a t e d using the energy range r e l a t i o n of muons 
given by Serre (196? ) and assuming 2 MeV g"1 cm energy loss 
due t o e l e c t r o n s , the amount of matter i n the v e r t i c a l beam 

- 2 
being 3»9 g cm of equivalent water. 

Thus the expected i n t e g r a l rate of muons and electrons 
i n c a l i b r a t i o n runs are 7 * 5rl0 cm"" s s t and 3 « & L 0 ~ P cm" 

1 - 1 

s s t r e s p e c t i v e l y , i n t e g r a t i n g the measured d i f f e r e n t i a l 
r a t e of these components given by F i z z i n i et a l . ( 1 9 6 6 ) » at 
sea l e v e l . 

Therefore the median Lorentz f a c t o r f o r a. s i n g l e p a r t i c l e 
i n a c a l i b r a t i o n run i s 2 9 * 5 * M i t r a and Rosser ( G a l b r a i t h , 
1 9 5 # ) have measured the energy spectrum of electrons i n EAS 
at sea l e v e l as 
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Figure 3*1? Block diagrams of the e l e c t r o n i c s used i n the 
E4S s e l e c t i o n system ( l i q u i d s c i n t i l l a t o r s ) " 
and the f l a s h tube chamber c s l i b r a t i o n 
telescope ( p l a s t i c s c i n t i l l a t o r s ) . 
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N(>E) = K(E + E C ) ~ S w i t h S - 1*1 ± 0.3 and E Q the 

c r i t i c a l energy of e l e c t r o n s being 114 MeV. 
Taking S * 1*1 and E c = 114 MeV one f i n d s the medium 

energy of EAS p a r t i c l e s ( e lectrons) being 100 MeV corresponding 
t o a median Lorentz f a c t o r equal t o ~ 200, 

From f i g u r e 3*5 one can derive the most probable energy 
loss due t o a s i n g l e p a r t i c l e ( Y ~ 29»5) a n c* p a r t i c l e s 
( Y =200) . This i n d i c a t e s t h a t EAS p a r t i c l e s deposit more 
energy than s i n g l e p a r t i c l e s i n t r a v e r s i n g the p r o p o r t i o n a l 
counter w i t h a r a t i o equal t o 1.27. 

**EAS " 1*27 Kg where Rg^g and Rg are t h e response of 

the p r o p o r t i o n a l counter t o an EAS p a r t i c l e ( e l e c t r o n ) or 

s i n g l e p a r t i c l e r e s p e c t i v e l y * 
Thus t o ob t a i n the d e n s i t y spectrum from the measured 

pulse height spectrum i n the EAS experiment, the observed 
pulse heights have been d i v i d e d by 1*27 Rg> where Rg i s the 
mean pulse h e i g h t a t the working voltage o f the p r o p o r t i o n a l 
counter as measured i n a. s i n g l e p a r t i c l e c a l i b r a t i o n run 
(shown i n f i g u r e 3»S)« This then d i v i d e d by the i n t e r n a l 
area of the counter, i . e . d i v i d e d by 0.14 m̂  (assuming a 
uniform d i s t r i b u t i o n of p a r t i c l e s over the area of t h e c o u n t e r ) . 

Since i n run E, as mentioned e a r l i e r , pulse length 
d i s t r i b u t i o n s were measured i t was necessary t o measure the 
pulse height - pulse l e n g t h d i s t r i b u t i o n . The measurement 
was c a r r i e d out using the f o l l o w i n g procedure: 

Every time a cosmic ray p a r t i c l e ( i r r e s p e c t i v e of 
d i r e c t i o n ) having traversed the counter produces a pulse 
which was measured through a fan out by an oscilloscope and 
at the same time the corresponding pulse l e n g t h was. measured "" 
using another o s c i l l o s c o p e . A s c a t t e r p l o t of pulse length 
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against pulse height was p l o t t e d and i s shown i n f i g u r e 
3*13b. Figure 3.13a shows the e l e c t r o n i c c i r c u i t diagram 
used t o convert pulse height t o pulse l e n g t h . 

The e f f e c t i v e range i n the. EAS experiment was l i m i t e d 
t o 20|is $ equal t o the de|a\)ty time between the passage of 
EAS p a r t i c l e s through the master t r i g g e r s c i n t i l l a t i o n 
counters and the a p p l i c a t i o n o f the high voltage pulse t o 
the chamber. I t was found t h a t the r i s e time of the pulse 
due t o EAS p a r t i c l e s i s longer than the s i n g l e p a r t i c l e r i s e 
time, obtained from the p r o p o r t i o n a l counter. Thus i t was 
decided t o measure the pulse height d i s t r i b u t i o n of the 
p r o p o r t i o n a l counter d i r e c t l y i n the F and G s e r i e s . This 
prevents u n c e r t a i n t i e s i n d e r i v i n g the density spectrum due 
t o the w i d t h of s c a t t e r p l o t as can be seen i n f i g u r e 3»13b. 

The pulse length d i s t r i b u t i o n obtained i n the E series 
was converted t o a. pulse height d i s t r i b u t i o n using the s o l i d 
l i n e drawn i n f i g u r e 3«13b. This was done a f t e r c o r r e c t i n g 
f o r the d i f f e r e n c e i n r i s e rime between single p a r t i c l e s and 
EAS p a r t i c l e s . The corrected pulse height d i s t r i b u t i o n was 
converted t o the measured density spectrum of EAS by d i v i d i n g 
the d i s t r i b u t i o n by the area of the p r o p o r t i o n a l counter. 

3 . 7 Results 

The experiment was c a r r i e d out i n the period of March 
1972 t o January 1974* As mentioned e a r l i e r the experimental 
data obtained i n the three d i f f e r e n t runs were c a l l e d the E, 
F and G s e r i e s . 

The data of the E series covers the density range of 
A = 40 - 700 n r 2 . The data, of F and G series covers the 
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density ranges o f A = 300 - 5,000 rrT2 and A* 500 - 5,000 nT 2 

r e s p e c t i v e l y . Figure 3»14 demonstrates the d i f f e r e n t i a l 
d e n s i t y spectrum obtained i n a l l three s e r i e s . As can be 
seen from t h i s f i g u r e , the r e s u l t s obtained i n the E series 
i s shown separately. The data of the F series and G series 
were added t o each other i n the range of A>500 m~2. 
Figure 3*14 shows t h a t the experimental data of a l l three 
se r i e s are cons i s t e n t w i t h each other. A t o t a l number of 
92 events w i t h A >3*000 r t f 2 ( i n F series and G s e r i e s ) was 
observed. This was obtained i n a s e n s i t i v e time of 6,870.7 hrs 

The slope Yd ° f t n e observed d i f f e r e n t i a l spectrum was 
c a l c u l a t e d using a. chi-square t e s t . I t was found t h a t 

Yj = - 2.45 - Q!O6 f o r t h e d e n s i t y range of A = 40 - 800 nT 2 

The value of the slope o f the spectrum was found as ^=-3*15 

- 0*60 l n T H E R A N G E O F I* 0 0 0 < A < 5,000 m2. The chi-square 

p r o b a b i l i t i e s at these values are 20% and 75% r e s p e c t i v e l y * 

The e r r o r s give 5% p o i n t s . The p r o b a b i l i t y t h a t the whole 

spectrum i n the density range of A= 40 -5>.000 m~~ f i t s a 

s i n g l e power law w i t h the slope of "2.50 was c a l c u l a t e d t o be 

The s o l i d l i n e s i n f i g u r e 3«14 are drawn w i t h slopes of 
-2.45 f o r 40 < A < 800 rn~ 2 and -3.15 f o r A >1*000 m2. 

The Poissonian f l u c t u a t i o n s were unfolded from the 
observed density spectrum f o r the r e g i o n of A>300 m~". 
The r e s u l t s are shown i n f i g u r e 3«14* I t can be seen t h a t 
the e f f e c t s of accounting f o r Poisson f l u c t u a t i o n n e i t h e r 
e f f e c t s the slope of the spectrum, the p o s i t i o n of the change 

»2 
i n the slope s t A- 1,000 m" nor t h e absolute i n t e n s i t y o f 
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Figure 3»14 The d i f f e r e n t i a l density spectrum measured' . . 
i n the present experiment* $ = obtained i n 
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at A > 1,000 m~2 nor the absolute i n t e n s i t y . 
The rJoIx;; l i n e s h.9ve a slope of -2.45 f o r A < 
1,000 m~"' & -3*15 f or A > 1*000 m-*. One u n i t 
of density io one? D a r t i c l e n-'-. 
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the observed spectrum* 
The measured i n t e g r a l density spectrum o f EAS i s shov/n 

i n f i g u r e 3*15« This shows the o v e r a l l r e s u l t s obtained i n 
a l l the three s e r i e s E, F and G. The s o l i d spectrum drawn 
i n f i g u r e 3.15 i s the best f i t through the experimental points 
and f o l l o w s as: 

-1.50 ~ 0.05 I o R (>A ) = 411.0 A hr i n the range of 40<A<800 m 

R (>A) - 1.31CA A ~ h r - 1 i n the range of 3,000<A<5,000m'" 

These r e s u l t s i n d i c a t e t h a t the i n t e g r a l density spectrum 

of EAS at sea l e v e l has a slope of -1.50 i n the density range 
A = 40 - 800 m~2. This i s approximately consistent w i t h 

most, of the experimental data obtained previously i n t h i s 
range of d e n s i t y . The slope of the spectrum was found t o 
be 2.0 i n the range of A > 3*000 m"2. 

Greisen (1960)gives the f o l l o w i n g expression f o r the 
i n t e g r a l density spectrum o f EAS at sea l e v e l i n the range 
o f A - 1~10;+ m-2* 
R ( > A ) = 540 A - d . 3 + 0.055 l o g A ) h r - i 

This suggests a gradual change i n the slope of the 
dens i t y spectrum s t a r t i n g from Y 8 8 1.30 at A = 1 m~ 2 t o 

y = - U4-6 at A = 1,000 m~2. The absolute rate given by 
Greisen, i s higher compared w i t h the present experiment w i t h 
a r a t i o of 2.0 at A 88 100 m~2. 

Cocconi (1949) and Cocconi and Tongiorgi (1949), using G~ 
M tubes, give the f o l l o w i n g expression f o r the sea. l e v e l density 
spectrum as given by Norman (1956K 
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R(>A) 460 A * hr i n the density range A =1-]^C00 nf" 

This i s i n b e t t e r agreement w i t h the present r e s u l t s both 
i n absolute r a t e and slope. The r a t e of t h e spectrum at 

—2 
A =• 100 m" as given by t h i s expression i s higher than the 

present r e s u l t s by a. f a c t o r y of 1.4* Thus i f one takes the 
average measured r a t e between the present r e s u l t s and those 
of Greisen i t approximately agrees w i t h the absolute r a t e as 
given by Cocconi and Cocconi and Tongiorgi i n the range of 
40 < A < 3*000 m"2. The d i f f e r e n c e i n the measured absolute 
r a t e s of the spectrum could be a t t r i b u t e d t o instrumental 
e f f e c t s (see Appendix C ) and also t o the t r i g g e r ­
i n g system of EAS (see Prescott, 1956). 
3»£ D e r i v a t i o n of the number spectrum from the measured 

density spectrum 

3•3•1 The predicted e l e c t r o n density spectrum 

The r e l a t i o n s h i p between the measured density spectrum 
and number spectrum was pointed out i n chapter 2. Thus i t 
i s o f great i n t e r e s t t o f i n d out what p e c u l i a r i t y i n showers 
i s r e q u i r e d t o produce the observed density spectrum. 

Assuming the l a t e r a l s t r u c t u r e f u n c t i o n of EAS p a r t i c l e s 
i s independent of shower size thus 

R ( >A ) «/ 271 r dr R(> where N -p ry , R( > A ) i s 

i n t e g r a l number spectrum and r i s the core distance* 
Measurements of the i n t e g r a l number spectrum have been 

summarised by H i l l a s (1970b)* The r e s u l t s of the summary can 

CP 

the i n t e g r a l density spectrum of EAS, R ( > 
P(r) ) i s the 
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be parameterised i n the f o l l o w i n g expressions, i . e . case (a) 
and case ( b ) . 
Case (aj 

R(>N) = 52.0 F f l o 5 ° rrT 2 s" 1 s t " " 1 f o r N < 5.105 

R(>N) 58 36,920.0 N~ 2*° n f 2 s" 1 s t * " 1 f o r 5«105< N< 3.107 

R(>N) - 6.76 I T 1 * 5 0 m 2 s" 1 s t " 1 f o r N > 3.10 7 

Case (b) 

R(>N) " 52.0 N" 1* 5 m"2 s"*1 s t " 1 f o r N < 5.10 5 

R(>N) s 36,920.0 n" 2°° m~2 s""1 s t " 1 f o r N > 5.IO5 

For both cases i n the number spectrum i t i s assumed t h a t 
9 

R(>5*10 ) = 0*0. This assumption does not change the 
r e s u l t s f o r d e n s i t i e s of A < 10,000 ra~2. 

For ease of c a l c u l a t i o n i t i s assumed i n the above 
expressions, t h a t the kinks i n the number spectrum are 
abs o l u t e l y sharp. A wider t r a n s i t i o n region f o r the change 
i n slope of the number spectrum does not change s i g n i f i c a n t l y 
the r e s u l t s of the present c a l c u l a t i o n s . 

The i n t e g r a l Was c a l c u l a t e d numerically f o r both cases 
(a) and (b) of the number spectrum. For each case, three 
l a t e r a l s t r u c t u r e f u n c t i o n s of electrons were assumed. 
These are gi#en by Greisen (1960), K i e l group ( H i l l a s , 1970a) 

and Sydney group ( H i l l a s , 1970a)and are c a l l e d P , P and 
G K 

P3 r e s p e c t i v e l y . The a n a l y t i c a l expressions f o r these 
f u n c t i o n s are as f o l l o w s * 
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n , , o ;., r x °'75 r 3.25 
P Q < r ) * Z t " r ] i ¥ ^ T ) ( l + W h 8 r e r i " ? 9 m a t 

sea l e v e l * 
? -1.5 P T ( r ) = 1.08.10 ( r + 1.1) exp ( - ) 

k 120 

P s ( r ) - 2.12.10M3 ( r + i ) " 1 * 0 exp ( 
75 

The lower l i m i t of the i n t e g r a l i s taken t o be r » 0.1 m 
instead of r = 0.0. I t w i l l be shown i n s e c t i o n 3»&«2 t h a t 
t h i s assumption doss not change the r e s u l t s (see f i g u r e 3-17)« 
The upper l i m i t of the i n t e g r a l , r m s x , v a r i e s w i t h the assumed 
form of the s t r u c t u r e f u n c t i o n and the value of the minimum 
e l e c t r o n density A • This v a r i a t i o n i s such t h a t P(r r a a x) ~ 

— — * where P(r i ro X) i s the assumed l a t e r a l s t r u c t u r e at 5.109 
r ~ r _ and 5*10^ i s the maximum value f o r shaver s i z e , max 

i 1 
The r e s u l t s of i n t e g r a t i o n i s expressed i n u n i t s of s ^ s t • 

I t i s assumed t h a t the e f f e c t i v e s o l i d angle of EAS p a r t i c l e s 
i s 0.75 s t corresponding t o n = 9 i n I = Cosn«9 • The r e s u l t 
n s 9 i s obtained i n a separate experiment and w i l l be described 
i n chapter 5» 

The c a l c u l a t e d values of the i n t e g r a l density spectrum of 
EAS were m u l t i p l i e d by (3,600 x 0.57) = 2,052. This gives the 
i n t e g r a l r a t e of EAS a t sea l e v e l expressed i n u n i t s of hr"^". 
Figure 3*16 shows the r e s u l t s of the 6 predicted density spectra. 
The i n t e g r a l rates are p l o t t e d as R(> A ) x A + 1 « 5 . The 
r e s u l t s of the present experiment i s shown i n f i g u r e 3*16 t o be 
compared w i t h the predicted spectra. 

I t can be seen t h a t none of the 6 predicted spectra f i t 
the observed spectrum i n the present experiment. This 
comparison suggests t h a t a change i n the shape of the l a t e r a l 
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d i s t r i b u t i o n f u n c t i o n w i t h shower size seems t o be required 
t o f i t the measurements. 

A chi-square t e s t was c a r r i e d out between NKG formula. 
(Greisen, 1956) and each of the three selected s t r u c t u r e 
f u n c t i o n s i n order to f i n d out the best values f o r the age 
parameters of each of the assumed f u n c t i o n s . The r e s u l t s 
show t h a t the best values of S are 1*25> 1*20 and 1*1+0 f o r 
Greisen, K i e l and Sydney f u n c t i o n s r e s p e c t i v e l y . 

Higher d e n s i t i e s are produced by l a r g e r showers. Thus 
according t o the observed density spectrum, the l a r g e r showers 
observed at sea l e v e l tend t o be older ( l a r g e r value of age 
parameters) t o see a t what core distances and at what shower 
size t h i s occurs, the d i s t r i b u t i o n s of the shower sizes and 
the d i s t r i b u t i o n of the core distances of EAS f o r a p a r t i c u l a r 
observed density were c a l c u l a t e d . The procedure of the 
c a l c u l a t i o n s and the r e s u l t s of the c a l c u l a t i o n s w i l l be 
explained i n the f o l l o w i n g s e c t i o n . 

3 .8.2 D i s t r i b u t i o n of the core distance and size of EAS 
producing • a given e l e c t r o n density 

The rotate of t r i g g e r s f o r which the l o c a l e l e c t r o n density 
exceeds A and whose core f a l l s a t distance > r i s given by: 

e 
r 
max 

R ( > r , > A ) = / 2 T C r / I ( > __A_) d r ' 
e J f ( r ) r 

The r a t e of t r i g g e r s o f e l e c t r o n size > N producing a 
l o c a l e l e c t r o n d e n s i t y i s given by: 

r 
max 

R ( > N, >A ) B / 271 t I ( > A..,) d / 
e- J fir') 

rmin 
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A y 

where N = ~f(x) a n d f ( r ) i s t h e s t r u c t u r e f u n c t i o n 

o f electrons*. 
The above i n t e g r a l s were evaluated numerically f o r 

d i f f e r e n t values of A . For each value of A , the functions 
e e * 

were c a l c u l a t e d f o r a l l s i x cases. These are two cases a 
and b f o r the assumed number spectrum given by H i l l a s (1970^) 

and three forms of the l a t e r a l s t r u c t u r e functions given by 
Greisen (1960), K i e l group and Sydney group ( H i l l a s , 1970a). 

The a n a l y t i c expressions f o r these f u n c t i o n s are the same as 
given i n the previous s e c t i o n . Figure 3»17 shows the r a t e 
of EAS producing a. given e l e c t r o n density and whose core f a l l s 
at core distance > r meter. This i s c a l c u l a t e d t a k i n g the 
Greisen l a t e r a l s t r u c t u r e f u n c t i o n f o r both cases (a) and (b) 
of the number spectrum. 

Figure 3»1£ demonstrates the rate of EAS of size > N 
producing a given e l e c t r o n d e n s i t y . The c a l c u l a t i o n i s based 
on the Greisen l a t e r a l s t r u c t u r e f u n c t i o n and cases (a.) and (b) 
of the number spectrum. 

To see the e f f e c t of the assumed l a t e r a l s t r u c t u r e f u n c t i o n 
on median core distances and median shower sizes of t r i g g e r s 
producing an e l e c t r o n density A see tables 3«3 and 3»4 

r e s p e c t i v e l y . Minimum shower sizes shown i n table 3«4 have 
been c a l c u l a t e d a t r « 0.1 m. 

3.8.3 Perlved„number soectrum 

I t was mentioned i n s e c t i o n 3»8.1 t h a t according t o the 
measured density spectrum a change i n the slope of the l a t e r a l 
d i s t r i b u t i o n f u n c t i o n w i t h shower size would seem t o be required. 
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Minimum 
observed 

Median Core distances (m) 
dens i t y 
(m-2) 

case ( 
Greisen 
a) case(b) case 

K i e l 
(a) case(b) 

Sydney 
case(a) case(b) 

1 0 1 2 1 2 7 7 1 6 1 6 

4 0 9 - 5 9 . 5 5 . 5 5-5 1 3 1 3 

80 8 8. 4 - 5 4 . 5 1 0 1 0 

1 6 0 6 . 5 6 * 5 4 . 3 4 . 3 8 . 2 8 * 2 

4 8 0 5 - 5 5 . 5 3 . 2 3 . 2 7 . 5 7 . 5 

1 0 0 0 4 . 5 4 . 5 2 . 5 2 . 5 8 7 

4 0 0 0 5 . 5 4 . 5 2 2 1 3 ̂  7-

1 0 0 0 0 8.5 4 . 5 3 . 5 2 14- 7 

Table 3 The median core distances (m) ca l c u l a t e d f o r 
s t r u c t u r e f u n c t i o n s given by Greisen, K i e l group and 
Sydney group assuming number spectrum given by Hi l i a s 
f o r both cases (a) and (b) (see the t e x t ) as a f u n c t i o n 
of minimum e l e c t r o n density ( n r ^ ) . 



Minimum 
observe ( 
density 
(m- 2) 

Median shower sizes 
1 (the minimum sizes are shown- i n 

brackets) 

Minimum 
observe ( 
density 
(m- 2) 

Greisen 
esse(a) case(b) 

K i e l Sydney 
case(a) case(b) \case(a) case(b) 

1 0 6 . 1 0 4 6 . 1 0 4 

(10 3) (io3) 

r~ 1 — - j » 

2.1(A 2 . 1 C 4 1 

( 1 . 2 . 1 0 3 ) ( 1 . 2 . 1 0 3 ; 

1.1.10 5 1.1.10 5 

( 5 . 1 0 3 ) ( 5 . 1 0 3 ) 

4 0 1 . 8 . 1 0 5 1 . 8 . 1 0 ' 5 

( 3 c 2 . 1 0 3 ) ( 3 . 2 . 1 0 3 : 

7 . 0.10^ 7 . 0 . 1 0 4 

(4.8.10 3)(4.8.10 3: 

3.10 5 3.10 5 

(2.1 ( A ) (2.1 ( A ) 

80 2 . 7 . 1 0 5 2 . 7 . 1 0 5 

:8.8.103 ) ( g #^ # 1 03; 

10 5 i o 5 

( 9 * 5 . 1 0 3 ) ( 9 . 5 . 1 0 3 : 

5.105
 5 # i o 5 

(4.2.10^(4.2 . 1 0 ^ ) 

160 5 . 0 . 1 0 5 5*2.10 5 

[ 1 . 7 . 1 0 4 ) ( 1 . 7 . 1 0 ^ ; 

2 .10^ 2 . I O 5 

(1.8.1 ( A ) (1.7.1 ( A ] 

8.5.105 8.5-105 

(8.2.1(A) (8.2.1 (A) 

480. 1 . 3 . 1 0 6 1.3 . 1 0 6 

[5.10M (5.1 ( A ) 

4.2.105 4 . 2 . I O 5 

(5.6 . 1 0 M(5.6.10 4] 

3.5.10 6 3.5.10 6 

(4.2.105)f4.2.105) 

1000 2 . 3 . 1 0 6 2 . 2 . 1 0 6 

[ 10 5 ) (105) 

9.8.10 5 9.8.105 

( 1 . 2 . 1 0 5 ) ( 1 . 2 . 1 0 5 : 

5.10 6 4 . 3 . 1 0 6 

(5.2.105)(5 #2.10 5) 

4 0 0 0 1 . 1 . 1 0 7 9.5«10 6 

!4.105) (4.105) 
3.5.10 6 3 - 1 0 6 

(4.6.105)(4,6.10 53 
3 .3.10 7 1.8.10 7 

( 2 . 1 0 6 ) ( 2 . 1 0 6 ) 

10000 4 . 1 0 7 I . 9 . I O 7 

(10 6) (10 6) 

7.5 . 1 0 6 6 . 5 . I O 6 

( 1 . 2 . 1 0 6 ) ( 1 . 2 . 1 0 6 ! 

icP 4 . 1 0 7 

(5.2 .10 6Jf5.2 .10 6 ) 

Table 3*4 The median and minimum shower sizes producing a given 
e l e c t r o n density (m-^) c a l c u l a t e d f o r s t r u c t u r e functions given 
by Greisen , K i e l group and Sydney group f o r e i t h e r cases (a) 
and (b) i n number spectrum given by H i l l a s (see the'text)• 
The numbers w r i t t e n i n brackets show the minimum shower size s . 
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Such a measurement has i n f a c t been made by Vernov et a l . ( 1 9 7 0 ) 

as shown i n f i g u r e 3 . 1 9 * According t o the r e s u l t s of Vernov 
et a l . t h e age parameter i s found t o have a value of about 1.2 
i n the s i z e range 1 0 ^ „ 1 0 ^ w i t h evidence f o r S increasing t o 
— 1 . 3 i n the s i z e ,f ange 1 0 ^ - 1 0 7 . I n e x t r a p o l a t i n g S t o 

lower shower sizes asymtotic values of 1.4 (curve 1 of f i g u r e 
3 . 1 9 ) and 1 * 3 (curve 2 of f i g u r e 3 « 1 9 ) at N = 1 0 ^ have been 
assumed. See f i g u r e 3 * 1 6 f o r j u s t i f i c a t i o n f o r making t h i s 
assumption. 

Assuming an age dependence, as given by the smooth curves 
1 and 2 i n f i g u r e 3 * 1 9 > the i n t e g r a l d e n s i t y spectrum was 
c a l c u l a t e d . This was done using the NKG formula, (see chapter 
2 ) and a modified number spectrum t o t h a t given below t o get 

2 

a f i t t o measurements over the range 1 - 5 » 0 0 0 m • Since the 
d e n s i t y spectrum has not been measured f o r A < 40 m~2 i n the 
present work the spectrum was extrapolated t o A = 1 n r 2 such 
t h a t t h e r e s u l t i n g spectrum was approximately p a r a l l e l t o the 
formula given by Greisen ( 1 9 6 0 ) i n the density range A s 1 ~ 5 0 0 

m 
The r e s u l t i n g best estimate of the sea l e v e l number 

spectrum i s shown i n f i g u r e 3 . 2 0 . 

R( >N) * 3 . 0 r 1 # 3 m"" 2s" 1st" 1 N < 7 . 1 0 5 

R( >N) - 3 6 , 9 2 0 . 0 N~ 2 # 0 m" , 2s- 1st"* 1 7 . 1 0 5 < N < 3 . 1 0 7 

R(>N) 88 6 . 7 6 N" 1* 5 n f 2 s ' " 1 s t " 1 N > 3 . 1 0 7 

This i s of the same form as t h a t given by H i l l a s ( 1 9 7 0 b ) 

f o r N > 7 . 1 0 ^ . The d i f f e r e n c e f o r N< 7 . 1 0 ^ increases as N 
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decreases. For N = 1 0 ^ the d i f f e r e n c e i s a. f a c t o r of 2 « £ * 
Figure 3 » 2 0 shows the predicted number spectrum and the r e s u l t s 
of d i r e c t measurements of the number spectrum as given by 
H i l l a s ( 1 9 7 0 b ) . 

The r e s u l t i n g p r e d i c t e d density spectrum i s shown i n 
f i g u r e 3 * 2 1 where i t i s seen t h a t the r e s u l t i s not s e n s i t i v e 
t o the asymtotic values of S i n the range 1 . 3 ~ 1 * 4 a t small 
and large shower s i z e s , as shown i n f i g u r e 3 « 1 9 « 

Taking the derived number spectrum, as given above, and 
the age parameter dependence (see curve 2 of f i g u r e 3 « 1 9 ) the 
median core distances, the median shower sizes and the minimum 
shower sizes producing a given e l e c t r o n density were calculated* 
The r e s u l t s o f the c a l c u l a t i o n are shown i n t a b l e 3 * 5 • 

The experimental data shown i n f i g u r e 3 » 2 0 are the median 
shower sizes ( t a b l e 3 » 5 ) capable of producing the measured 
d e n s i t i e s * The e r r o r s are r e l a t i v e l y the same as given i n 
f i g u r e 3 » 2 1 . 

3 * 9 Primary energy spectrum derived from measured density 

3 » 9 » 1 R e l a t i o n s h i p between primary energy and shower size 

I n order t o compute the primary energy spectrum from 
the measured size spectrum one must know the r e l a t i o n between 
shower s i z e N and primary energy E • The problem has been 

P 

approached i n d i f f e r e n t ways, some of which are now discussed: 

( i ) The t r a c k - l e n g t h i n t e g r a l 
A semi experimental s o l u t i o n of the problem has been 

given by Greisen ( 1 9 5 6 ) , u t i l i z i n g the a l t i t u d e v a r i a t i o n of 

the shower counting r a t e s and the concept of t r a c k l e n g t h * 
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Minimum 
observed 
d e n s i t y 
(m-2) 

Median core 
distance(m) 

Median shower 
size 

Minimum shower 
size 

1 3 0 3 . 5 * 0 4 8.10 2 

1 0 1 5 l o 5 - 1 0 5 1 . 7 . 1 0 3 

40 1 1 2 . HO 5 5 . 5 - 1 0 3 

3 0 0 6 7«105 3J.O^ 

1,000 3.5 l o 5 1 0 6 SIX* 

3,000 3 . 5 4.8.10 6 2 . MO5 

5,000 5 1 . 2 . 1 0 7 4«10 5 

1 Q 0 0 0 7 . S u o 7 7-105 

Table 3 . 5 The median core distances (m) and median 
shower sizes producing a given e l e c t r o n density (m~ ) 
ca l c u l a t e d f o r an NKG s t r u c t u r e f u n c t i o n w i t h age 
dependences as shown i n f i g u r e 3 . 1 9 (curve 2 ) t a k i n g 
derived number spectrum from measured density spectrum. 
The minimum shower sizes c a l c u l a t e d f o r showers f a l l i n g 
a t core distances of > 0 . 1 m. 
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Greisen c a l c u l a t e s the t r a c k length i n t e g r a l , E 0 J N d t , which 
y i e l d s the t o t a l energy d i s s i p a t e d i n i o n i z a t i o n by the charged 
p a r t i c l e s i n EAS. ( E Q i s the c r i t i c a l energy, t i s measured 
i n r a d i a t i o n lengths, and N i s the shower size observed at the 
l e v e l o f observation; i t i s assumed t h a t E 0 represents accur­
a t e l y t h e average energy d i s s i p a t i o n per r a d i a t i o n length f o r 
a l l charged p a r t i c l e s ) . The above i n t e g r a l gives 1 1 * 5 GeV per 
e l e c t r o n a t sea l e v e l , w i t h an u n c e r t a i n t y of the orders 7 of 2 5 $ . 
Adding the energy d i s s i p a t i o n due t o muons, nuclear e x c i t a t i o n s 
and low energy nucleons, neutrinos and e v a l u a t i n g the i n t e g r a l 
below sea l e v e l , Greisen obtains Ik ± 3 GeV per e l e c t r o n at sea 
l e v e l f o r N = 1 0 ^ and N= 5 * 1 0 ^ The a l t i t u d e v a r i a t i o n was 
based on measurements of the frequency o f showers w i t h density 
exceeding — 5 0 m , eouivalent t o N - 105<, Cocconie 7 ( 1 9 6 1 ) 

obtains 1 2 GeV per p a r t i c l e at sea l e v e l f o r N ~ 3 » 5 » 
105. 

( i i ) Model C a l c u l a t i o n 

The r e l a t i o n between Ep and N has been i n v e s t i g a t e d 
assuming a model f o r shower development t h r o u t h the atmosphere. 
This has been obtained s o l v i n g the d i f f u s i o n eauations (Ueda, 
1 9 6 0 ) or by Monte-Carlo c a l c u l a t i o n s (de Beer et a l . 1 9 6 6 , 

Bradt and Rappaport 1 9 6 7 ) « I n model c a l c u l a t i o n s one faces 
serious problems due t o the lack of precise knowledge of the 
c h a r a c t e r i s t i c s of high energy i n t e r a c t i o n s as w e l l as the 
primary mass composition. 

Bradt e t a l , ( 1 9 6 5 ) have measured the i n t e g r a l size spectra 
of EAS as a f u n c t i o n of z e n i t h angle,or e f f e c t i v e atmospheric 
depths a t Mt. Chacaltaya ( 5 3 0 g cm"^). C u t t i n g the spectra a t 
constant i n t e n s i t i e s they produce the l o n g t i t u d i n a l development 
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of EAS as shown i n f i g u r e 3.22. The smooth curves are 
drawn by Bradt e t a l . t o f i t the data p o i n t s . La Pointe e t 
al .(1968) have extrapolated the measured l o n g t i t u d i n a l develop­
ment o f EAS f o r higher primary energy and they produce the 
l o n g t i t u d i n a l development of EAS at a constant i n t e n s i t y cut of 
10"""^ cm"2 s""*" st"" 1". The data of La Pointe et a l . at t h i s 
i n t e n s i t y are p l o t t e d i n f i g u r e 3*22 and an approximate curve 
t o f i t t h i s data i s drawn through them. A l l the smooth curves 
have been ext r a p o l a t e d down t o the depth of 1*030 g cm-2 ( s e a 
l e v e l ) and are shown i n f i g u r e 3*22. The number i n the r i g h t 
row of the graph shows the constant i n t e n s i t y cut as given by 
Bradt e t a l . and La Pointe e t a l . i n u n i t s of cnT^ s~ x s t . 
The values attached t o each curve i n d i c a t e the primary energy 
i n (eV) obtained by means of f i g u r e s 3*23 and 3*25 as w i l l be 
described* 

Bradt e t a l , also produced the i n t e g r a l i n t e n s i t y as a 
f u n c t i o n of shower size at the maximum i n the l o n g t i t u d i n a l 
development. This i s shown i n f i g u r e 3*23. I t can be seen 
t h a t the maximum o f showers at constant r a t e s of 10 7 cm""- s 

-1 _]_o -2 . 1 -1 
s t and 10 cm s s t have an e r r o r . This i s due t o 
the l a c k of i n f o r m a t i o n on the l o n g t i t u d i n a l development a t 
these two r a t e s f o r atmospheric depths of less than about 
450 g cm""2, as i t i s seen from f i g u r e 3*22. The experimental 

1*5 2 1 1 p o i n t a t a r a t e o f 10 " x ? cm"9 s s t . i n f i g u r e 3.23.1s taken 
from the l o n g t i t u d i n a l development of EAS, at t h i s r a t e , as 
given by La Pointe e t a l . 

Figure 3*24 demonstrates the r e l a t i o n s h i p between shower 
maximum and the size a t sea l e v e l . This graph has been 
produced using f i g u r e 3*22 (which gives the i n t e n s i t y of EAS 
at sea l e v e l ) and f i g u r e 3*23 (which gives the i n t e n s i t y a t 
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L o n g t i t u d i n a l development curves obtained from 
constant i n t e n s i t y cuts on the p l o t s of the size 
spectra obtained for various zenith'angles or 
e f f e c t i v e atmospheric depths. The smooth curves 
are shown t o f i t the data points of Bradt e t a l . 
(1965) snd -^re extrapolated t o sea l e v e l (dashed, 
curves).. The points on i n t e n s i t y cut of 10 
_ c m»2 s-l st«l ere due t o La Pointe et al.(1968)and 
a smooth curve i s drawn through them. The .nurrbers 
i n the r i g h t of the graph^ are the constant i n t e n ­
s i t y cuts i n u n i t s of cm-2s«lQt-1. The numbers 
attached t o each curve i n d i c a t e primary energy. 
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shower maximum)e 

The next step i s t o know the r e l a t i o n s h i p between E 

and Nmsx.- La Pointe et al.have c a l c u l a t e d the Ep - N m p x 

r e l a t i o n s h i p and t h e i r r e s u l t s are shown i n f i g u r e 3 * 2 5 * 

N i k o l s k i (Hayakawa, 1969) measuresthe energy flow of d i f f e r e n t 

components of EAS at 6 5 0 g cm"2 depth. He f i n d s t h a t 3*5*10^ 

p a r t i c l e s are produced by (6 £ \]i ) 1 0 ^ eV primary. 

Using the shower development of Bradt et a l . t h i s size corres­

ponds t o 7*510^ p a r t i c l e a t maximum . This i s shown 

i n f i g u r e 3 « 2 5 » Given the r e l a t i o n between N m a x and Ng # L 

(see f i g u r e 3»24) and the r e l a t i o n between N m a x and E p as 

given i n f i g u r e 3 * 2 5 the size at sea. l e v e l as a f u n c t i o n of 

primary energy Ep were d e r i v e d and t h e r e s u l t s are shown i n 

f i g u r e 3»26. The r e s u l t s of the Monte-Carlo c a l c u l a t i o n of 

Bradt and Rappaport (1967) and the semi-exp erimental r e s u l t s 

of Greisen (1956) and Cocconi (1961) are given i n f i g u r e 3»26. 

As f i g u r e 3 » 2 6 shows a l l the data, are not consistant 

w i t h each other. This i s due t o the d i f f e r e n t assumptions 

f o r the model of high energy nuclear i n t e r a c t i o n and also the 

e f f e c t of inherent f l u c t u a t i o n s i n the shower development. 

Kempa e t al,(1974) have produced an Ep - Ng^ r e l a t i o n ­

ship. Their r e s u l t s i n d i c a t e t h a t a. discrepancy e x i s t s i n 

the Ep - N<^k converti o n depending on the procedure by which 

t h i s convertion i s obtained. For example at E « 10 ° eV 

the r a t i o of Ep/Ng^ v a r i e s between 4»B GeV t o 12 GeV. Curve 

(b) of f i g u r e 3*26 i s taken from Kempa et a l . This i s 

produced by Kempa et a l . t a k i n g the shower development of 

Bradt et al.and La Pointe e t al.and assuming 2 GeV/particle 

f o r Ep/N m a x r a t i o . I t can be seen t h a t t h i s i s approximately 
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components of E43 f t sea l e v e l . Bradt and 
Rappaport (1967) have obtained t h e i r results by 
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p a r a l l e l t o the dashed curve drawn through the data of 
figure 3 » 2 6 . The difference i n absolute r a t i o of B<p/\l3X 

i s because La Pointe et al.have assumed 127 GeV/particle at 
shower maximum* . Curve (a)- of figure 3 « 2 6 i s due to Kempa et 
a l . This i s based on a model calculation with an E"̂ ^ 
m u l t i p l i c i t y law* 

3*9<>2 Results 

Taking the derived number spectrum from the measured 
density spectrum as given i n figure 3»20 and the E . NseL 
relationship as given by the dashed curve i n figure 3«26, 

the i n t e g r a l primary energy of cosmic rays has been calculated 
and i s shown i n figure 3*27» Assuming the Ep - r e l a t i o n 
as given by curves (a) and (b) of the figure 3*26, the primary 
energy was derived. This is shown i n figure 3»27 and gives 
upper and lower l i m i t s t o the derived energy spectrum. 

Table 3«5 shows the median shower sizes that produce 
l o c a l electron densities of A > 1 r r f 2 and A > 5,000 m"^« 
These median sizes were converted to primary energies using 
fig u r e 3*26. These are taken as the lower and upper l i m i t s 
of the energy i n energy spectrum of cosmic rays as shown i n 
figure 3*27<> The primary energy spectrum plotted i n figure 
3«2& i s the same as the one which is plotted i n figure 3»27» 

The ordinate of the graph shows R( > E) E i n units of 
? 1 -1 

eV era" s s t and i s compared with the survey of Kempa et 
81.(1974). 
3«10 Conclusion 

The density spectrum of EAS at sea l e v e l was measured 
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Figure ?.2ff Integral energy spectrum 
of cosmic rays i n the range 
10l° - 10?° eV.-~-=The derived 
spectrum from the measured 
density spectrum. The big 
box showing the l i m i t s of the 
derived spectrum and the rest 
of the points ma lines are 
the same as given i n figure 
o & 
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using a single proportional counter, using three l i q u i d 
s c i n t i l l a t i o n counters as an EA3 t r i g g e r . The results of 
the measured spectrum can be described by 

R( > A } = U l A " 1 * 5 h r m l 40 < A < 800nf 2 

R( > A ) = 1 0 . 1 0 4 A ~ 2 e 0 h r " 1 1,000 < A < 5poo r r f 2 

This r e s u l t shows that the slope of the density spectrum 
changes from -1.5 to -2 .0 at A ^ IfiOO m~2. Taking the 
measured size spectrum, by d i r e c t methods, as given by Hillas 
(1970b)and assuming three forms of the l a t e r a l structure 
functions, as given by Greisen (1960), K i e l group (Hi l l a s , 
1970a)and Sydney group ( H i l l a s , 19?0a),the predicted density 
spectrum was calculated. Since the s i t u a t i o n of ,the number 
spectrum at sea l e v e l f o r N > 10? i s not clear two cases 
(a) and (b) were assumed f o r the size spectrum. The analytical 
expressions f o r cases (a.) and (b) of the number spectrum are 
as follows: 

Case (a) 

R(> N) * 52.0 N"1'5 n f 2 s" 1 st"* 1 N< 5.IO5 

R( > N) = 34920.0 N~2'0 m"2 a " 1 st"* 1 5-10 5< N < 3.10 

R( > N) = 6.76 

and Case (b) 

R( > N) « 52.0 

R( > N) - 36,920.0 

Thus 6 d i f f e r e n t forms of the density spectra were calcul-

-1.5 -2 -1 ~1 „ . ^ 7 N m s st N > 3.10^ 

-1.5 -2 »l -.1 c N m s st N< 5.10^ 

N" 2 o° n f 2 s~ X s t " 1 N> 5.105 
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ated. I t was concluded that none of these 6 predicted 
spectra could f i t the measured density spectrum. This 
re s u l t showed that a change i n the shape of the l a t e r a l 
structure function with shower size Would seem to be required. 
Taking the age dependence of the s tructure function as given 
by Vernov et a l . (1970) and extrapolating the measured age 
parameter t o S a 1.3 and S = 1.4 at small and large shower 
sizes the best number spectrum was derived. The d erived 
number spectrum from the measured density spectrum can be 
expressed by 

R( > N) « 3.0 N~ 1 # 3 i r f 2 s" 1 st"* 1 f o r N < 7.105 

R( > N) = 36,920.0 l T 2 e 0 m"2 s"1 s t " 1 f o r 7 -10 5 < N< 3.1o' 

1 ^ 2 1 1 R( > N) aa 6.76 N ° m" s" s t ~ for N > 3.10 7 

Taking t h i s number spectrum and assuming the NKG formula 
as the structure function of electrons with age parameter 
varying as given by Vernov et al.the density spectrum was 
calculated. This spectrum f i t s the measured spectrum i n the 
density range A • 1 - 5>000 m" t 

The derived number spectrum was converted to the primary 
energy spectrum using an Ep - n s . l relationship. I t i s 
noticed t h a t the absolute r a t e , slope and the position of 
the kink i n the primary spectrum depends on the assumed 
relationship between Ep and % . ] > This i s partly due to 
the inherent f l u c t u a t i o n i n the EAS development and partly 
due t o the lack of precise knowledge of the parameters of 
nuclear i n t e r a c t i o n . 

The primary spectrum, however, indicates a change of 
slope i n the energy range (4 ** 10) 10-*-5 eV". The slope 
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changes from ~ - 1.7 f o r E < 4-10 1 5 to ~ - 2.3 i n the 
energy range of l O 1 ^ - 10 1? eV. 
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CHAPTER h : 

THE MaON COMPONENT CLOSE TO THE CORB OF EA3 

4*1 Introduction 

The amount of information about the primary particles and 
the properties of high energy c o l l i s i o n s carried by the muon 
component i s much higher than the electronic component. The 
l a t e r a l density of muons and thus the t o t a l number of muons of 
energy 2i E are amongst the parameters which have been measured 
quite often. A comparison between the measured and predicted 
l a t e r a l density of muons shows that the former i s narrower than 
the l a t t e r assuming standard models (CKP) for high energy c o l l ­
isions. The widening of the d i s t r i b u t i o n s could be due to an 
increase i n the transverse momentum of produced pions, Pt, or 
an increase i n the height of production. The interesting fact 
i s that the width of the muon l a t e r a l d i s t r i b u t i o n depends on 
the mean value of Pt of pions produced i n the l a s t interaction 
and the height of the muon o r i g i n on the m u l t i p l i c i t y i n the 
very f i r s t interactions i n a. shower. Thus the study of low 
energy muons, coming from pions produced i n interactions with 
energy of ~ 1 0 ^ eV for which the transverse momentum i s known, 
makes i t possible to gain information about the m u l t i p l i c i t y law 
of high energy interactions. 

I n the present work the density spectrum of low energy muons 
has been measured using a. flash tube chamber. These measurements 
give information about the l a t e r a l d i s t r i b u t i o n of muons and the 
f l u x of muons i n EA5. 
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4.2 Properties of the flash tube chamber 

4«2.1 The sensitive time of flash-tubes 

Mien a charged p a r t i c l e passes through the gas of a flash 
tube i t ionizes the gas* Thus i f a high voltage i s applied to 
the tube a f t e r an appropriate time delay t ^ any electron remain-
ing i n the tube may i n i t i a t e a discharge. The probability that 
the tube flashes i s obviously, a. function of the time delay and 
i s called the efficie n c y - time delay (7] - tn) relationship. 

The r e l a t i o n s h i p between 7] and t p has been treated theoret­
i c a l l y by Lloyd (1960). Lloyd found i t convenient t o plot7| 
as a function of t n f o r a parameter, a fq, where a. i s the internal 
tube radius i n cm, f i s the probability of one electron i n i t i a t ­
ing the discharge and Q i s the number of ion pairs per centimetre 
produced i n i t i a l l y i n the tube. The values of a. and f are deter­
mined purely by the dimensions and the gas f i l l i n g of the tubes. 

Incbherent cosmic ray muons were selected by the single 
p a r t i c l e selection system (see figure 3»12) to measure theT] - t n 
r elationship. The measurement was carried out for d i f f e r e n t 
values of tn« In each t r i g g e r the passage of a muon through the 
flash tube chamber was photographed and thus a series of events 
were obtained f o r each value of t n . I n each event the t o t a l 
number of flashes i n F2 and F3 were counted, projecting the 
negative films onto a scanning table, f o r acceptable events. 
An acceptable event was an event i n which not only the track of 
a single p a r t i c l e must traverse the whole of F2 and F 3 , but must 
also appear i n Fl and F4* The second condition was applied, 
since Ashton et a l . (1971) have shown that a tube may flash with 
lower T| i f i t traverses the region of f r i n g i n g f i e l d down the 
f r o n t of back edges of the electrodes i n F2 and F3* 
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The measured number of flashed tubes on a track divided by 
the t o t a l number of layers i n F2 and F3, i.e. divided by 96, 

gives the layer efficiency 7| » The i n t e r n a l efficiency T] i s 
I . I 

defined as the r a t i o of the separation of neighbouring flash 
tube axes to the flash tube i n t e r n a l diameter multiplied byf^ 

I l o 3 L L 

The dependence of T) on tp was measured by Saleh- (1973) for 
I 

the chamber and i s shown i n figure 4«1« He found that a value 
of afQ = 9 - 1 i s the best f i t t o the experimental points. 
Thus afQ = 1.0 i 0 .1 i s the best value for quarks of charge e / 3 
assuming the Lorentz factor of auarks and single particles are 
the same (see Ashton et a l . , 1971 for the var i a t i o n of t| against 

L 
the momentum of ion i z i n g particles)© 

4.2.2 Response of the chamber to single...particles 

Since one of the aims of the present work is to search f o r 
quarks (see chapter 8) i t i s necessary to choose a. time delay 
for which the passage of a. quark with charge e / 3 through the chamber 
could be recognisable. The optimum t p was found to be 20|is 
which makes i t possible to distinguish the track of a charge @ /3 

p a r t i c l e from that of a. charge e p a r t i c l e . This gives an accep­
table efficiency f o r quark tracks and enables them to be d i s t i n g ­
uished from random alignments of spurious flashes i n the chamber. 

To obtain detailed information about the efficiency, t| , of 
the flash tubes, f o r charge e particles a time delay of tp -
20 |iS was selected and for each event the t o t a l number of flashed 
tubes i n F2 * F'3 f o r acceptable events (an acceptable event has 
the same c r i t e r i a as described i n section 4.2.1) were counted. 
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The results of measurements forl. y046 triggers i s shown i n 
figure 4*2 • The mean number of flashed tubes i s found to be 
74*77 i 0.14 wi t h standard deviation Q- = 4*6. The 20 |ULS time 
delay was used for a l l EA3 runs i n the present work. 

4*3 The measured muon density spectra i n EA5 

4»3<>1 Introduction i 

'With the l o c a l electron density t r i g g e r determined by the 
EAS selection system (see f i g u r e 3*12) the density spectra, of 
muons i n the E and F series were measured. The analysis 
procedure consisted of projecting the negative of the f i l m onto 
a scanning sheet. This gives a reduced image of re a l space i n 
the r a t i o 1 : 20* 

In each event the number of acceptable muon tracks were 
counted to obtain the frequency d i s t r i b u t i o n of muons having a 
par t i c u l a r density as i t i s observed i n the chamber. 

An acceptable event was one which s a t i s f i e d the following 
c r i t e r i a ( i ) The muons pass through an arbitary level defined 
to be the middle of F 2 . 

( i i ) The muons are p a r a l l e l to each other to w i t h i n t 5 0 i n 
the projected plane. 
( i i i ) The rnuons have a track length of >60 cm i n rea l space. 

The above c r i t e r i a confirm that the measured particles 
are muons and thus exclude any bias produced by interactions i n 
the scheilding when electronic detectors (eg. s c i n t i l l a t o r s ) are 
used to measure muon densities. Events i n which the whole or 
a part of the chamber ( i n the middle of F2 and 60 cm on either 
side of i t ) ' are obscured by bursts, such that i t makes measurement. 
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impossible or inaccurate, have been rejected i n the analysis 

of the data* Figure 4*3 shows a scale diagram of the front 
view of the chamber and gives an example of a. t y p i c a l event, 
with four muons having traversed the middle of F2. 

According to the c r i t e r i a mentioned above the acceptable 
muons have an energy threshold of 0.2 GeV. This is calculated 
using the range - energy relationship as given by Serre (196?)• 

4.3*2 Results 

A t o t a l number of 7137 triggers i n the E. series (films E23 -
E69) and 4,516 tri g g e r s i n F series (films Fl - F40) were analysed. 
The basic experimental data are shown i n table 4*1. I t can be 
seen that the efficien c y of detecting muons (defined as the 
r a t i o of the number of measurable events to the t o t a l number of 
tr i g g e r s ) i s 82$ and 59% f o r the E series and the F series resp­
e c t i v e l y . 

The deviation of the efficiency from unity i s mainly due 
to the reasons mentioned e a r l i e r (see section 4»3*1)« The 
l i m i t a t i o n of the experimental apparatus, however reduces the 
effi c i e n c y since events with N > 35 muons crossing the flash 
tube area (2.95 n£) have been rejected i n the analysis. This 
e f f e c t i s not s i g n i f i c a n t since the density spectrum of muons 
f a l l s o f f very rapidly* 

Since t h e electron density of the F series i s higher than 
the E series the median core distance of the former i s less than 
the l a t t e r and therefore the r e l a t i v e number of hadrons i n the 
F series i s more than i n the E series (see chapter 6). This 
results i n a decrease i n the efficiency from 82% i n the E series 
to 59%' i n the F series. 
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Figure k*3 Scale diagram of the f r o n t 
view of the chamber showing 
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the middle of F2 ( l i n e . AB). 



Film 
s e r i e s 

Total 
number 
of 

t r i g g e r s 

T o t a l 
running 
time 
(hrs) 

Rate, 
( h r - 1 ) 

T o t a l 
number 
of 

measure-
able 
events 

Events 
w i t h 
no 
muons 

Events 
w i t h 
one 
muon 

Events 
w i t h 
>1 
muon 

« 

E 7,137 1,347.5* 5.3 5,857 1 f 442 1,500 4,415 

F 4,516 5,419.6 0.82: 2,680 322 376 2,353 

Table 4*1 Basic experimental data obtained i n muon 
density spectra. 
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The measured frequency d i s t r i b u t i o n of muon density-
obtained i n the E s e r i e s and the F series 3re shown i n fi g u r e s 
k*k and 4.5 r e s p e c t i v e l y * 

The n?ont view, of the f l a s h tube chamber and some examples 
of the events observed i n the analysis of t he muon density spectra 
are shown i n p l a t e s 4*1 t o 4«3. 

4*3*3 The e f f e c t o f background muons. 

•A p o s s i b i l i t y which could a f f e c t the measured frequency 
d i s t r i b u t i o n of the muons i n EAS i s the incoherent muon component 
of cosmic rays. The i n t e g r a l r a t e of muons of E > 0.2 GeV i s 

o P ~1 1 
&.31Q~J cm s s t according t o Hay man and Wolfendale (1962)* 
The aperture of the chamber f o r acceptable events Q = 1±LJ&~ 

d 2 

where Al = A2 - 2*95 m2 and d = 120 cm, thus ft • 6.U02* cm 2 a t . 

•Therefore the r a t e of s i n g l e muons through the chamber i s 506 s~^. 
Simple c a l c u l a t i o n s show t h a t the t o t a l number of single 

muons i n c i d e n t on the chamber i n the 20|is period before the 
a p p l i c a t i o n of the high voltage t o the electrodes i s 62 and 2$ 
f o r the E s e r i e s and the F s e r i e s r e s p e c t i v e l y . Thus the e f f e c t 
of the incoherent muons i n the measured d i s t r i b u t i o n i s n e g l i g i b l e . 
I n p a r t i c u l a r one should note t h a t muons i n EAS are p a r a l l e l t o 
each other. 

The e f f e c t of the hadronic component of EAS and s i n g l e 
p a r t i c l e s are also i n s i g n i f i c a n t i n s i m u l a t i n g the measured 
spectra. Since on the one hand the r a t e of t h i s component 
compared w i t h the muon component i s very small and on the other 
hand there i s a la r g e p r o b a b i l i t y t h a t these p a r t i c l e s i n t e r a c t 
i n the lead and i r o n absorbers of the chamber. 



PLATE 

Front view of the f l a s h 
tube chamber 
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PLATS k.2 Event E.66 ~ 35 
An event showing three muons 
having traversed the f l s s h 

tube chamber 
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PLATE 4*3 Event E67 ~ 42 
An event showing seventeen muons 

having traversed the f l a s h 
tube chamber 
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4•4 P r e d i c t i o n of muon d e n s i t y spectra i n EAS selected by 
a l o c a l e l e c t r o n density t r i g g e r 

The c a l c u l a t i o n s were c a r r i e d out numerically. The sea. 
l e v e l number spectrum used is' the same as was derived from 
measuring the density spectrum of EAS (see chapter 3 ) , of 
the form 

R(>N) s 3.0 I T 1 * 3 n f V ^ t - 1 f o r N < 7.10 5 

R(>N) « 3,6920.0 N~ 2 e 0 n f ^ s ^ s t " 1 f o r 7*10 5< N < 3.10 7 

R(>N) « 6.76 r 1 ^ m ' V W 1 f o r N > 3.10 7 

The l a t e r a l d i s t r i b u t i o n f u n c t i o n s f o r electrons and muons 
at sea l e v e l t h a t were used were those of Greisen (1960). 
Namely, f o r e l e c t r o n s : 

A e ( N , r ) = (r_)°- 7 5(IL_, 3' 2 5 ( x . - f ) m-2 
e r + r l 11* 4 

where r ^ i s the cascade u n i t i n a i r ( ™ 79 metres), and f o r 

muons: 
0.^7 

Ho/4. ( N s0.75( 51 w 3 \°*ll+r ' m-2 
M- U d + r )2.5 10 6 L + 5 0 

where N i s the e l e c t r o n s i z e , r i s the core distance i n metres 
and E i s the minimum energy threshold of muons i n GeV. The 
value of S = 0*2 GeV was used i n the present c a l c u l a t i o n s . 

The r a t e of t r i g g e r s where the l o c a l e l e c t r o n density 

exceeds A P> and the rnuon density at the detector exceedsA n 
i s given by s 
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'max 
A,. l.3;> 

R ( > A , > A ) - f 2jir ( > J i ) 
\X Q J v p ( r ) p ( r ) 

\ dr 
r e |Jl 
min 

where N = — , o ( r ) i s the l a t e r a l s t r u c t u r e f u n c t i o n p ( r ) e e 
f o r e l e c t r o n s and p ( r ) i s the l a t e r a l s t r u c t u r e f u n c t i o n f o r n 
muons. N i s r e l a t e d t o the muon density by the formula: 

N - ( -A l o 1 * 3 3 

p ( r V 
H 

The i n t e g r a l was evaluated from r f f l ^ n « 0.1 m t o r • 

The value of r m a x was defined such t h a t A e = 5.109p ( r m a x ) , 

i . e . a c u t - o f f of N s 5.10 9 i s assumed f o r shower s i z e . The 
r e s u l t s of the c a l c u l a t i o n s f o r a range of A e are shown i n 
f i g u r e 4*6. 

The frequency d i s t r i b u t i o n of t r i g g e r s as a f u n c t i o n of the 
number of muons crossing 2.95 nr (equal t o the area of the f l a s h 
tube chamber) f o r d i f f e r e n t e l e c t r o n density t r i g g e r are c a l c u l ­
ated. The r e s u l t s are shown i n f i g u r e 4«7* 

I t can be seen t h a t the muon density ( d i f f e r e n t i a l ) spectra 
f o l l o w as 

K A ) d A -1.77.10" 2 A " 3 # 2 2 s"" 1st- 1/(2.95 m 2) f or A > ( A 1 

where A i s the number of muons crossing 2«95 ni 2 and ( A ) t j l P< 

depends on the t r i g g e r i n g requirements and increases as the 

l o c a l e l e c t r o n density A e increases (see f i g u r e 4*6). 
I t i s believed t h a t s e l e c t i n g a l a t e r a l s t r u c t u r e f u n c t i o n 

as was found i n chapter 3* derived f r o m the measured density 
spectrum o f EAS, does not change, the r e s u l t s o f the present 
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c a l c u l a t i o n s s i g n i f i c a n t l y . 

4* 5 Comparison between the measured and predicted spectra 

4*5*1 Gen er a1 remarks 

For comparing the p r e d i c t e d spectra w i t h what i s measured 
i n theS and F s e r i e s of measurements one must know ( i ) the 
t o t a l e f f e c t i v e running time, ( i i ) the e f f e c t i v e s o l i d angle 
and ( i i i ) the l o c a l e l e c t r o n density t r i g g e r . 

( i ) The t o t a l e f f e c t i v e running time, t e££, i n each 
s e r i e s i s defined as the t o t a l running time m u l t i p l i e d by the 
e f f i c i e n c y of scanning (see sect i o n 4»3«2). Thus ^eff = 1,104*9 
hrs and 3,197*6 hrs f o r the E and F series r e s p e c t i v e l y . 
Accordingly i t i s assumed t h a t the events discarded i n the 
an a l y s i s of the data do not introduce a change i n the shape of 
the measured muon de n s i t y spectrum. The e f f e c t however does 
not change s i g n i f i c a n t l y the r e s u l t s of the E series since the 
e f f i c i e n c y i s close t o u n i t y . To examine the possible e f f e c t 
the measured r a t e per hour i n both series are p l o t t e d i n f i g u r e 
4«? * I t can be seen there i s good agreement between the two 
se r i e s f o r A > ( A ) t which indicates t h a t the way i n which t . r 
has been c a l c u l a t e d i s c o r r e c t . 

( i i ) The e f f e c t i v e s o l i d angle i s found t o be 0.623 s t , 
0.57 s t and O.52 s t f o r the E, F and G.series r e s p e c t i v e l y , as 
w i l l be described i n chapter 5* For the present c a l c u l a t i o n s 
the mean s o l i d angle of the three s e r i e s , i . e . Q = 0»57 s t 
has been assumed. 

( i i i ) The shape of the muon density spectra i s very 

s e n s i t i v e t o the l o c a l e l e c t r o n density t r i g g e r f o r the low 

density r e g i o n , i . e . f o r A •< [ A ) 
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I t was mentioned i n chapter 3 t h a t the minimum e l e c t r o n 
d e n s i t i e s recorded by the EAS s e l e c t i o n system are 40 m~2, 
160 ar" and 511 m~~ f o r the E s e r i e s , F series and G series 
r e s p e c t i v e l y . For s e t t i n g up the t r i g g e r s the s i n g l e p a r t i c l e 
pulse height f o r r e l a t i v i s t i c charged p a r t i c l e s were determined 
i n the E series and then the d i s c r i m i n a t o r t h r e s h o l d of EAS 
s e l e c t i o n system was s e t to correspond t o 50 p a r t i c l e s through 
each s c i n t i l l a t o r , i . e . a density per s c i n t i l l a t o r of 40 m . 
Simpson (1964) has shown t h a t the response of the l i q u i d s c i n t ­
i l l a t o r s , v- , i s r e l a t e d t o the high voltage applied t o the 
s c i n t i l l a t o r , V , by v- KV?#2. Thus the supply voltage of 
the l i q u i d s c i n t i l l a t o r s v/ere changed such t h a t f o r the same 
d i s c r i m i n a t o r t h r e s h o l d as set up i n the E s e r i e s , the t r i g g e r i n g 
l e v e l corresponded t o d e n s i t i e s of loO wT^ and 511 m ~ f o r the 
F s e r i e s and G s e r i e s r e s p e c t i v e l y . 

The measured r a t e of t r i g g e r s are 5*3 h r ~ ^ f 0.83 h r ~ ^ and 
0.17 hr"-*- f o r the E, F and G s e r i e s r e s p e c t i v e l y . Table 4»2 
shows the expected minimum e l e c t r o n density t r i g g e r s f o r the 
above s e r i e s f o r the measured t r i g g e r rates t o be consistent w i t h 
the d e n s i t y spectrum of EAS described i n chapter 3 and obtained 
using a p r o p o r t i o n a l counter. 

The minimum d e n s i t i e s c a l c u l a t e d using the density spectrum 
given by Cocconi and Cocconi and Tongiorgi (1949) and Greisen 
(1960) are also shown i n t a b l e 4«2. 

I t can be seen from t h i s t a b l e , t h a t the minimum density 
recorded by the l i q u i d s c i n t i l l a t o r s are higher than the values 
obtained i f one uses the measured t r i g g e r r a t e and published 
d e n s i t y spectra. The d i f f e r e n c e i s believed t o be due t o the 
i n t e r a c t i o n of photons i n the s c i n t i l l a t o r as w e l l as low energy 
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nuclear i n t e r a c t i o n s * 
For the present work i t i s assumed t h a t the data of 

Cocconi and Cocconi and Tongiorgi are c o r r e c t * Thus the 
minimum e l e c t r o n d e n s i t i e s are 20 m , 80 m f o r the E series 
and F s e r i e s r e s p e c t i v e l y . I t i s noted t h a t using the absolute 
r a t e of showers of a. given d e n s i t y found by Cocconi et al* (1949) 

corresponds t o the average r a t e found from the p r o p o r t i o n a l 
counter measurements, described i n chapter 3> and the survey 
of Greisen (1960). 

4 • 5 • 2 The r e s u l t s of Comparison 

The Poissonia.n f l u c t u a t i o n s folded i n t o the predicted 
d i f f e r e n t i a l spectra, ( f i g u r e 4*7) and the r e s u l t s are shown i n 
f i g u r e 4» 9« 

As' mentioned i n s e c t i o n 4«5«1> the e f f e c t i v e running times 
of the E s e r i e s and F s e r i e s are 1,104*9 hrs and 3,197•6 hrs 
r e s p e c t i v e l y * The spectra obtained i n f i g u r e 4*9 f o r A Q 2£ 20 m"' 
and A^>£0 nT~, corresponding t o the E seri e s and F s e r i e s , 
m u l t i p l i e d by the e f f e c t i v e running times of the corresponding 
s e r i e s and by Q « 0*57 st« The r e s u l t i n g spectra are demon­
s t r a t e d i n f i g u r e 4*4 and 4«5 • 

I t can be seen t h a t there i s good agreement between the 
pr e d i c t e d and measured spectra i n the E s e r i e s . The discrepency 
between the pred i c t e d and measured spectra, obtained i n the F 
serie s ( f i g u r e 4»5 ) , f o r low muon density r e g i o n , i s believed t o 
be due p a r t l y t o the i n e f f i c i e n c y of the chamber i n d e t e c t i n g 
muons produced by a. high l o c a l e l e c t r o n density t r i g g e r * 
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Table 4>Q The predicted d i f f e r e n t i a l muon 
density spectra i n EAS selected 
by a l o c a l e l e c t r o n density 
requirement as in d i c a t e d f o r each 
curve i n u n i t s of p a r t i c l e s 
The Poissonian f l u c t u a t i o n s have 
been folded i n t o the spectra* 
One u n i t density represents a muon 
having traversed 2.95 • 
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^• 6 D i s t r i b u t i o n of the s i z e s | j M i y ^ , ^ s t i ( ) n c e s °^ ^ 5 
producing, a given muon den s i t y at the detector 

I t was seen i n sec t i o n 4*4 t h a t there i s a d e f i c i t i n the 
frequency of low muon d e n s i t y events due t o the c h a r a c t e r i s t i c s 
of the t r i g g e r * To obtain more knowledge about the charact-. 
e r i s t i c s of EAS selected by the de t e c t o r the r a t e of t r i g g e r s , 

? «,2 w i t h l o c ? l e l e c t i o n density :> A~ m producing a. minimum A m~ 
H 

at the de t e c t o r has been c a l c u l a t e d by evaluating the f o l l o w i n g 
i n t e g r a l s , namely 

r m 9 x A A 1 33 

r 
e 

mm r t 

where R ( > r , > A a S: A ) i s the r a t e of t r i g g e r s produced by 

showers f a l l i n g at a distance > r from the core* R( s£ N, — A Q > 

> A^ ) i s the r a t e of t r i g g e r s produced by showers of size ^ N 
and other terms have the same meaning as described e a r l i e r . 

The f u n c t i o n s are evaluated f o r l o c a l e l e c t r o n d e n s i t i e s of 
20 m" , 40 m"̂ * BO m*" and 160 m • The r e s u l t s are shown i n 
f i g u r e s 4«10 t o 4»13» Figure 4«14 demonstrates the median 
shower sizes and the median core distances. These are p l o t t e d 
using f i g u r e s 4*10 t o 4»13« 

I n d e r i v i n g the functio n s mentioned above the c a l c u l a t i o n s 
are c a r r i e d out t a k i n g the l e t e r i a l density of inuons as given by 
Clark e t a l . (195$) as given i n chapter 2. The sea l e v e l number 
spectrum i s taken from H i l l a s 1 survey of 197013 ( f o r case a, 
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Figure 4.10 The r a t e of EAS which produce 
a l o c a l e l e c t r o n density >: 20 nT 
(dashed curves) and ̂  BO nr*2 
( s o l i d curves) and whose cores 
f a l l a t a distance r metres 
from the detector. Median core 
distances are shown by arrows and 
the numbers attached t o the curves 
i n d i c a t e Am m

 a* Curves indicated 
by A e>: 20 "and 80 are the rates 
of t r i g g e r s as a f u n c t i o n of core 
distance. The curves forAn>:2 m~2 

are i d e n t i c a l f o r both the E l e c t r o n 
density thresholds of A e —20 m-2 
and A e rn~2 9 S a t these muon 
d e n s i t i e s Aq determines the t r i g g e r 
requirement'rather than A • 
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Figure 4*11 The r a t e of EAS which produce a 
l o c a l e l e c t r o n density >: 40 m*-̂  
(dashed curves) and 2: 160 m-2 
( s o l i d curves) and whose core f a l l 
at a. distance >: r metres from the 
detector* Median core distances 
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Curves indicated by A e 2: 40 m-2 ^r i d 
A e >: 160 m-2 are the ra t e of t r i g g e r s 
as a f u n c t i o n of core distance* The 
curves f o r AnS: 4 m*"2 are i d e n t i c a l f o r 
both the e l e c t r o n density thresholds of 
A e2: 40 m-2 and A e > 160 m-2 8 s at 

these muon d e n s i t i e s Ay,determines the 
t r i g g e r requirement r a t h e r tha.nA e* 
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A y determines the t r i g g e r requirement r a t h e r 
t h l r i A p . 
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see chapter 3) . The l a t e r a l density of electrons i s taken 
from. Greisen (I96O). Using the number spectrum and l a t e r a l 
s t r u c t u r e f u n c t i o n , as given i n s e c t i o n 4»4> does not change 
the r e s u l t s of these c a l c u l a t i o n s s i g n i f i c a n t l y . I n p a r t i c u l a r 
i t does not change the c a l c u l a t e d median shower sizes and median 
core distanceso 

k97 Comparison w i t h other experiments and discussion 

4.7.1 Hip;ashi et s i . (1962) 

Higa.shi e t a l . have measured the i n t e g r a l m u l t i p l i c i t y 
spectrum of muons i n EAS of E >10 GeV by means of a cloud 
chamber s i t u a t e d underground. The chamber t r i g g e r s by means 
of an EA3 array on the ground. They found t h a t y =-2.6 f o r 

2 ft d e n s i t i e s of ^ •> 7 muon/m i n showers of size N 2S 210°. 

Taking the i n t e g r a l slope of the number spectrum t o be -2.0 and 
assuming the l a t e r a l s t r u c t u r e of muons i s independent of shower 
s i z e , as has been found by Clark e t a l . (195$), Bennett et a l . 
(1962) and Sta.ubart e t a l . (197.0) i n a wide range of shower sizes, 
one obtains ct — 0.77 i n good agreement w i t h d i r e c t experimental 

0 
measurements. The value of CX - 0*77 i s obtained t a k i n g ^ oC to. 
Now since R ( > N) oC N~ 2* 0 f o r N > 2106 thus R( 2r N ) <* N~ 2 o 0/a 

• 

*H . This gives a = 0.77. 
u 

4.7.2 Betey'et a l . (1970) 

The i n t e g r a l density spectrum of muons at 2,9^5 m above 

sea l e v e l has been measured'by Betev et a l . by means of an 

apparatus c o n s i s t i n g of fou r hodoscoped G-M counter sets (each 

set c o n t a i n i n g t e n G-M counters) located on the corners of an 
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(£ x £) mA' square under 3 0 cm of lead (equivalent t o E > 600 
MeV)o The corresponding mean number of muons i n the shower was . 
N > 1.2J.0 . They found t h a t d i f f e r e n t c r i t e r i a f o r analysing 
the data, depending on the number of counters g i v i n g no s i g n a l 
i n each s e t , give c o n s i s t e n t r e s u l t s , except f o r one i n which 
the slope i s s i g n i f i c a n t l y smaller than the r e s t * Excluding 
t h i s c l a s s , which i s assumed t o be due t o the e f f e c t of e l e c t r o n 
m u l t i p l i c a t i o n i n the lead s h i e l d i n g they found an average 
y =-2.35 ± 0 , 0 5 . 

Taking the slope of i n t e g r a l number spectrum equal t o -2 
one obtains CL - 0 . 8 5 * a value which i s very close t o what has 
been measured at sea l e v e l . 

4 . 7 . 3 Firkowski e t a l . (1973) 

These authors have measured the muon density spectrum f o r 
muons of E > 5 . 6 GeV i n the density i n t e r v a l of 0 * 2 7 t o 1.2 
p a r t i c l e s m" . Their experimental device consists of a set of 
e l e c t r o n component d e t e c t o r s , a. ground l e v e l muon detector w i t h 
energy t h r e s h o l d of — 0,5 GeV and an underground muon detector 
of energy t h r e s h o l d 5 GeV. A sample of 52,622 showers were 
recorded by coincidence of any of eight out of t h i r t y one de t e c t ­
ors (each of area 1.36 m"^) and the r e s u l t s were used t o obtain 
the muon d e n s i t y spectrum. 

They found Y ~~2»1 - 0 . 0 5 * The showers corresponding 
• t o the measured density i n t e r v a l s are showers w i t h primary 

energy around 1 0 eV. I t i s cl e a r t h a t they have found a 
much f l a t t e r spectrum compared w i t h the expected ''spectrum assuming 
OC a O.75. This could be due t o the e f f e c t of m u l t i p l i c a t i o n 
produced by bursts and 6 rays i n the muon detector s h i e l d i n g * 
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G i l e r e t ale (1970) f i n d a value of y =-2.39 f o r an EAS 
model w i t h m u l t i p l i c i t y law n crfE*^ and y s-2.21 f o r a model 

ml/2 S 

w i t h n 0* E ' . Thus Firkowski et a l . explained t h e i r measured 
S 

r e s u l t s assuming a f a s t increase of secondary p a r t i c l e m u l t i p l i ­
c i t i e s . 

4o3 Conclusion 

The d e n s i t y spectra, of muons selected by l o c a l e l e c t r o n 
d e n s i t i e s of A e 2r 20 nf ̂  and A — BO >rf ̂  were measured using 
a f l a s h tube chamber. Assuming the l a t e r a l density of muons 
i s independent of shower size as given by Greisen, and t a k i n g 
the number spectrum as was found i n chapter 3 (derived from the 
measured density spectrum of EAS) the muon density spectra were 
p r e d i c t e d . I t was concluded t h a t 

( i ) There i s good agreement between the measured and 
pr e d i c t e d spectre i n p a r t i c u l a r f o r A e 2£ 20 m~̂ . 

( i i ) The shape of the predicted and measured spectra of 
muons f o r high muon density region are independent of the l o c a l 
e l e c t r o n d e n s i t y requirement. 

Some discrepancies were obtained f o r A < 5 muons/2.95 m 
A ^ 2 

i n the l o c a l e l e c t r o n dnesity t r i g g e r of A g > BO m , between 
the measured and the predicted spectra. This could be a t t r i b ­
uted p a r t l y as a r e s u l t of the bias imposed f o r low muon density 
r e g i o n i n analysing the data due t o the obscurtion of the events 
by the bursts produced i n the chamber. Thus one should operate 
the experiment w i t h the muon density detector underground so 
t h a t the nuclear p a r t i c l e s would be absorbed.in the overburden. 

For the low e l e c t r o n density threshold and high muon density 
r e g i o n , however, one concludes t h a t the derived number spectrum 
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obtained i n chapter 3 i s reasonably accurate* The present 
r e s u l t s also suggest t h a t not only the l a t e r a l s t r u c t u r e 
f u n c t i o n of muons is independent of shower s i z e , but the form 
given by Greisen (I96O) i s v a l i d down t o an energy threshold 
of ^ 0.2 GeV. 

Greisen (1960) gives the r e l a t i o n between number of muons N 
of ^ > 1 GeV i n a shower of size N 

N ( > lGeV) = 9.5.10 4( )°° 7 5 

V> 10 6 

Murthy e t a.l. (196£b)have ca l c u l a t e d - N r e l a t i o n s h i p 
assuming d i f f e r e n t models f o r nuclear i n t e r a c t i o n s . Their 
c a l c u l a t i o n s i n d i c a t e t h a t a model i n which m u l t i p l i c i t y f o l l o w s 
as n oc EV4 w i t h production of nucleon - antinucleon pair s gives 
s a t i s f a c t o r y r e s u l t s w i t h the above expression* One should note 
t h a t a model w i t h m u l t i p l i c i t y i n the form of n d 

E V 2 as given 
S 

by Murthy et a.l* gives consistent r e s u l t s w i t h the r e l a t i o n s h i p 
given by Greisen. A standard CKP model, however, produces too 
low muons (by a f a c t o r of about 2 ) compared w i t h Greisen ?s 
expression as found by Murthy et a l * 
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CHAPTER 5 

The absor;ption leng_th_ o f_ the electron.-photon 
component of EA5 as d^teVmijigd^frpm_bot h bar­
ometer c o e f f i c i e n t and zen i t h angle d i s t r i b u ­

t i o n me a s ur ements. 

5 . 1 I n t r o d u c t i o n 

The measurement of the at t e n u a t i o n l e n g t h of the shower 
p a r t i c l e s and i t s dependence on the shower size gives rather 
important r e s u l t s about the development of EAS. This quantity-
has been d e r i v e d i n d i r e c t l y by measuring the z e n i t h angle d i s t ­
r i b u t i o n of EAS and by measuring the barometric c o e f f i c i e n t . 
These methods give the absorption length of the EAS spectrum 
r a t h e r than the a t t e n u a t i o n l e n g t h of the electron-photon 
component i n showers of a. given size. I n the next section 
the r e l a t i o n s h i p between these two q u a n t i t i e s i s considered. 

5 • 2 T h e o r e t i c a l Considerations 

Assume t h a t the primary energy spectrum i s given by 
y 

R( > E ) a A E"1 • The shower development curve, produced 
by a primary of energy E, i s shown experimentally (Bradt e t a l . 
1 9 6 5 ) and t h e o r e t i c a l l y (Dixon e t a l . , 1 9 7 4 ) t o attenuate w i t h 
atmospheric depth ( a f t e r the maximum of development), approx« 
imately, i n an exponential form, i . e . 

N(E, x) = N(E, 0) e~XA 

m B E S-VX 

where N(E,x) i s the size of shower produced, by a. primary energy 
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E a t d e p t h x and X i s t h e a t t e n u a t i o n l e n g t h o f shower 

p a r t i c l e s * I t i s shown by model c a l c u l a t i o n s (see G a l b r a i t h , 

1958) t h a t N(E, 0 ) = B E a , where a i s c l o s e t o 1 .0 . 

E q u a t i n g t h e i n t e g r a l s i z e spec t rum t o the p r i m a r y energy 

s p e c t r u m , one can w r i t e s 

R ( > N , x ) = R( > E) 

. A E-Y1 

= A f f J I ^ U L J l L - I 
1 1 B e - * A J J 

= A B ^ ( N t E . x J T ^ e " ^ 

where. Yl / CI ) i s t h e exponent o f t he i n t e g r a l number 

s p e c t r u m a t d e p t h x . The a b s o r p t i o n l e n g t h o f t h e EAS 

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

shower p a r t i c l e s by 

* A = X / Y 2 

Thus a measurement o f t h e b a r o m e t r i c c o e f f i c i e n t o r 

t h e i n d e x n o f t h e a n g u l a r d i s t r i b u t i o n o f EAS ( i n t h e I = 

l o c ° s -& r e l a t i o n s h i p ) o f s i z e > N measures A (see G a l b r a i t h , 

1 9 5 8 ) • T h i s i n t u r n c o u l d be r e l a t e d t o t h e a t t e n u a t i o n 

l e n g t h o f t he shower p a r t i c l e s ( m a i n l y e l e c t r o n s ) by t he above 

e a u a t i o n . 

I t i s n o t e d t h a t t h e measurement o f t he b a r o m e t r i c 

c o e f f i c i e n t g i v e s t h e a b s o r p t i o n l e n g t h o f showers i r r e s ­

p e c t i v e o f t h e shower d i r e c t i o n * Hodson (1953) and 

K r a y b i l l (19495 have measured t h e a l t i t u d e v a r i a t i o n o f the 
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r a t e o f EAS. Gre i sen (1956) has c a l c u l a t e d t h i s v a r i a t i o n 
f o r t he v e r t i c a l showers , u s i n g a Gross t r a n s f o r m a t i o n * 
U s i n g t h e measurements o f Hods on and K r a y b i l l he comes t o 
t h e c o n c l u s i o n t h a t A f ° r v e r t i c a l showers i s n e a r l y the same 
as t h e v a l u e o f / \ f o u n d f r o m t h e a l t i t u d e dependence o f a l l 
showers i r r e s p e c t i v e o f t h e i r z e n i t h ang le f o r a tmospher ic 
dep ths c l o s e t o sea l e v e l * 

5*3 The method o f z e n i t h _ a n g l e d i s t r i b u t i o n 

I t was shown t h a t muons observed i n t he chamber are 

c l o s e t o t h e c o r e (see f i g u r e 4 * 1 4 ) • Thus i f one measures 

t h e a n g u l a r d i s t r i b u t i o n o f muons observed i n t h e chamber 

about t h e z e n i t h one e f f e c t i v e l y de te rmines the a n g u l a r d i s t ­

r i b u t i o n o f t h e a x i s o f EAS. For t h i s purpose t h e f r e q u e n c y 

d i s t r i b u t i o n o f t h e a c c e p t a b l e muon t r a c k s as a. f u n c t i o n o f 

t h e i r angles w i t h r e s p e c t t o t h e v e r t i c a l d i r e c t i o n i n t h e 

f r o n t p r o j e c t e d p l ane o f t he f l a s h tube chamber was measured. 

An a c c e p t a b l e t r a c k was one i n w h i c h 

( i ) The t r a c k had c ros sed t h e t o p l a y e r o f F2 and the 

l a y e r p o s i t i o n e d a t o n e - t h i r d o f t he t o t a l d e p t h o f F 2 . 

( i i ) The t r a c k b e i n g p a r a l l e l w i t h i n ~ 5 ° w i t h o t h e r muons 

i f t h e y have been r e c o r d e d by t h e chamber. F i g u r e 5*1 shows 

t h e geometry used f o r t h e a c c e p t a b l e t r a c k s . 

The e v e n t s were p r o j e c t e d on the s c a n n i n g sheet such t h a t 

t h e r e c o n s t r u c t e d even t s had a. d e m a g n i f i c a t i o n o f 1:20 compare 

t o r e a l space . The ang le between the d i r e c t i o n o f t h e accept 

a b l e even t s and t h e v e r t i c a l d i r e c t i o n was measured. 

The r e s u l t s o f t h e measured a n g u l a r d i s t r i b u t i o n s f o r 

t h e E, F snd G s e r i e s are shown i n f i g u r e 5«2« These have 
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t r a c k shou ld t r a v e r s e b o t h t h e 
d e f i n i n g p lanes AB and CD and a l l 
muon t r a c k s should be p a r a l l e l t o 
+ 5 0 . 



480 

400 

360 

320 

280 

i n 

S?240 

^200 

LiJ 
EL160 

120 

80 

AO 
1 

1 

.<-.J.„i i ,iimmi • ' • • i i r . 
20 40 60 0 20 40 

Zenith Angle <d (o) 
20 40 

F i g u r e 5 * ? Frecuency d i s t r i b u t i o n o f showers about 
t h e z e n i t h angle f o r t he E,F and G 

• s e r i e s as i n d i c a t e d f o r each d i s t r i b u t i o n . 
The dashed d i s t r i b u t i o n s are t he expec ted 
ones f o r n eaual t o 8 . 0 , and 1 0 . 0 
c o r r e s p o n d i n g t o the bes t f i t v a l u e s f o r 
t h e E j F and G s e r i e s r e s p e c t i v e l y . 



8 5 

been o b t a i n e d by a n a l y s i n g 1,441 t r i g g e r s i n the E s e r i e s 

( f i l m s E 3 9 - 5 4 6 ) , 2,890 t r i g g e r s i n t he F s e r i e s ( f i l m s F1-F28) 

and 1,217 t r i g g e r s i n G s e r i e s ( f i l m s G1-G21) . The measure-

a b l e e v e n t s were 949, 2,149 and 322 f o r t h e above ment ioned 

s e r i e s r e s p e c t i v e l y * 

The method i n t r o d u c e d by L o v a t i e t a . l . (1954) has been 

used t o f i n d the b e s t n f o r each d i s t r i b u t i o n , p l o t t e d i n 

f i g u r e 5*2, assuming t h e a n g u l a r d i s t r i b u t i o n o f EAS f o l l o w s 

as I a I 0 Cos 1 " 1 ^ ( The method w i l l be d e s c r i b e d i n Appendix 

B ) . The r e s u l t o f a p p l y i n g a c h i - s q u a r e t e s t between the 

p r e d i c t e d d i s t r i b u t i o n s , w i t h d i f f e r e n t n , and t h e observed 

d i s t r i b u t i o n s , show t h a t n = 8*0 £ n = 9«4 &nd 

+1.9 
n s 10.0.0*9 f o r t h e E , F and G s e r i e s r e s p e c t i v e l y * 

Po 0 

G a l b r a i t h (195&) shows t h a t A 88 — 6 cm where P 0 i s 

t h e a tmosphe r i c p r e s su re (1,030 g cm"" i n t h e p r e s e n t case) 

and n i s t h e i n d e x i n t h e I - I 0 Cos 1 1^ r e l a t i o n s h i p * 

Thus A i s e q u a l t o 128 g cnr2 f o r t h e E s e r i e s , 109 ^ 9 

g em"' f o r t h e F s e r i e s and 103 g c m " £ f o r t h e G s e r i e s . 

I f t h e r a t e o f EAS v a r i e s w i t h as R( > N , t ) « 

R( > N 0 , t ) Cos n«& 3S shown i n the p r e s e n t case , t he s o l i d 

a n g l e f o r w h i c h t h e showers are d e t e c t e d i s Q ^ -JOL-ste 
n+2 

T h e r e f o r e Q i s e q u a l t o O.63 S t . , 0*56 s t . and O.52 s t . f o r 

t h e E 9 F and G s e r i e s r e s p e c t i v e l y . The average s o l i d angle 

f o r a l l s e r i e s i s Q « 0.57 s t* 

5»4 The method o f b a r o m e t r i c c o e f f i c i e n t 

A change i n t he a t m o s p h e r i c p ressure co r re sponds t o the 

a p p a r a t u s b e i n g s i t u a t e d a t d i f f e r e n t a tmosphe r i c d e p t h s , 
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snd a v a r i a t i o n i n t h e observed r a t e o f EAS i s expected* 

The v a r i a t i o n o f t h e showers r e c o r d e d by the chamber i n 

t h e F s e r i e s has been d e t e r m i n e d as a f u n c t i o n o f a tmospher ic 

p r e s s u r e . The r e s u l t i s shown i n f i g u r e 5*3* From t h i s 

f i g u r e t h e b a r o m e t r i c c o e f f i c i e n t |3 - -9*5 - O.56 $ (Cm H g ) ~ \ 

G a l b r a i t h (1958) shows t h a t A '» - p ^ - S c r n ~ ~ 3 t s e a 

l e v e l . I n t h i s e q u a t i o n ft i s the t e m p e r a t u r e c o e f f i c i e n t 

and i s - 0.3$. C 0 ~^ as g i v e n by Hodson (1951K T h i s g i v e s 

A - 116 *^ g cm""2 f o r t he a b s o r p t i o n l e n g t h o f t h e EAS 

s p e c t r u m r e c o r d e d i n F s e r i e s . Ss leh (1973) has measured 
+ 

t h e b a r o m e t r i c c o e f f i c i e n t f o r t he E s e r i e s as (3 2 -11 .6 -

0.86 fc (cm H g f . . Thus A - 10-6 t 5 g c m " 2 f o r t h i s 

s e r i e s . 

Each s e r i e s c o r r e s p o n d s t o a d i f f e r e n t l o c a l e l e c t r o n 

d e n s i t y t r i g g e r . Thus i t i s assumed t h a t t h e measured va lues 

o f A c o r r e s p o n d t o t h e median shower s i z e s capable o f 

p r o d u c i n g t h e obse rved d e n s i t i e s . These are 1.5.10 ? , 2.7,10 

and 5»5«105 f o r t h e E, F and G s e r i e s . These v a l u e s have 

been o b t a i n e d by means o f t a b l e 3«5* The r e s u l t s o f t h e 

measured A a n c * t h e c o r r e s p o n d i n g shower s i z e s f o r t h e above 

men t ioned s e r i e s are shown i n t a b l e 5»1« 

5 • 5 D e r i v a t i on o f the a t t e n u a t i o n l e n g t h o f shower 
p a r t i c l e s " X . 

As m e n t i o n e d i n s e c t i o n 5*? * X = Y2 A where Y2 * s 

t h e s l o p e o f t h e i n t e g r a l number spectrum* I n t h e p r e s e n t 

work the w e i g h t e d v a l u e o f Y2 a p p r o p r i a t e t o the d i s t r i b u ­

t i o n o f shower s i z e s t h a t t r i g g e r t h e d e t e c t o r s h o u l d be 

used t o c o r r e l a t e t h e measured A w i t h t h e a t t e n u a t i o n 
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Atmospheric Pressure (cm Hg) 

ibJL R a t e o f E A S 3 S 3 f u n c t i o n of 
atmospheric pressure* The 
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l i n e through the experimental 
p o i n t s . The graph i s based 
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5,419*6 hours which produce 
a l o c a l e l e c t r o n density>SO m 
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l e n g t h \ i n showers o f a g i v e n s i ze* The w e i g h t e d va lues 

o f ^2 ^ o r e s C R s e r i e s has been c a l c u l a t e d u s i n g t a b l e 

3*5 and t h e number s p e c t r u m o b t a i n e d f r o m t h e measured 

d e n s i t y s p e c t r u m , as d e s c r i b e d i n c h a p t e r 3« The r e s u l t s 

show t h a t y2 i s e q u a l t o 1*3$, 1-53 arid 1*64 f o r t h e E, F 

and G s e r i e s r e s p e c t i v e l y * The v a l u e s t hus o b t a i n e d forX 

are t a b u l a t e d i n t a b l e 5«1. F i g u r e 5*4 demons t ra t e s the 

d e r i v e d \ as a. f u n c t i o n o f shower s i z e f o r t h e above ment ioned 

s e r i e s * 

I t s h o u l d be n o t e d t h a t t h e r e q u i r e m e n t o f A > r l rnuon/ 

2.95 m in d e t e r m i n i n g t h e a b s o r p t i o n l e n g t h o f t h e EAS 

spec t rum A > f r o m z e n i t h ang l e d i s t r i b u t i o n measurements (see 

s e c t i o n 5«3)> does n o t s i g n i f i c a n t l y change t h e median shower 

s i z e s and t h e w e i g h t e d v a l u e s o f 72 g i v e n i n t a b l e 5»1* T h i s 

can be seen f r o m f i g u r e 4«6. 

5*6 Compar ison w i t h p r e v i o u s measurements 

Tab l e s 5«2 snd 5*3 show the a v a i l a b l e e x p e r i m e n t a l data, 

on t h e measured a b s o r p t i o n l e n g t h o f t h e EAS spectrum* 

These have been o b t a i n e d f r o m measurements o f t h e z e n i t h angle 

d i s t r i b u t i o n o f EAS (by t h e method o f f a s t t i m i n g ) and by t h e 

method o f b a r o m e t r i c c o e f f i c i e n t * The l a s t columns o f t h e s e 

t a b l e s have been c a l c u l a t e d by m u l t i p l y i n g t h e measured 

a b s o r p t i o n l e n g t h A t n e s l ° p e o f the number spec t rum at 

t h e c o r r e s p o n d i n g s i z e . The s l o p e o f t h e number spec t rum i s 

t a k e n t o be -1.3 f o r N < 7.10?, .2 .0 f o r ? . 1 0 5 < N < 3.IO 7 and 

-1.5 f o r N > 3.10?. These have been d e r i v e d f r o m a. measure­

ment o f t h e d e n s i t y s p e c t r u m o f SAS ( c h a p t e r 3)« (The d a t a 

o f B e n n e t t e t a l . , 1962 quo ted i n t a b l e s 5*2 and 5»3 and 
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( 1 ) and t h e b a r o m e t r i c c o e f f i c i e n t 
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The r e s u l t s o f o t h e r expe r imen t s 
l i s t e d i n t a b l e s 5*2 and 5*3 are 
shown. The e x p e r i m e n t a l d a t a of 
B r a d t e t a l . ( 1 9 6 5 ) and La P o i n t e e t 
a l . ( 1 9 6 8 ) have been c a l c u l a t e d f r o m 
t h e shower development cu rves g i v e n 
by these a u t h o r s (see f i g u r e 3 * 2 2 ) . 
The r e s u l t s f o r A g i v e n i n t h i s f i g u r e 
a re n o t d i r e c t l y comparable w i t h the 
summary o f Murthy e t a l . ( 1 9 6 8 a ) a s 
s l i g h t l y d i f f e r e n t v a l u e s have been 
used f o r t he exponent o f t h e i n t e g r a l 
number s p e c t r u m i n deduc ing X f r o m the 
measured A * 



Auth o r Shower 
s i z e 

A 
~2 

g .cm 

Shower a t t e n u ­
a t i o n l e n g t h 

X f Y 2 A - 2 , ( g era 

B e n n e t t e t 
al.(1962) (1«3)1C 7 111+7 222+.14 

( 3 - 1 0 ) 1 0 7 137*13 206*20 

Tt (1-6)1C S 
± : > J 23 

Rossi(1960) 1 . 2 . 1 0 6 - 1 . 8 . 1 0 7 113^9 226^18 

Kozlov & t 
81.(1973) g . 5 . 1 0 7 126115 1S9-22 

Ma.los(1960) 3 . 1 0 5 16*13 

tt g . 5 « 1 0 5 

10 7 + i°5 214.38 

T a b l e . 5 * 2 The measured a b s o r p t i o n l e n g t h o f number 

s p e c t r u m A deduced f r o m z e n i t h a n g l e d i s t r i b u t i o n * 
The a t t e n u a t i o n l e n g t h o f t h e shower p a r t i c l e s X 
has been c a l c u l a t e d m u l t i p l y i n g A hy t h e exponent 
o f t h e i n t e g r a l number s p e c t r u m . 
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shown I n f i g u r e 5*4 were o b t a i n e d a t 260 m. above sea l e v e l ) . 

Some o f t h e d i s p e r s i o n o f t he e x p e r i m e n t a l d a t a o f 

f i g u r e 5»4 ( i n p a r t i c u l a r f o r N > 10^) can be unde r s tood 

s i n c e d i f f e r e n t p o i n t s were measured w i t h appara tus o f 

d i f f e r e n t g e o m e t r y . D i f f e r e n t expe r imen t s emphasize t h e 

p a r t i c l e d e n s i t i e s a t d i f f e r e n t d i s t a n c e s f r o m t h e a x i s o f 

t h e shower . Now on t h e one hand t h e average age o f t h e 

e l e c t r o n i c component v a r i e s w i t h r a d i u s (see s e c t i o n 2 . 2 ) 

arid on t h e o t h e r hand t h e p r o p o r t i o n o f t h e muons among the 

p a r t i c l e s r e c o r d e d a t l a r g e c o r e d i s t a n c e s i n c r e a s e s . Thus 

one expec t s t o o v e r e s t i m a t e t he measured a b s o r p t i o n l e n g t h 

o f t h e 5AS s p e c t r u m r e c o r d e d a t l a r g e core d i s t a n c e s . T h i s 

e f f e c t c o u l d be seen i n t h e measured d a t a o f B e n n e t t e t a l . , 
6 

shown i n f i g u r e 5«4* f o r N > 1 0 , where t h e c o i n c i d e n c e r a t e 

o f showers r e c o r d e d by t h r e e o r f o u r s c i n t i l l a t o r s , a. few 

h u n d r e d metres a p a r t , have been measured as a. f u n c t i o n o f 

b a r o m e t r i c p r e s s u r e . 

The agreement o b t a i n e d measur ing y\ , by b o t h methods, 

( z e n i t h a n g l e d i s t r i b u t i o n and b a r o m e t r i c c o e f f i c i e n t ) i n the 

p r e s e n t e x p e r i m e n t i s e x p e c t e d , s i nce f\ has been measured i n 

showers w h i c h f a l l a t median core d i s t a n c e s v a r y i n g f r o m — 1 0 m. 

t o~5 m. f o r t h e E, F and G s e r i e s * 

5•7 D i s c u s s i o n 

Shower deve lopment c u r v e s have been c a l c u l a t e d t h e o r e t i c a l l y 

by means o f model c a l c u l a t i o n s . I n g e n e r a l t h e c a l c u l a t e d 

a t t e n u a t i o n l e n g t h o f shower p a r t i c l e s \ , based on t h e s t a n d ­

a r d CKP m o d e l , p r e d i c t s a. h i g h e r v a l u e f o r A compared w i t h the 

e x p e r i m e n t a l d a t a . The c a l c u l a t i o n s a l s o p r e d i c t a r a t h e r 
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s t r o n g e r dependence of X on shower s i z e t h a n i s i n d i c a t e d 

by t h e e x p e r i m e n t a l d a t a , D i x o n e t a l . (1974) have c a l c u l a t e d 

t h e a t t e n u a t i o n l e n g t h o f shower p a r t i c l e s under A p p r o x i m a t i o n B 

f o r e l e c t r o m a g n e t i c c a s c a d e s ' u s i n g a s t a n d a r d CKP mode l . They 

show t h a t Xg = 25.O Ln N + 95*0 g ever2* T h i s i n d i c a t e s t h a t X 

v a r i e s f r o m 3^3 g cm"2 a t N = 10?) t o 555 g c i r r 2 a t N = 1(B ; w h i c h 

are much h i g h e r t h a n t h e e x p e r i m e n t a l r e s u l t s (see f i g u r e 5*4)» 

T h e i r c a l c u l a t i o n s u s i n g .Approx imat ion A g i v e even h i g h e r v a l u e s 

f o r X • 

Kalmykov e t a l . (1971) have i n v e s t i g a t e d t h e p rob lem in 

more d e t a i l . T h e i r c a l c u l a t i o n s show t h a t a. model in w h i c h 

m u l t i p l i c i t y v a r i e s as n s & . (K E J 1 / ? f o r K . S Q 2: 10^ GeY and 

n s 06 (K % ) 1 / f k f o r K E Q < lcA GeV p r e d i c t s a. v a l u e o f X - 220 g cm 

f o r showers i n t h e range o f 3«9«10 - 8.1.10< a t sea l e v e l X 

has been c a l c u l a t e d u s i n g the da ta i n t a b l e 3 o f Kalmykov e t a l . 

(1971)• T h i s i s ' i n b e t t e r agreement w i t h the da t a o f f i g u r e 

5*4 ( a l t h o u g h s t i l l t o o l a r g e ) i n t h i s range o f shower s i z e s . 

The c a l c u l a t i o n s o f Kalmykov e t a l . i n c l u d e s a mixed c o m p o s i t i o n 

6 

o f p r i m a r y p a r t i c l e s f o r E Q < 3•5*10 GeV per n u c l e o n . 

5•$ C o n c l u s i o n 

The a b s o r p t i o n l e n g t h A o f the EAS number spec t rum 

p r o d u c i n g l o c a l e l e c t r o n d e n s i t i e s o f A e >: 20 m - ^ , A e £ SO ra"^ 
and A ^ ^33 m""2 have been measured. The measured a b s o r p t i o n 

e 

l e n g t h i s r e l a t e d t o t he a t t e n u a t i o n l e n g t h o f shower p a r t i c l e s 

X u s i n g t h e w e i g h t e d v a l u e o f the exponents o f the i n t e g r a l 

s i z e s p e c t r u m capab l e o f p r o d u c i n g these d e n s i t y t h r e s h o l d s a t 

t h e d e t e c t o r . I t i s c o n c l u d e d t h a t t h e a t t e n u a t i o n l e n g t h 
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r ema ins f a i r l y c o n s t a n t a t about 170 g cm - ' - f o r showers o f 
s i z e N 105 - 6 » 1 0 5 p a r t i c l e s a t sea l e v e l * The r e s u l t s 
a r e compared w i t h o t h e r e x p e r i m e n t a l d a t a and r easonab le 
agreement i s o b t a i n e d . The model c a l c u l a t i o n s o f Kalmykov 
e t a l . (1971) w h i c h assume a h a l f law m u l t i p l i c i t y i n shower 
deve lopment f o r KE > 10^ GeV p r e d i c t X « 220 g cn r^ whereas 
t h e p r e s e n t measurements show t h e a t t e n u a t i o n l e n g t h t o be 
170 g cm~^ i n the s i z e range 1«5« 

105 - 5 .5 .105. 
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CHAPTER 6 

ENERGY SPECTRA OF HAPRONS I N EAS 

6•1 I n t r o d u c t i o n 

I t was mentioned i n chapter k t h a t a good f r a c t i o n of 
the events, obtained i n the F series w i t h A > 80 rrf* 2, show 

e 

an i n t e r a c t i o n i n the lead absorber above the chamber and i n 
the iron, absorber i n s i d e the chamber* These i n t e r a c t i o n s are 
due t o the existence of high energy hadrons i n the core of EAS. 

I n the present experiment the lead and i r o n absorbers were 
employed as t h i c k t a r g e t s f o r hadrons t o i n t e r a c t and produce a 
nuclear electromagnetic cascade i n the t a r g e t s . . The width of 
the produced b u r s t s were measured i n the f l a s h tube layers below 
the lead and i r o n absorbers. Neutral hadrons i n t e r a c t i n g i n 
the i r o n t a r g e t were i d e n t i f i e d as producing no t r a c k i n Fla 
(see f i g u r e 3*11). 

I n a separate experiment the r e l a t i o n s h i p between burst 
width and bu r s t s i z e was determined. Thus the next step was 
t o estimate the primary energy from the measured burst s i z e . 
I t i s necessary t h e r e f o r e , i n the analysis of the r e s u l t s of 
the experiment t o adopt some model f o r the i n t e r a c t i o n of the 
hadrons i n lead and i r o n absorbers so t h a t a r e l i a b l e estimate 
of the p a r t i c l e energy can be made. I t i s obvious t h a t one 
should, know the mass of the primary hadrons. I t i s assumed 
t h a t charged p a r t i c l e induced bursts are produced by pions and 
n e u t r a l p a r t i c l e induced b u r s t s are produced by neutrons. 



6.2 Hadron-induced bur s t s 

6.2.1 Electro-magnetic cascade 

The t h e o r e t i c a l t rea tment o f electromagnetic cascade i n 

v a r i o u s media has been s t u d i e d ex tens ive ly by many workers . 

Broad ly speaking there have been two l i n e s of approach namely, 

(a) The A n a l y t i c a l Method and (b) The Monte-Carlo Method. 

(a.) The A n a l y t i c a l Method 

Mathemat ica l ly i t i s very d i f f i c u l t t o der ive the number 

of e l e c t r o n s and photons a t a g iven depth i n a substance p rod­

uced by a pr imary e l e c t r o n or photon of energy E 0 . 

Rossi (1952) has discussed the problem i n d e t a i l cons ider ­

i n g the v a r i o u s processes such as p a i r p roduc t ion and Compton 

s c a t t e r i n g f o r photons and bremsstrahlung and i o n i s a t i o n loss 

f o r e l e c t rons which occur d u r i n g the development of the cascade. 

He in t roduces the f o l l o w i n g equations which are c a l l e d d i f f u s i o n 

equa t ions , namely 

- r 

T 
0 

CD 

b t J 

CP 

E 
Y(E ' , t )*P p(E,E)dE'*J TC(E ' , t ) i p (E \E-E)dE 

bU(E,t) 
£ ( E 

CO 

• • 

E 

OY(E,t) 
Y ( E , t ) vp ( E , E ) d E U ( E f t ) i p (E,E)dE 

6t 

TT(E ft)vp (E.E)dE 

where, 

TC(E,t) dE and Y ^ * ^ ) a r e t n e numbers of e lec t rons and 

photons between E and E + dE a t d epth t r e s p e c t i v e l y . 
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<p(E, E' ) i s the d i f f e r e n t i a l p r o b a b i l i t y per r a d i a t i o n 

l e n g t h f o r an e l e c t r o n (photon) o f energy E t o produce a photon 

( e l e c t r o n ) o f energy E . 

To solve these d i f f u s i o n equations c e r t a i n s i m p l i f y i n g 

assumptions have t o be made* Two methods which introduce two 

d i f f e r e n t sets o f assumptions are known as Approximations A and 

B r e s p e c t i v e l y have been discussed by Rossi* 

I n Approximation A only the loss of energy due t o p a i r -

p r o d u c t i o n f o r photons and bremsstrahlung f o r e lec t rons have 

been cons idered , i . e . i t i s appl icab le t o those energies large 

compared t o the c r i t i c a l energy. Furthermore the r a d i a t i o n 

phenomena and p a i r ' - p r o d u c t i o n have been described by t h e i r 

asymptot ic formulae f o r complete screening. 

Under Approximat ion B i t i s assumed t h a t e l ec t rons lose 

t h e i r energy by c o l l i s i o n s , t a k i n g a constant energy d i s s i p a t i o n 

equal t o the c r i t i c a l energy o f an e l e c t r o n per r a d i a t i o n length* 

The Compton e f f e c t , however, i s neglected and the asymptotic 

formulae f o r r a d i a t i o n and p a i r p roduc t ion are used. 

I t i s i n t e r e s t i n g t o note t h a t under both Approximations A 

and B the cascade curves y i e l d i d e n t i c a l r e s u l t s f o r a l l ma te r i a l s 

p rov ided th icknesses are measured i n r a d i a t i o n lengths and energies 

i n terms of the c r i t i c a l energy. 

The methods of Approximations A and B which u t i l i s e what 

are known as f u n c t i o n a l t r ans fo rma t ions t o solve the d i f f u s i o n 

equat ions g ive a f a i r l y complete s o l u t i o n t o the problem i n l i g h t 

elements. These methods, however, break down i n l i g h t elements 

when the energy o f the pr imary photon or e l e c t r o n i s comparable 

t o the c r i t i c a l energy. The method i s a lso i n v a l i d f o r h igh Z 

m a t e r i a l s since i n heavy elements ( i ) the s c a t t e r i n g o f shower 
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p a r t i c l e s i s ve ry . large and ( i i ) the t o t a l photon absorp t ion 

i s s t r o n g l y energy dependent. 

The method app l i cab le t o h igh Z elements has been described 

by Ivanenkov (1957) and i s known as the method of moments. 

Ivanenkov and Samasudov (1967a i 1967b) have produced a. se r ies o f 

shower curves which apply t o copper, i r o n , aluminium, lead and 

g r a p h i t e absorbers . The curves cover a. wide range of primary 

energies w i t h d i f f e r e n t c u t - o f f energies o f produced p a r t i c l e s . 

The curves have been c a l c u l a t e d t a k i n g i n t o account the energy 

dependence o f the t o t a l photon absorp t ion c o e f f i c i e n t and a lso 

inc ludes the e f f e c t o f the increased t r a c k l eng th due t o m u l t i p l e 

s c a t t e r i n g of the shower p a r t i c l e s . 

The curves g ive 5 - 10% accuracy. The degree o f accuracy 

obta ined by the method o f moments depends on the order t o which 

the moments are c a l c u l a t e d (Ivanenkov and Samasudov have c a l c u l ­

ated the f i r s t f o u r moments t o ob t a in the t r a n s i t i o n c u r v e ) . 

The r e s u l t s o f shower curves ( t r a n s i t i o n curves) ca l cu l a t ed 

by Ivanenkov and Saraosudov (1967a> 1967b) f o r photon i n i t i a t e d 

showers are p l o t t e d i n f i gu re s 6.1 and 6.2 f o r lead and i r o n 

absorbers r e s p e c t i v e l y . The energy c u t - o f f f o r both curves are 

about 1 Me?. 

Coats (1967) has surveyed the experimental r e s u l t s on 

e l ec t ron -pho ton cascade showers and f i n d s t ha t exper imental 

measurements o f Murzin e t a l . (1963) and Takbaev- e t a l . (1965)? 

normal ised t o 100 GeV i n c i d e n t on an i r o n absorber, agree qu i t e 

w e l l w i t h the t h e o r e t i c a l curves due t o Ivanenkov and Samosudov, 

as shown i n f i g u r e £ . 3a. 

(b) The Monte-Carlo Method 

This method gives f a i r l y accurate r e s u l t s f o r shower 
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Figure 6.3b Comparison o f t h e o r e t i c a l curve of Ivanenkov 
and Samusodov (1967s) w i t h the Monte-Carlo 
c a l c u l a t i o n s o f Messel and Crawford (1970), 
shown by s o l i d c i r c l e s . The comparison 
has been made f o r a 1 GeV photon i n c i d e n t 
on the lead absorber. The c u t - o f f energy B c 

i s 10 MeV. 
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development s ince one can f o l l o w the primary e l e c t r o n or 

photon con t inuous ly t h rough . the absorber. This means t h a t 

one i s able t o use exact i n t e r a c t i o n p r o b a b i l i t i e s * 

Many groups have c a l c u l a t e d the development of shower 

curves through a. v a r i e t y of t a r g e t s which con ta in d e t a i l e d 

i n f o r m a t i o n about the cascade, i . e . l o n g t i t u d i n a l and l a t e r a l 

d i s t r i b u t i o n of produced p a r t i c l e s (Missel and Crawford, 197$)• 

Figure .6.3b shows a comparison between the Monte-Carlo 

s i m u l a t i o n of Messel and Crawford , f o r a 1 GeV pr imary photon 

induced shower i n l e ad , w i t h the c a l c u l a t i o n s o f Ivanenkov and 

Samosudov, w i t h energy c u t - o f f of 10 MeV. As f i g u r e s 6.3a and 

6.3b i n d i c a t e there i s reasonable agreement between the t r a n s ­

i t i o n curves c a l c u l a t e d by Ivanenkov and Samusodov and Monte-Carlo 

s i m u l a t i o n and exper imenta l obse rva t ion . Thus the c a l c u l a t i o n 

of Ivanenkov and Samusodov are assumed t o be c o r r e c t f o r cascade 

c a l c u l a t i o n s . 

6*2.2 Nuclear Model 

An average t rea tment was in t roduced t o f o l l o w the nuclear 

cascade produced by a pr imary charged p i o n i n c i d e n t v e r t i c a l l y 

on the t o p o f the lead and i r o n absorber. The p rope r t i e s of 

the model in t roduced f o r nuclear i n t e r a c t i o n can be summarised 

as f o l l o w s . 

(a) Energy loss o f hadrons between successive nuclear 

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

(b) I n each i n t e r a c t i o n pions lose a l l t h e i r energy, i . e . 

the i n e l a s t i c i t y of pions i s taken to be equal t o u n i t y . 

(c) The average m u l t i p l i c i t y , n s , i s g iven by n s ~ 3 

where A i s the atomic weight o f the absorber and E i s t h e primary 
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p i o n energy i n GeV. 

(d) The secondary produced p a r t i c l e s are p ions , these 

be ing equal numbers o f Tt + j Tt""» dn& TC ° mesons produced. 

(e) The produced pions have on average equal energies and 

the energy d i s t r i b u t i o n i n the l a b o r a t o r y system i s g iven by 

S(E) dE * e " E / E dE, where S(E) dE i s the d i f f e r -
E 

e n t i a l p r o b a b i l i t y o f a secondary p ion having energy E t o 

(E + dE) and E ' i s the average energy of the produced pions , 
* Eo 

i . e . E - * - T T - o 
S 

The above mentioned p r o p e r t i e s o f nuclear i n t e r a c t i o n s 

are nea r ly the same as has been summarised by Cocconi (1965)• 

The mass dependence o f t h e m u l t i p l i c i t y law ( i tem c) i s taken 

f r o m a survey made by Jones e t a l . (1970)• The d i s t r i b u t i o n 

i n energy o f produced pions i s the same as g iven by de Beer e t 

a l . (1966) f o r the fo rward d i r e c t i o n i n the l abora to ry system. 

The r e s u l t i s based on the CKP model (Cocconi, Koester and 

Pe rk ins , 1961). 

Knowing the p r o p e r t i e s of nuclear i n t e r a c t i o n s , the 

nuclear cascade i n the lead and i r o n absorber o f the chamber 

has been determined by the f o l l o w i n g procedure. 

The b lock o f absorber was d i v i d e d i n t o f o u r layers A, B, 

C and D each having equa l th i ckness . The primary p ion was 

a l lowed t o i n t e r a c t i n each of these layers w i t h corresponding 

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 

P(x) = [ 1 - EXP(~ x / \ ) ] where P(x) i s the t o t a l 

p r o b a b i l i t y t h a t a. p i o n i n t e r a c t s i n a thickness x and \ ^ i s 

the i n t e r a c t i o n l e n g t h of p i o n s . 

A f t e r the f i r s t i n t e r a c t i o n the t o t a l number of produced 

secondary charged pions w i t h energies g rea te r than 1 GeV and 
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the t o t a l number of produced secondary n e u t r a l pions of 

E >: 0.2 GeV were c a l c u l a t e d (see i tem e of the nuclear model) . 

Thus the mean energy of charged pions w i t h 1 GeV c u t - o f f energy 

i s (1 + E ) and the mean energy of n e u t r a l pions w i t h 0.2 GeV 

c u t - o f f energy i s (0.2 + E ) where E i s t h e average energy 

of produced pions i n GeV (see i t em e of the nuclear model) . 

I t was assumed t h a t produced n e u t r a l pions decay immediately 

t o two photons of equal energies and the produced charged pions 

are a l lowed t o i n t e r a c t more i n the absorber. The average 

depth o f successive i n t e r a c t i o n s was c a l c u l a t e d f r o m the 

f o l l o w i n g r a t i o 

/ e x p ( - X / \ T T ) x d x 
x « — or 

exp ( - V X J J ) d x 

x " A _ <*• • where x i s the remaining 

* e x P ( - * / y - 1 

th ickness o f the absorber a f t e r the 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 occur a t t h e middle of layers 

A, B, C and D) and X i s the i n t e r a c t i o n l eng th o f p ions . 
IT 

The nuc lea r cascade was te rminated when the number of produced 

n e u t r a l pions wi th , energy g rea t e r than 0.2 GeV f e l l below one. 

The energy c u t - o f f of 1 GeV f o r charged pions i s based on 

the f a c t t h a t the i n e l a s t i c cross s e c t i o n of i n t e r a c t i o n of 

pions f a l l s o f f r a p i d l y f o r energies less than one GeV (Kayakawa, 

1969) • The energy c u t - o f f o f 0.2 GeV was in t roduced f o r 

n e u t r a l p ions s ince photons, produced f rom the decay o f TC° 

almost at r e s t would no 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 the 

e lec t romagnet ic cascade* 



For pr imary protons the c a l c u l a t i o n was also c a r r i e d 

out f o r the i r o n absorber. The same model f o r nuclear 

i n t e r a c t i o n , descr ibed above was adopted f o r the pro ton 

induced cascade except t h a t the i n e l a s t i c i t y o f protons i n 

i r o n was assumed t o be 0.63, i . e . the m u l t i p l i c i t y law f o r 

protons f o l l o w s as, 

n 8 - 3 A 0 ' 1 * (K E ) V 4 

where K a O.63 and pr imary p ro ton r e c o i l s w i t h 37$ o f i t s 

pr imary energy. The u n c e r t a i n t y a r i ses i n the average 

value of K f o r p ro tons . Bradt and Rappaport (1967) take 

the i n e l a s t i c i t y o f protons t o be a f l a t d i s t r i b u t i o n ranging 

f r o m 0.25 t o 0.75 f o r protons i n t e r a c t i n g w i t h a i r n u c l e i . 

Jones (I969) takes a beta d i s t r i b u t i o n f o r the i n e l a s t i c i t y o f 

p r o t o n s . Jones e t a l . (1970) suggest t h a t the i n e l a s t i c i t y 

depends on the mass number o f the t a r g e t and they measure the 

i n e l a s t i c i t y of protons i n t e r a c t i n g w i t h i r o n n u c l e i t o be 

K m 0.63, a value which i s adopted f o r the present c a l c u l a t i o n s . 

6.2.3 One dimensional c a l c u l a t i o n of the n u c l e a r - e l e c t r o ­
magnetic cascade 

The nuc lea r - e lect romagnet ic cascade has been i n v e s t ­

i g a t e d i n t e n s i v e l y i n the pas t , l o n g t i t u d i n a l l y and l a t e r a l l y , 

and the r e s u l t s of c a l c u l a t i o n has been compared w i t h e x p e r i ­

ments t o draw conclus ions about the v a l i d i t y o f the assumed 

models f o r nuc lea r i n t e r a c t i o n s at h igh energies (Jones, 1969 

and Pinkau and Thompson 1966). 

The -average behaviour o f the nuclear cascade mentioned i n 

6.2.2 determines the spectrum of produced n e u t r a l pions w i t h 

energy E as a f u n c t i o n o f depth , f o r a hadron i n c i d e n t on the 

t o p of the absorber w i t h energy E 0 . Taking t h i s c a l c u l a t i o n 
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and the t r a n s i t i o n curves of Ivanenkov and Sarausodov (1967a, 
1967b), f o r photon i n i t i a t e d showers i n lead and i r o n absorbers 
(see f i g u r e s 6 . 1 and 6 . 2 ) , one can der ive the expected number 
o f p a r t i c l e s below lead and i r o n absorbers as a. f u n c t i o n of 
pr imary energy. The r e s u l t s o f c a l c u l a t i o n s f o r charged pions 
i n c i d e n t on the t o p o f lead and i r o n absorbers and f o r proton 
i n i t i a t e d b u r s t s i n the i r o n are p l o t t e d i n f i g u r e 6.4. 
The c a l c u l a t i o n was c a r r i e d out f o r 10, 50, 500 and 5j000 GeV 
hadron ene rg ies . Using the same procedure mentioned above, 
Saleh ( p r i v a t e communication) has c a l c u l a t e d b u r s t energy 
r e l a t i o n s h i p f o r p ro ton i n c i d e n t on the top o f l ead absorber 
(15 cm d e p t h ) . His r e s u l t s are also shown i n f i g u r e 6.4. 

6.2 .4 P r o b a b i l i t y d i s t r i b u t i o n s 

The average t rea tment in t roduced f o r the nuclear e l e c t r o ­

magnetic cascade a lso gives i n f o r m a t i o n about the p r o b a b i l i t y 

of observing a p a r t i c u l a r b u r s t s ize below the lead and i r o n 

absorbers f o r d i f f e r e n t pr imary hadron energies E 0 . 

The v a r i a t i o n of the produced b u r s t s ize below the lead 

and i r o n absorbers as a. f u n c t i o n of the depth of the f i r s t 

i n t e r a c t i o n are shown i n f i g u r e s 6.5 and 6.6 r e s p e c t i v e l y 

f o r d i f f e r e n t p i o n energ ies . As f i g u r e 6.6 shows there i s 

no maximum f o r h i g h energy primary p ions , a f a c t which i nd i ca t e s 

t h a t h i g h energy pions i n c i d e n t on the top o f the i r o n produce 

cascades which do not develop f u l l y i n t h e absorber. The 

f l a t t e n i n g o f b u r s t s ize ~ energy r e l a t i o n s h i p which occurs 

a t h igh energy f o r the i r o n absorber also i n d i c a t e s t h a t the 

shower can not develop f u l l y (see f i g u r e 6.4). The i n t e g r a l 

' p r o b a b i l i t y o f observing ^ N p a r t i c l e s below t h e lead and i r o n 
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absorbers are shown i n f i g u r e s 6.7 and 6.8 r e s p e c t i v e l y , f o r 
p i o n induced showers. To de r ive these curves the ca l cu la t ed 
p r o b a b i l i t i e s are co r r ec t ed f o r the p r o b a b i l i t y o f pions which 
do not i n t e r a c t i n the lead and i r o n absorbers . 

The numer ica l constants adopted f o r the present c a l c u l ­

a t i o n s , mentioned above, are shown i n t ab l e 6.1. 

6.3 Burs t w i d t h - bu r s t s i ze r e l a t i o n s h i p 

6•3•1 I n t r o d u c t i o n 

The problem of the nuclear - e lectromagnet ic cascade 

discussed so f a r has been t r e a t e d i n one dimension. The 

produced secondary p a r t i c l e s , however, devia te f r o m the 

d i r e c t i o n o f the pr imary p a r t i c l e and thus the cascade develops 

l a t e r a l l y as w e l l as l o n g t i t u d i n a l l y . The procedure i s the 

same as mentioned i n chapter 2 f o r the development o f EAS i n 

the atmosphere. Thus one expects t o be able t o measure the 

w i d t h of the produced b u r s t s below the t a r g e t i f one employs 

a v i s u a l de t ec to r t o study the b u r s t phenomena. 

The b u r s t w i d t h i s the parameter measured i n the present 

experiment t o d e r i v e the energy spectra o f hadrons i n EAS i n 

the F s e r i e s . The w i d t h s o f the b u r s t s produced, i n the 

lead and i r o n absorbers o f the f l a s h tube chamber, were measured 

i n the top l aye r s o f Fla and Fib r e s p e c t i v e l y (see f i g u r e 3»11)« 

This measured parameter was then converted t o bu r s t s i ze which 

was used, t o determine the energy spectra, of hadrons i n EAS. 

Thus i t i s e s s e n t i a l t o ob t a in the r e l a t i o n s h i p between burs t 

w i d t h and b u r s t s ize below the lesd and i r o n absorbers. The 

r e s u l t s of the r e l a t i o n s h i p between b u r s t w i d t h and b u r s t s ize 

are t a k e n f rom Saleh ( p r i v a t e communication) and w i l l be 

descr ibed i n the next sec t ion* 
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Substance Densi ty 
(g c m - 3 ) 

Rad ia t i on 
l eng th 

x 0 ( g cnv-2) 

Pion 
i n t e r a c t i o n 

length 

Proton 
i n t e r a c ­

t i o n 
leng th 

Lead 1 1 . 3 4 6 . 5 3 4 . 5 4 x Q 3 3 . 0 8 x 0 

I r o n 7 * 6 1 4 . 1 1 1 . 6 0 x 0 9 . 9 4 x 0 

A l u m i n i u m 2 « 7 0 2 4 . 5 5 - 3 7 x 0 4 . 2 5 x Q 

Glass 2 e 5 0 2 6 . 3 5 . 0 1 x 0 3 . 9 5 x Q 

Table 6*1 A l i s t o f numerical constants used i n 
the present c a l c u l a t i o n s . 
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6 « 3 « 2 Experimental arrangement 

The f l a s h tube chamber was mod i f i ed such t h a t the burs t 

s ize produced i n the lead absorber could be measured. This 

was done by p o s i t i o n i n g a p l a s t i c s c i n t i l l a t o r ( c a l l e d s c i n t ­

i l l a t o r c ) below the l ead absorber. Since there was enough 

space between the lead and Fla (see f i g u r e 3 » 1 1 ) there was 

no need t o change the dimensions o f the chamber. The f l a s h 

tube l a y e r Fla was a l so brought forward by 1 5 cm so as t o 

comple te ly cover the i r o n absorber i n order t o f a c i l i t a t e the 

i d e n t i f i c a t i o n o f n e u t r a l hadrons producing burs t s i n the i r o n . 

A scale diagram of the m o d i f i e d chamber i s shown i n f i g u r e 6 . 9 * 

The p l a s t i c s c i n t i l l a t o r s A and C were f i r s t c a l i b r a t e d by 

means of a. G-M te lescope us ing the same procedure as described 

i n chapter 3 f o r the c a l i b r a t i o n of the p r o p o r t i o n a l counter . 

The mean pulse he igh t o f the s i ng l e p a r t i c l e d i s t r i b u t i o n was 

used t o determine the r e l a t i v e energy loss o f a. s i n g l e p a r t i c l e 

i n t r a v e r s i n g s c i n t i l l a t o r s A and C. 

The t r i g g e r i n g requirement was a b u r s t of p a r t i c l e s 

recorded by e i t h e r p l a s t i c s c i n t i l l a t o r s A or C w i t h a minimum 

s i z e . For each t r i g g e r the pulse he igh t s due t o the passage 

of t h e b u r s t through the p l a s t i c s c i n t i l l a t o r s A and C was 

photographed by an open camera look ing at an o s c i l l o s c o p e . 

At the same t ime the pulse h e i g h t due t o the passage of a 

hadron or EAS p a r t i c l e th rough s c i n t i l l a t o r M was a lso recorded 

on the same f i l m . I n each t r i g g e r the f l a s h tubes were also 

t r i g g e r e d a f t e r a t ime delay o f 20(JLS (the same as was used 

i n the EAS r u n f o r the F wer i e s ) and photographed. The l o g i c 

diagram f o r the e l e c t r o n i c s used i n the experiment i s shown 

i 2 JUNW 
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i n f i g u r e 6 .10 . 

6 .3 .3 Results 

The experiment was c a r r i e d out f o r a minimum burs t s ize 

rang ing f rom 20 p a r t i c l e s up t o a few thousand p a r t i c l e s * 

Since f o r a c e r t a i n b u r s t s ize there i s a b ias towards 

sma l l e r w i d t h s ^ Ck c o r r e c t i o n was app l i ed t o the measured 

b u r s t w i d t h s . 

An acceptable event i s d e f i n e d as an event i n which the 

f u l l w i d t h o f the b u r s t i s measurable i n the top layers of 

Fla and Fib f o r bu r s t s produced i n the lead and i r o n absorbers 

r e s p e c t i v e l y . The w i d t h o f the burs t i s de f ined as t h e w i d t h 

i n which a l l the f l a s h tubes are f l a s h e d . A f t e r p l o t t i n g the 

s c a t t e r p l o t of the measured burs t s w id th - bu r s t s ize f o r 

. lead and i r o n absorbers, the exper imental p o i n t s were binned 

and t h e i r means f o u n d . A c o r r e c t i o n was a p p l i e d t o the burs t 

w i d t h d i s t r i b u t i o n as mentioned above t o account f o r the 

decreasing p r o b a b i l i t y of be ing able t o record the burs t w i d t h 

as the l a t t e r increased. The c o r r e c t i o n f a c t o r was where 
d 

d i s the measured w i d t h and D i s the w i d t h of the f l a s h tube 

chamber. The r e s u l t s o f the b u r s t s ize - b u r s t w i d t h r e l a t i o n ­

s h i p are shown i n f i g u r e 6 .11 f o r the lead and i r o n absorbers. 

6 .4 Measured energy spectra of hadrons i n EAS 

6.4*1 Basic data 

The F se r i e s f i l m s were scanned using an enlarger which 

gave an image s ize o f 1:20 compared t o r e a l space. The 

c r i t e r i a , f o r accepted events was the same as mentioned i n s e c t i o n 
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t o 20 cm. i n r e a l space. Time delay = 20 (is 
between the occurrence of t h e ' b u r s t and the a p p l i c ­
a t i o n o f the high vo l tage pulse t o the f l a s h tubes . 
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6*3*3$ f o r burs t s produced i n the lead and charged burs ts 

produced i n the i r o n . Burs t s i n the i r o n were recognised as 

be ing produced by n e u t r a l hadrons i f the ax is of the burs t lay 

w i t h i n the dimensions o f the chamber and showed no t r a c k i n 

Fla (see f i g u r e 3 « 1 1 ) . For each acceptable event a scale 

diagram of the event was drawn on the scanning sheet (scale 

of 1 : 2 0 ) and the b u r s t w i d t h o f the event was measured. 

The f o l l o w i n g types o f b u r s t were observed i n the present 

experiment . 

(a) Burs t s produced i n l e a d , absorbed by i r o n . 

(b) Burs ts produced i n l e ad , developing i n i r o n . 

(c ) Charged bu r s t s produced i n i r o n 

(d) Neu t r a l b u r s t s produced i n i r o n . 

(e) Charged and n e u t r a l bu r s t s produced i n f l a s h tubes . 

( f ) Bursts produced i n the i r o n which miss F l a , since Fla 

does not cover a l l the area, of the i r o n absorber, and develop 

f r o m the top of F2 and do not show any w i d t h i n F i b . This 

type o f b u r s t s imulates n e u t r a l hadron - induced burs ts but 

they are recognisable due t o the pecu l i a r shape they produce 

i n the chamber (a s tep shape of b u r s t ) . 

(g) Events w i t h seve ra l pr imary hadrons. 

Examples o f bu r s t s observed i n the F ser ies are shown 

i n p l a t e s 6 . 1 t o 6 . 4 * 

A t o t a l number of 4 , 4 0 1 events obtained i n runn ing time 

of 5 » 2 5 6 . 8 hrs were scanned. The resu l t s of the measured 

b u r s t w i d t h spectra, obtained i n the l ead , i r o n and the n e u t r a l 

hadron - induced burs t s i n i r o n are shown i n f i g u r e 6 . 1 2 . 

Table 6 . 2 shows a summary o f the experimental da ta . 
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PLATE 6 ,1 Event F 3 5 - 9 2 
k charged p a r t i c l e bur s t produced 

i n the lead 

N « 2 2 5 p a r t i c l e s 

E = 180 GeV. 





Event F15 - 31 
A charged p a r t i c l e bu r s t 
produced i n the i r o n 

N a 225 p a r t i c l e s 

E = 160 GeV. 
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ATE & . 3 Event F30 - 19 

A n e u t r a l bu r s t produced i n 
the i r o n 

N = 11$ p a r t i c l e s 

E = 1 0 $ GeV 
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6 . 4 « 2 Energy spect ra o f charged and n e u t r a l hadrons 

The measured b u r s t w i d t h spectra below the lead and i r o n , 

p l o t t e d i n f i g u r e 6 . 1 2 , have been converted t o burs t size 

spect ra by means o f the measured b u r s t w i d t h - bu r s t s ize 

r e l a t i o n s h i p shown i n f i g u r e 6 . 1 1 . From the d e r i v e d burs t 

s ize spec t ra , the energy spect ra o f hadrons observed i n EAS 

for . the F s e r i e s were c a l c u l a t e d . This was done using the 

c a l c u l a t e d 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 

bur s t s i n the lead and i r o n absorbers and the bu r s t s ize -

energy r e l a t i o n s h i p f o r p ro ton induced burs t s i n the i r o n 

absorber (see f i g u r e 6 . 4 ) . The former was used t o estimate 

the energy spectra, o f charged hadrons i n EAS and the. l a t t e r 

t o d e r i v e the energy spectrum o f neutrons i n EAS. The 

r e s u l t s are shown i n f i g u r e s 6.13 and 6 . 1 4 » i n d i f f e r e n t i a l 

and i n t e g r a l f o r m r e s p e c t i v e l y . The spec t ra , shown i n 

f i g u r e s 6.13 and 6 . 1 4 » have been cor rec ted f o r the aperture 

of the chamber, i . e . the measured frequency of bu r s t w i d t h , 

d , has been increased by , where D i s the f u l l w i d t h of the 
D-d 

f l a s h tube l a y e r . 

6.4*3 The Corrected energy spectrum of n e u t r a l hadrons 

The presence of the p e n e t r a t i n g component of EAS, i n 

l a y e r Fla of the chamber, could s imulate a. n e u t r a l hadron 

induced b u r s t i n i r o n , as be ing a. charged hadron. Thus the 

measured spectrum o f n e u t r a l hadrons shown i n f i g u r e s 6.13 and 

6.14 ( s o l i d curves) should be cor rec ted f o r t h i s e f f e c t . 

For t h i s purpose the number o f t r a c k s , obseryed i n F l a , which 

could account f o r a. hadron induced b u r s t below i r o n (except 

the main t r a c k ) were counted, as a f u n c t i o n of hadron,energy. 
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hadron spectrum can be represented by E ~ ^ * l 5 i 0 . 1 6 
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The r e s u l t s are shown i n f i g u r e 6 . 1 5 » I t can be seen , t h a t 

as the energy of hadrons i n c r e a s e s , the r e s o l u t i o n of the 

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

spectra, of n e u t r a l hadrons were c o r r e c t e d , u s i n g f i g u r e 6 .15• 

The r e s u l t s of the c o r r e c t e d spectrum i s shown i n f i g u r e s 

6 .13 and 6.1/+ (dashed c u r v e s ) . 

6 .5 P r e d i c t e d r a t e of hadrons i n reg ion of EAS w i t h a. 
g iven minimum l o c a l e l e c t r o n d e n s i t y 

The energy s p e c t r a of hadrons i n EAS, detected us ing a 

l o c a l e l e c t r o n d e n s i t y , could be d e r i v e d us ing the f o l l o w i n g 

measured parameters of EAS: 

(a.) The l a t e r a l d e n s i t y of e l e c t r o n s . 

(b) The l a t e r a l d e n s i t y of hadrons of a. g i v e n energy as 

a f u n c t i o n of shower s i z e . 

( c ) The d i f f e r e n t i a l number spectrum of EAS. 

The l a t e r a l e l e c t r o n d e n s i t y of EAS i s t a k e n from the 

e m p i r i c a l formula g iven by G r e i s e n (1960) , see s e c t i o n 2 . 2 . 

The a n a l y t i c a l formula of the i n t e g r a l number spectrum, der ived 

measuring the d e n s i t y spectrum (see s e c t i o n 3 » 3 « 3 ) » was d i f f e r ­

e n t i a t e d , namely 

R(N) dN = 4 .50 N " 2 * 3 dN m"2 s""1 st*" 1 N < 7 . 1 0 5 

R(N) dN = 5*56.10^ N " 3 e 0 dN,m" ? s " 1 s t " 1 7 . 1 0 5 < N < 3 . 1 0 7 

R(N) dN » 10.14 N " 2 * 5 dN m- 2 s " 1 s t " 1 N > 3.107 

and i s assumed f o r the present c a l c u l a t i o n s . The c a l c u l a t i o n s 

were a l s o c a r r i e d out u s i n g the d i f f e r e n t i a l number spectrum 

i n the form of 

R(N) dN = 73 .26 N ~ 2 ° 5 dN m"2 s " 1 s t " 1 N < 5 . 1 0 5 

R(N) dN = 5.56 10**- N - 3 « ° dN m"2 s " 1 s t " 1 5 » 1 0 5 < N== 3 . I O 7 

R(N) dN « 10.14 N-2.5 dN m- 2 s -1 s t ™ 1 N>3.K>7 
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which i s c a l c u l a t e d u s i n g the survey g iven by H i l l a s (1970Tb). 

The l a t e r a l d e n s i t y of hadrons, n ( E , r , N ) d E d r , of energy 

(E,.E+dE) a t core d i s t a n c e of ( r , r + d r ) i n a. shower of s i z e N 

was measured by Kameda e t a l . (1965)* They present t h e i r 

r e s u l t s as 

n ( E , r , N ) dE dr = 0 .35 N 0 * 3 5 E - 1 * 2 exp( - f ^ ) . d E dr 

where r Q « 2 .4 N 0 , 3 2 E " * 0 , 2 5 w i t h E i n u n i t s of 100 GeV and 

r i n metres . 

I n t e g r a t i n g the above e x p r e s s i o n over a l l core d i s t a n c e s 

one obtains the number of hadrons of 2:100 GeV i n a. shower 

s i z e N, namely 

n(N, > 100 GeV) = 14-2 ( J L ) U ° ± 0 ' 1 5 ' 

I n t h e i r paper , Kameda e t a l . g ive the f o l l o w i n g e x p r e s s ­

i o n f o r the f l u x of hadrons of E 2 100 GeV i n a shower of 

s i z e N p a r t i c l e s , 

n(N, £ 1 0 0 GeV) » 7 .2 ( J L ) ° ° " 
105 

Thus i t i s n e c e s s a r y to modify the l a t e r a l d e n s i t y of hadrons 

g i v e n by Kameda. e t a l . such t h a t i t g ives 7»2 hadrons of 

E > 100 GeV i n a shower of 1 0 ^ - p a r t i c l e s . The modif ied 

e x p r e s s i o n f o r the l a t e r a l d e n s i t y of hadrons has been c a l c u l ­

ated and the r e s u l t i s as f o l l o w s 

n ( E , r , N ) = 6 . 2 6 . K T 3 N ° ° 3 5 E ~ 1 , 2 exp( - £ ) m"2 GeV" 1 

where r Q = 0 .19 N ° ' 3 2 E ~ ° * 2 5 w i t h E i n GeV and N i s the 

shower s i z e i n u n i t s of s i n g l e par t i c3 . e s . 

I n t e g r a t i n g the above e x p r e s s i o n over a l l core d i s t a n c e s , 

f o r a f i x e d shower s i z e , one obta ins the energy spectrum of 

http://partic3.es
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hadrons i n EAS, The s lope of the i n t e g r a l energy spectrum 

of hadrons i s found to be - O . 7 5 , as repor ted by Kameda et a l . , 

a v a l u e which i s not c o n s i s t e n t wi th t h e . r e s u l t s of most other 

workers (see t a b l e 2 . 3 ) . T h i s a l s o i s incoi^stent w i t h the 

p r e d i c t e d s l o p e , obtained from the Monte-Carlo s imula t ions 

performed by B r a d t and Rappaport (1967) and G r i e d e r (1972) , 

g i v i n g - ( 1 - 1 . 2 ) f o r the s l ope of i n t e g r a l energy spectrum 

of hadrons i n EAS i n the range of E - 100 - 1,000 GeV. 

The e x p r e s s i o n g iven by Kameda e t a l . , however, g ives a. shower 

dependence w h i c h i s c o n s i s t e n t w i t h other workers (see table 

2 . 3 ) • T h e r e f o r e i t was assumed t h a t the s i z e dependence, and 

the e x p r e s s i o n g iven f o r r Q , i n the l a t e r a l d e n s i t y of hadrons 

g i v e n by Kameda e t a l . , are c o r r e c t and the f o l l o w i n g paramet-

a r i s e d e x p r e s s i o n was assumed t o represent the l a t e r a l dens i ty 

of h a d r o n s . 

A h ( E , r , N ) = A N 0 # 3 5 E " a e x p ( - £ - ) m"2 GeV" 1 

where r 0 = 0 .19 N 0 , 3 2 g-O.25 w l f c h ^ ^ m e t r e s , E i n GeV 

and N i n u n i t s of s i n g l e p a r t i c l e . 

To d e r i v e the d i f f e r e n t i a l energy spectrum of hadrons 

a s s o c i a t e d w i t h a l o c a l e l e c t r o n dens i ty t r i g g e r A g » the 

f o l l o w i n g i n t e g r a l was e v a l u a t e d , n u m e r i c a l l y . 
rmax Nmax 

R ( E , B=Ae ) dE » J J 2 T t r 0 A h ( E , r , N ) . R ( N ) d E dN dr 
r=o N m i n 

where R(N) dN i s the d i f f e r e n t i a l number spectrum, r m 9 X i s 

taken to be 100 m, i . e . the d e n s i t y of hadrons f o r r >: 100 m 

becomes n e g l i g i b l e , N m ^ n i s the minimum shower s i z e at core 

d i s t a n c e r capable of producing an e l e c t r o n d e n s i t y 
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( c a l c u l a t e d from the l a t e r a l dens i ty of e l e c t r o n s ) and N m a x 

was assumed to be 5-10^» 

To f i t the present measurements the va lue of Ct was al lowed 

t o vary from 1.5 to 2 .2 i n s tages of 0.05 and f o r each value 

of ct the c o n s t a n t A, i n the parametar i sed l a t e r a l d i s t r i b u ­

t i o n of hadrons , was normal i sed such t h a t one gets 7.2 hadrons 

of 2: 100 GeV i n showers of N s 10^ p a r t i c l e s . The r e s u l t s 

of c a l c u l a t i o n s f o r d i f f e r e n t v a l u e s of l o c a l e l e c t r o n dens i ty 

t r i g g e r , f o r a = 1*75 which g i v e s the bes t f i t t o the s lope of 

the measured spectrum f o r E 2: 200 GeV, are p l o t t e d i n f i g u r e 

6 . 1 6 . The i n t e g r a l energy s p e c t r a of hadrons f o r d i f f e r e n t 

A » f o r a = 1*75» are a l s o p lo t t ed i n f i g u r e 6 . 1 6 . 
e 

The r e s u l t s of c a l c u l a t i o n s shown i n f i g u r e 6 .16 , have been 

produced u s i n g the number spectrum der ived from the measured 

d e n s i t y spectrum of EAS. The same c a l c u l a t i o n s have a l s o been 

c a r r i e d out t a k i n g the number spectrum given by H i l l a s (1970h>» 

F i g u r e 6.17 shows t h e r e s u l t s . These have been c a l c u l a t e d 

f o r a =s 1.30 (which g i v e s the bes t f i t to the s lope of the 

measured spectrum f o r E 2: 200 GeV) i n the modif ied e x p r e s s i o n 

of Kaneda et a l . 

Comparing the c a l c u l a t e d energy spectra, of hadrons g iven 

i n f i g u r e s 6.16 and 6 . 1 7 , i t can be seen t h a t the shape of the 

p r e d i c t e d s p e c t r a are almost the same. T h i s i s expected 

s i n c e the number of hadrons of energy 2: E i s n e a r l y independent 

of shower s i z e (Kameda e t a l . ) . The absolute r a t e of hadrons 

found u s i n g H i l l a s ' s number spectrum i s h igher compared w i t h 

the one which i s found u s i n g the number spectrum obtained from 

measuring the d e n s i t y spectrum. The r a t i o i s ~ 1*7 f o r 

A Q >; 20 n f 2 and d e c r e a s e s to - 1.0 f o r A 2: 480 m"7\ e e 

The f u n c t i o n g iven by Kameda e t a l . i s v a l i d f o r 100< E < 1,000 
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.The e x p r e s s i o n given by Kamed et alt i s normalised 
such t h a t i . t f i v e s 7.2 hsdrons of E > 100 GeV i n 
.a shov/er of 105 p a r t i c l e s (see t e x t f o r f u r t h e r 
d e t a i l s ) . Sea l e v e l number spectrum found from . 
d e n s i t y spectrum measurements assumed» 
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e x p r e s s i o n of Kf-meda e t a l . ( 1 9 6 5 ) « The expres 
s i o n g iven 7*2 hadrons of 2. 2: 100 GeV i n a 
shower of 105 p a r t i c l e s (see t ex t f o r f u r t h e r 
d e t a i l s ) . Sea l e v e l number spectrum found 
f r o m ' H i l l a s (1970b) summary assumed. 
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GeV, thus the p r e d i c t e d s p e c t r a f o r E < 100 GeV and E >1,000 

GeV have been shown as dashed l i n e s i n f i g u r e s 6.16 and 6 . 1 7 « 

6 . 6 D i s t r i b u t i o n of the r a t e of EAS producing hadrons 
of energy..5:,B i n reg ions of EAS with, a. g iven 
minimum l o c a l e l e c t r o n d e n s i t y . 

The i n t e g r a l r a t e of EAS, as a f u n c t i o n of shower s i z e 

and core d i s t a n c e , producing hadrons of energy ;> E GeV at 

-? 
a d e t e c t o r , t r i g g e r e d by a. l o c a l E l e c t r o n d e n s i t y of A e > 8 0 m 

are c a l c u l a t e d . The r e s u l t s of the c a l c u l a t i o n s are shown i n 

f i g u r e s 6 . l 8 and 6 . 1 9 « The assumed f u n c t i o n s f o r the measured 

parameters of EAS, i n these c a l c u l a t i o n s , are the same.as 1 

g iven i n s e c t i o n 6 . 6 . 

I t c a n be s een from f i g u r e 6 .18 , t h a t the median core 

d i s t a n c e decreases to one metre, f o r showers producing hadrons 

of E > 2 ,000 GeV. T h i s i s . c o n s i s t e n t w i t h the f a c t t h a t 
I 

e n e r g e t i c hadrons a r e co^iminated near the core of showers. 
6 . 7 Comparison between the measured and p r e d i c t e d spectra. 

The measured i n t e g r a l s p e c t r a of hadrons ( c h a r g e d ) i n d i c a t e 

t h a t , the spectra , obtained under l e a d and i r o n absorbers are 

p a r a l l e l , w i t h i n exper imenta l e r r o r s . The measured i n t e g r a l 

s p e c t r a have a s lope of - 1 . 1 5 - 0.16 f o r energies o f B > 200 

GeV (see f i g u r e 6 . 1 4 ) . Taking a = 1 .75 , i n the modif ied 

hadron l a t e r a l d e n s i t y f u n c t i o n due to Kameda e t a l . (1965) , 

one obta ins the s lope of i n t e g r a l energy s p e c t r a of hadrons 

to be — - 1 . 1 5 (see f i g u r e 6 . 1 $ ) . Thus according to present 

measurements, and assuming the l a t e r a l d e n s i t y of hadrons g iven 

by Kameda e t a l . i s c o r r e c t , i t can be seen tha t the s lope of 

the . i n t e g r a l energy spectra, of hadrons i n a shower of s i z e N 
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spectrum found from the measured d e n s i t y 
spectrum. 
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i s - 1 . 2 5 (assuming the l a t e r a l d e n s i t y of hadrons fo l lows 
as A ^ ( E , r , &.) oi, E ~ , i t can e a s i l y be shown t h a t the 
energy s p e c t r a of hadrons i n a. shower of s i z e N fo l l ows as 
n ( > E , N ) * E - ( a * ~ a 5 ) ) , 

T h e o r e t i c a l v a l u e s of the exponent given by other authors 

a r e - 1 . 0 (Bradt and Rappaport , 1967) , - 1 . 2 1 (Th ie lhe im and 

B e i e r s d o r f , 1969) and - 1 . 1 (Murthy, 1967)• Measurements 

r e s u l t e d i n - 1 . 0 8 to - 1 . 1 9 ( C h a t t e r j e e et a l . , 1968) , - 1 . 2 

( T a n a h a s h i , 1965) , - 0 . 8 to-l<,3 (Vernov e t a l . , 1960) and 

- 1 . 2 (Bohm et a l . , 1 9 6 8 ) . These p r e d i c t i o n s and measurements 

cover an energy range o f E > 100 GeV up to about 2 TeV. 

At v e r y h i g h energ ie s (>lTeV) the s lope o f energy spectrum, 

however, s teepens as a. consequence of f i n i t e primary energy. 

The present measurement i n d i c a t e a s teeper slope than 

most o ther w o r k e r s , be ing about 10% h i g h e r . T h i s could be 

due to the way i n which the l a t e r a l d e n s i t y of hadrons, due 

to Kameda e t a . l . , has been p a r a m e t a r i s e d . 

The measured spectra, show that the s p e c t r a f l a t t e n s 

f o r E < 200 GeV. The decrease i n the s lope f o r hadrons of 

energy E £ 100 GeV i s shown i n the p r e d i c t i o n of T h i e l h e i m 

and B e i e r s d o r f and G r i e d e r (1970) as w e l l as i n the measure­

ments of Tanahash i (1965) who a t t r i b u t e d i t t o the i n c r e a s i n g 

decay p r o b a b i l i t y of p i o n s . 

According t o f i g u r e 6.14 the t o t a l number of hadrons of 

E 2: 200 GeV i n c i d e n t from the atmosphere on the de tec tor i s 

353• T h i s i s c a l c u l a t e d by adding the numbers observed to 

i n t e r a c t i n the l e a d and i r o n and then c o r r e c t i n g t h i s number 

due to the p r o b a b i l i t y of i n t e r a c t i o n (see t a b l e 6 . 1 ) . 

T h i s i s obta ined i n 5 ,258 ,8 h r s . The area of the l a y e r F l a 

i s 2 .57 ro~ and the e f f e c t i v e s o l i d angle (to be descr ibed i n 
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chapter 7 ) i s O.57 s t . Thus the r.ate of measured hadrons 

of E _> 200 GeV i s 1 .27 .10 -5 m~ 2 s " 1 s t " 1 i n reg ion of EAS 

of l o c a l e l e c t r o n d e n s i t y 2:80 m~ 2 . 

According to f i g u r e 6 .16 , the i n t e g r a l r a t e of hadrons 

of E 200 GeV, f o r A 2:80 m" 2 , i s 8 . 1 0 " 6 m~ 2 s"*1 st"" 1. 

T h i s i s s m a l l e r than the measured r a t e . The d i s c r e p a n c y 

obtained cou ld be p a r t l y due to the way i n which the e x p r e s s i o n 

g iven by Kameda e t a l . has been n o r m a l i s e d . 

Thus the present measurements suggest t h a t f o r E > 200 GeV 

A h ( E , r , N ) = 0 .22 N ° * 3 5 E " 1 ' 7 5 e x p ( - r / r 0 ) m"2 GeV* 1 

where r 0 = 0 .19 N 0 # 3 5 E " 0 ' 2 5 w i th E i n GeV and N i n u n i t s 

o f ' s i n g l e p a r t i c l e s . 

The t o t a l number of hadrons of 2» E Q GeV i n a shower of 

s i z e N i s 

/

Co ~& 
/ A h ( E , r , N ) 2TCr dr dE 

E 0 r=o 

S u b s t i t u t i n g the e x p r e s s i o n , g iven above, i n t h i s ' f u n c t i o n 

n ( 2 : E o , N) « 0 .04 N 0 , 9 9 E 0 ~ l s 2 5 where N i s 

i n u n i t s of s i n g l e p a r t i c l e s and E Q i s i n GeV. 

6 .8 C o n c l u s i o n 

The energy spectra , of hadrons i n reg ions of EAS of l o c a l 
-2 

e l e c t r o n d e n s i t y 2: 80 m was d e r i v e d . T h i s was done by 

measuring the b u r s t width d i s t r i b u t i o n of hadron induced 

c a s c a d e s , i n the l e a d and i r o n absorbers , of the f l a s h tube 

chamber. I t was found t h a t the s lope of the i n t e g r a l s p e c t r a 

of hadrons i n r e g i o n s of EAS of l o c a l e l e c t r o n d e n s i t y 2: 80 m 

i s ~1.15 £ 0 ,16 f o r the energy range E ~ 200 - 1,000 GeV. 

The measured spectra, have been r e l a t e d to the s p e c t r a 
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i n a shower of f i x e d s i z e . For t h i s purpose the l a t e r a l 

d e n s i t y of hadrons , measured by lameda e t a l . (1965) , was 

f o l d e d i n t o the d e r i v e d number spectrum, obtained from measur­

i n g the d e n s i t y spectrum of EAS as was exp la ined i n Chapter 3« 

The f u n c t i o n g iven by Kameda e t a l . was modi f i ed such t h a t the 

r e s u l t i n g s p e c t r a f i t the measurement f o r E 5:200 GeV i n the 

p r e s e n t exper iment . I n t e g r a t i n g the modif ied e x p r e s s i o n of 

the l a t e r a l d e n s i t y of hadrons , over a l l core d i s t a n c e s , i t 

was found t h a t 

n ( > E 0 , N) = 0.04 N 0 ' 9 9 E ~ 1 < 2 5

 W H E R E N ( > E Q , N) 

i s the t o t a l number of hadrons of 2 : E Q GeV ( f o r E o i n energy 

range of - 200 - 1,000 GeV) i n a shower of s i z e N p a r t i c l e s 

a t sea l e v e l . ( I t was shown that i f the number spectrum, 

obtained from the summary of H i l l a s (1970b.)is used i n the 

c a l c u l a t i o n s then i t does not change the above r e s u l t s s i g n i ­

f i c a n t l y ) . The e x p r e s s i o n g iven above i s v a l i d f o r 

2.10^ < N ̂  4 .10^ us ing f i g u r e 6 .19 , which shows t h a t i n 

r e g i o n s of EAS of l o c a l d e n s i t y > 80 n r 2 , hadrons of energy 

S 200 GeV accompany the e l ec tron-photon shower i n 80% of 

the t r i g g e r s i n t h i s s i z e r a n g e . 
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CHAPTER 7 

FURTHER DISCUSSION OF THE MEASUREMENTS ON 

HADRONS IN" EAS 

7 » 1 I n t r o d u c t i o n 

I n d e r i v i n g the energy spectrum of hadrons descr ibed 

i n chapter 6, i t was assumed t h a t a l l charged p a r t i c l e induced 

b u r s t s are produced by charged p i o n s . I n t h i s chapter the 

s i g n i f i c a n c e of muon - induced b u r s t s on the measured s p e c t r a 

has been c o n s i d e r e d . S u b t r a c t i n g the muon contamination from 

the measured energy s p e c t r a of charged p a r t i c l e induced b u r s t s 

one can determine t h e charge to n e u t r a l r a t i o . 

7 • 2 R a t i o of the frequency of the b u r s t s produced i n the 
i r o n and l e a d absorbers 

Tak ing the cons tant v a l u e s f o r the i n t e r a c t i o n length of 

p ions i n the l e a d and i r o n (see t a b l e 6 . 1 ) , the r e l a t i v e 

frequency of the expected b u r s t s produced i n the i r o n t o lead 

i s 0.45* F i g u r e 7*1 shows the measured r a t i o as a f u n c t i o n 

of energy. I t can be seen t h a t good agreement between the 

measured and p r e d i c t e d r a t i o (dashed l i n e ) i s obta ined . 

One expects to see a d i f f e r e n t r a t i o i f the r a t e of muon-

induced b u r s t s i s s i g n i f i c a n t . 

7•3 Angular d i s t r i b u t i o n of hadrons i n EAS 

The angular d i s t r i b u t i o n of charged p a r t i c l e induced 

b u r s t s i n the i r o n has been measured. For measurement the 

f o l l o w i n g c r i t e r i a were adopted. 

i ) The b u r s t s have energ i e s of E < 500 GeV (a p ion wi th 500 
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GeV energy i n t e r a c t i n g i n i r o n produces a. burst width of 2 cm. 
below the i r o n as measured on the scanning sheet, i . e . 40 cm. 
(width i n r e a l space). 

i i ) The core of the bursts do not pass w i t h i n 1 cm. as 
measured on the scanning sheet from e i t h e r side of the chamber. 

The projected angular d i s t r i b u t i o n of hadrons s a t i s f y i n g 
the above c r i t e r i a were measured and the results are shown i n 
f i g u r e 7.2. 

Assuming the angular d i s t r i b u t i o n of hadrons i n EAS 
follows as I = I Q C O S 1 1 ^ , i n real space, and adopting the 
method due to Lovati et a l . (1954)i which predicts the angular 
d i s t r i b u t i o n i n a. given projected plane (see Appendix B), the 
best value for n from the measured angular d i s t r i b u t i o n was 
calculated using a chi-square t e s t , t o be n = 9 - 2. 

I t i s i n t e r e s t i n g to note that measuring the angular 
d i s t r i b u t i o n of hadrons i n EAS gives information ahout the 
attenuation length of hadrons i n EAS, From the present measure­
ment the attenuation length, A H= i i 2 2 2 - g-cnT2 , i s calculated t o 

be X H = 114 +20 g c m " 2 f o r s n o w e r s o f s i z e N 8 8 2.7.10$ (equal 
t o the median shower size producing a. l o c a l electron density 

A e 2: SO m""2) which i s larger than the value of $5 + ^ g cm"2, 
measured by Kameda et a l . (1965 )• These authors measured the 
angular d i s t r i b u t i o n of hadrons i n EAS and they gave n = 12 ± 2 

f o r showers of size M *= 4.10^ - 4.10^. 

Assuming n = 9 the e f f e c t i v e s o l i d angle Q , for hadrons 
i s Q. * U L or Q = O.57 Sr. 

n + 2 

7*4 Bursts i n glass 
A class of bursts observed i n the flash tube chamber were 

the bursts produced i n the chamber as a res u l t of in t e r a c t i o n 
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w i t h the glass of the fl a s h tubes and the aluminium electrodes. 
I t was possible t o measure the intera c t i o n length of p a r t i c l e -
induced bursts i n the chamber. For t h i s purpose a l l charged 
p a r t i c l e s producing a burst i n F2 and F3 indicating a. track i n 
Fla and Fib, i . e . passing through the lead and i r o n absorbers, 
were considered. The distance between the point of interaction 
and the top of F2 was measured (on a. scanning sheet). The 
measured frequency was then corrected f o r the aperture of the 
chamber, based on the measured angular d i s t r i b u t i o n of hadrons 
(see section 7«3) and using the method of Lo\r;ati et al . ( 1 9 5 4 ) « 

A t o t a l of 57 bursts produced by charged particles (sa t i s ­
f y i n g the above c r i t e r i a ) i n films Fl - 2 0 were observed. The 
re s u l t s are shown i n figure 7»3» Taking the best lin e through 
the corrected experimental points the in t e r a c t i o n length of 
p a r t i c l e producing bursts i n the chamber i s X • 115 * 50 g cm""̂ . 
This value i s not inconsistent with .X̂ .= 131 g cm~^ which i s 
expected f o r pions i n t e r a c t i n g the chamber assuming pion -
proton cross section 22 mb (Alexander and Y e k u t i e l i , 
1961) . Thus the p a r t i c l e - induced bursts i n the chamber are 
hadrons and so the muon contamination i s not s i g n i f i c a n t . 
(A t o t a l of 15 bursts produced by neutral p a r t i c l e s i n the 
chamber were observed, i n films F1-F20). 

I t i s i n t e r e s t i n g t o note that, however muons have a. very 
low pr o b a b i l i t y to produce bursts i n l i g h t materials and also 
the t o t a l amount of matter ( i n the v e r t i c a l direction) i n F2 

and F3 i n $1-1 • 5 g cm ~. On the other hand i t i s recalled that 
the p r o b a b i l i t y of hadrons traversing the lead and ir o n absorbers 
and then i n t e r a c t i n g i n the chamber i s only about 25% (see 
table 6 . 1 ) . Thus the l a t t e r could partly compensate the former 
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one, 

7»5 Predicted rate of muon-induced bursts 
» 

The f i n a l attempt was to predict the rate of muons 
producing bursts i n the chamber (iron absorber) and compare 
i t w i t h the observed burst spectrum. 

For t h i s purpose the i n t e g r a l energy spectrum of muons 
i n EAS with l o c a l electron density of A Q > SO m"2 was calcul­
ated, taking the number spectrum given by Hillas (1970b), the 
l a t e r a l electron density given by Greisen (1960) and the l a t e r a l 
muon density of energies > E due to Greisen (1960). 

r N 
R(> Ê  , > 80) = J m a x J m a x

 2TU 1-^(2= Ejr.N) R(N)dN dr 
r - 0 - 1 Nmin 

where R(N) dN i s the d i f f e r e n t i a l number spectrum, A (SE.r.U)' 
i s the l a t e r a l density of muons of energy > E at core distance 
r i s a shower of size N. N

r a a x
 W 9 S t s k e n t 0 b e 5«10^, N m^ n 

i s the minimum size capable of producing a density of SO m"*2 at 
core distances r , calculated from the electron structure function, 

' 9 

and r m a x i s the maximum core distance f o r a. shower of size 5»10 
pa r t i c l e s capable of producing SO m • 

The l a t e r a l density of muons of energy > E is extrapolated 
from about 20 GeV, where i t i s confirmed by experimental data, 
up to the highest energies. (The results of Monte-Carlo simu­
lat i o n s by Goorevich and Peak (1973) show that the density of 
muons of E >100 GeV at r = 10 m in a shower of size 2.10? 
p a r t i c l e i s not inconsistent with the Greisen formula). 

Hanson (Private Communication) has calculated the burst 
size spectrum below a thick i r o n absorber f o r an assumed muon 
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energy spectrum incident on the top of an absorbers Since 
muons have a. large attenuation length the produced burst 
spectrum i s independent of absorber thickness for thick absorb­
ers up to a l i m i t i n g energy' which i s approximately equal to 
the minimum energy cascade which can develop to shower maximum 
i n the whole depth of the absorber, i.e. up to about 1,000 GeV 
f o r the i r o n absorber (see figure 6.2). 

The calculated d i f f e r e n t i a l muon spectrum was folded into 
the calculation of Hanson and thus the rate of muon-induced 
bursts i n the i r o n , were obtained. The results are shown 
i n figure 7»4« Comparing the predicted rate of muon-induced 
bursts w i t h the measured spectra of hadrons, shown i n figure 
7.4, one can see t h a t the former i s smaller ( 10$) than the 
l a t t e r f o r burst sizes >30 p a r t i c l e s . 

7«6 Charge to neutral r a t i o 

I t was shown that the rate of muon-induced bursts i n 
the measured energy spectra of hadrons is not s i g n i f i c a n t 
f o r the high energy region (see figure 7*4)• Thus using 
figures 6.13 and 6.14 one can determine the charges t o neutral 
r a t i o , f , as a function of hadron energy. The results are 
shown i n table 7»la» I t can be seen that f decreases as 
hadron energy increases for E > 50 GeV. The results shown 
i n table 7»1 have been obtained using the corrected neutral 
spectrum but s t i l l f i s too large, compared with the experi­
mental data of Kameda et a l . (1965) and Vatcha and Sreekantan 
(1973). The results obtained by these authors are given i n 
tables 7»lb and 7«lc« 

The large value f o r f obtained i n the present experiment 
i s possibly due t o the lack of resolution of the chamber i n 
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(a) 

Energy E 
(GeV) 

30 

50 

100 

300 

500 

Ratio of charged to neutral 
hadrons f 

f (E) f ( 2: E) 

15 * 25 

20 t 19 

25 - 28 
20 i 32 

11 i 13 

17 - 4 

17 i 5 

13 £ 5 

8 ± 4 

6 I 4 

(b) 

Energy E 
(GeV) 

Ratio of charged to neutral 
hadrons f 

For a l l energies 4.5 
+ 

0.5 

E < 500 6 + 1 

E > 500 
2.5 

* 1.5 
0.5 

E 2:1,000 1.5 . + 0.5 

'(c) 

Energy E 
(GeV) 

Ratio of charged tc 
hadrons f 

observed, f 
N< 30.05 N >: 3110 5 

neutral 

calculated, f 
Without with 
N N N N 

25 6.2 t 1.3 3.0 t 0.3 200 2.4 

50 3.8 ± 0.9 2.6 ± 0.3 130 1.5-3 

100 1.9 i 0.6 1.8 i 0.4 65 1.2-2.2 

200 1.2 i 0.8 1.2 t 0.8 25 1.1-1.9 

Table 7*1 Charge to neutral r a t i o measured (a) by present 
experiment, (b) by Kameda et s i . (-1965) and (c) by Vatcha and 
Sreekahtan (1975). The predicted r a t i o for the absence and 
presence of N-R i n EAS components are shown i n (c) calculated 
f o r 800 g cm™2 elevation by Vatcha and Sreekantan (1973). 

.. Since the rate of muon contamination is;<10$ f o r 
hadrons of E>30 GeV thus the calculated charge to neutral 
ratio-shown i n table (a) have not been corrected f o r muon 
contamination. 
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i d e n t i f y i n g neutral hadrons associated with high local electron 
density, 

7*7 Discussion 

The measured parameters of hadrons i n EAS which are 
more sensitive, t o d i f f e r e n t assumptions of high energy 
c o l l i s i o n , are ( i ) number of hadrons of energy> E and ( i i ) the 
charge to neutral r a t i o (see Grieder 1970-1973). 

( i ) The number of hadrons of energy >; 200 GeV i n the 
shower of size range N = 2.10^ - 1^,10^ was derived (see 
section 6 .8) . This i s shown i n figure 7»5» The experimental 
data of Kameda et a l . (1965) and Tanahashi (1965) are shown 
i n f i g u r e 7»5» I t i s seen that while there i s good agreement 
between the present results and those of Kameda et a l . , there 
i s some inconsistency f o r N < 105 between the present results 
and those of Tanahashi. This may be due to the analytic func­
t i o n given by Kameda. et a l . f o r the l a t e r a l density of hadrons 
being incorrect for the smaller shower sizes. 

The Monte-Carlo calculations of Grieder (1970), f o r two 
of his models, and Bradt and Rappaport (1967) are shown i n 
fig u r e 7»5» The re s u l t s of Grieder are based on the so-called 
SFB and IDFB models. The former model assumes a half law 
m u l t i p l i c i t y , i . e . n s oi E"*"/2. The l a t t e r model assumes 
that n s oc I n both models the production of nucleon-
anti-nucleon pairs (N N) i n high energy interactions has been 
assumed. I t i s seen from figure 7.5 that neither of these 
models agree with the experimental data. One should note that 
Grieder has calculated the number of hadron i n EAS produced by 
a f i x e d primary energy. To convert primary energy to shower 
size 10 GeV/particle i s assumed. This assumption however, i s 
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believed to have a small e f f e c t i n the size dependence of 
the number of hadrons. 

The prediction of Bradt and Rappaport shown i n figure 
7«4, does not include N N production and represents two centre 
and isobar production for protons and iron nuclei. I t can 
be seen that the results are not too sensitive t o the mass of' 
primary cosmic ray p a r t i c l e s . 

( i i ) The charge to neutral r a t i o , f , obtained i n the 
present experiment (see table ?.la.) indicates that f decreases 
as energy increases. This i s consistent with the experimental 
r e s u l t s of Kameda et a l . and Vatcha and Sreeksntan (1973) ss 
shown i n tables 7»lb and 7»lc. 'Vafccha and Sreekantan (1973) 

have shown that the absence of N N production i n high energy 
i n t e r a c t i o n produces a. larger value f o r f compared with the 
resu l t s of present work. 

7.8 ' Conclusion 

The rate of muon-induced burst, i n the measured energy 
spectrum of hadrons, described i n chapter 6, was investigated. 
I t was shown tha t the contamination of muons i n the measured 
spectra of hadrons of high energy i s not s i g n i f i c a n t . The 
number of hadrons of E > 200 GeV i n shower of size N = 2.1o'+ -

5 
4*10 was determined and the results compared with model c a l ­
culations. I t was concluded that there i s l i t t l e s e n s i t i v i t y 
measuring • the energy spectra of hadrons, at sea l e v e l , w i t h 
the mass of primary cosmic rays. The charge to neutral r a t i o 
obtained i n the present work gives a higher value than the 
experimental data of Kameda et a l . (1965) and Vatcha and 
Sreekantan (1973). . This could be explained as a r e s u l t of the 
lack' of resolution of the chamber i n i d e n t i f y i n g neutral hsdrons 
associated with high l o c a l electron density. The r a t i o obtained, 
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however, supports the production of N-N i n high energy i n t e r ­
actions. 
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SEARCH FOR QUARKS CLOSE TO THE 
CORE OF EAS 

^•1 The concept of quark theory 

8.1.1 Introduction 

Ever since the discovery of pion attempts have been made 
to understand the known so-called elementary par t i c l e s i n 
terms of elementary sub-units. For doing t h i s the investig­
ation has been directed i n t o two main branches, namely: 

( i ) To get advantage of the symmetry properties of the 
strong interactions, which can lead t o a grouping of particles 
i n t o families with similar properties. 

( i i ) To develop the so-called composite models of elementary 
p a r t i c l e s , i n which attempts have been made to reduce a l l the 
d i v e r s i t i e s of particles to bound states of a minimum number 
of fundamental par t i c l e s or t r u e l y elementary p a r t i c l e s . 

I t was the second branch ( i i ) which led Fermi and Yang 
(1949) t o assume that a l l pions are the bound states of nucleon 
antinucleon (N N) pairs. After the discovery of strange part­
i c l e s by Rochester and Butler (1947) i n Cosmic radiation the 
theory of Fermi and Yang was abandonded since i t could not 
account f o r the strange p a r t i c l e s . 

Sakata (1956) proposed that sub-units were the t r i p l e t 
proton, neutron and lambda zero together with t h e i r a n t i -
p a r t i c l e s . According to the Sakata model one could get a 
good description of the structure of mesons i n terms of unitary 
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super multiplets but i t f a i l e d to be consistent with the 
observed octet and decimet multiplets of baryons as t h e i r 
existence become f i r m l y established experimentally. In the 
Sakata model mesons are considered to be bound states of two 
t r i p l e t p a r t i c l e s and an a n t i - t r i p l e t p a r t i c l e . According 
t o group theory the di r e c t product of t r i p l e t s forming mesons 
and baryons are: 

Mesons. 3 ® 3 = 8 © 1 

Baryons 3 ® 3 ® 3 - 15 © 6 © 3. © 3 

where © means d i r e c t product, © means direct sum and a 
bar means a n t i - p a r t i c l e . 

Gell-Mann (1964) and Zweig (1964, 1965) noticed that 
although 3 ® 3 ® 3 gives the wrong mu l t i p l e t structure for 
baryons the reduction 3 ® 3 ® 3 = 10 © 8 © 8 © 1 agreed with 
the observations. Considering the Gell-Mann, Nishijima 

R . q y 

r e l a t i o n which states Q = T 3 + ~ ~ = T 3 + 77 where Q = 
charge, s t h i r d component of isospin, S = strangeness and 
Y s hypercharge, then the fundamental t r i p l e t p a r t i c l e the 
so-called quarks ( a f t e r Gell-Mann) each carry baryon number 
V 3 so as to be consistent t o the conservation of baryon number 
and the Gell-Mann - Nishijima r e l a t i o n . Table 8.1 shows the 
quantum number of quarks. The fundamental t r i p l e t particles 
are called p type, n type and X type quarks. 

The groups of eight and ten baryons (having spin V^Tl 
and 3/2h respectively) are demonstrated i n figure 8 .1. On 
the r i g h t hand side of figure 8.1 the way i n which each term 
i s made up of quarks are.shown. The l i g h t e s t particles are 
at the bottom of figure 8.1 (The particles have been established 



T r i p l e t 
p a r t i c l e 

B Q Spin 
( i n units of h) 

1 
2 

1 
3 

0 1 
3 

1 
2 

n 1 
2 

1 
3 0 1 

3 
1 
3 

1 
2 

1 
3 

-1 2 
3 

1 
3 

1 
2 

Table 8.1 Quantum numbers of quarks. The corresponding 
anti-quarks have quantum numbers of opposite sign 

T r i p l e t 
p a r t i c l e 

Mass 
difference 
(GeV) 

Decay 
scheme 

Life 
time 

M stable I n f i n i t e 

n M n-—p+e+ V e sec 

M+0.14 ^ P+TT 
**** n+TT° 

<*•> 10"""L^ sec 

Table 8.2 Possible mass difference and decay schemes 
of quarks. 



Bar yon octet (J=1/2) 

PXX MX 

T ° Y PPX Pn\ nnX 

P* N° PPn Pnn 

Baryon decuplet U=3/2) 

Q" XXX 

•="* PXX nXX 

Z ° " Z " * PPX PnX nnX 

A* A° A" PPP PPn Pnn nnn 

The c o n s t r u c t i o n of the baryon octed and 
de c u p l e t from the three f r a c t i o n a l l y 
charged p a r t i c l e s . The r i g h t hand side 
shows the way i n which each p a r t i c l e i s 
made of three quarks. 
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experimentally as given by the P a r t i c l e Data. Group, 1972)» 

Comparing the p r o p e r t i e s of elementary p a r t i c l e s w i t h t h e i r 
expected quark compositions ( f i g u r e $.1) one can deduce the 
mass d i f f e r e n c e and decay schemes of quarks. The r e s u l t s 
are given i n t a b l e £ .2 . 

8.1.2 The expected p r o p e r t i e s of f r e e quarks 

The p r e d i c t e d p r o p e r t i e s of quarks are; (a) The mass 
of quark, (b) The cross s e c t i o n of quark production and 
(c) 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 * 

(a) The mass of the quark. 
I n the n o n - r e l a t i v i s t i c model, f o r which the greatest 

number of i n t e r e s t i n g r e s u l t s have been obtained, the quark 
mass must be heavy. Morpurgo (1967) has obtained a. rough 
estimate of quark mass, considering mesons are formed by quark-
antiquark p a i r s o f mass about 5 GeV/ c2 t o several tens of 
GeV/ c2 (The values obtained f o r the quark mass depends on the 
square of the assumed range of the q "q p o t e n t i a l ) . 

(b) The cross s e c t i o n of quark production 
The possibs, i n t e r a c t i o n s producing quarks i n high energy 

nucleon-nucleon c o l l i s i o n s are as f o l l o w s (Ashton, 1973)! 

(1) N + N — ~ N + N + q + q 

(2) N + N — - N + 3 q 

(3) N + N 3 q + 3 q 
t 

(4) TT + 7T •—- TC + q + q 

(5) TC + TC — • 2(q + q) 
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Figure 8.2 demonstrates the threshold k i n e t i c energy f o r 
quark production i n N - N c o l l i s i o n s and v i r t u a l TT-TT 
c o l l i s i o n s as a f u n c t i o n of quark mass as given by Ashton 

(1973K I n t h i s f i g u r e the f u l l h o r i z o n t a l l i n e represents 
the energy equivalent t o 30 GeV c o l l i d i n g beams and the broken 
l i n e i s the approximate primary cosmic rays energy at which 
the e l e c t r o n d e n s i t y at the core of EAS i s 1 n r ^ at sea l e v e l 
or: mountain a l t i t u d e . I t can be seen from f i g u r e 8.2, t h a t 
the upper l i m i t s of the quark mass are M Q s 4«8 G©V and 
M Q :£ 2 .7 GeV f o r proton beams of 70 GeV energy (Serpukov) and 
28 GeV energy (CERN) r e s p e c t i v e l y i f quarks are produced 
according t o process (1 ) . 

(c) 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 . 

Comparing proton-proton and pion-proton s c a t t e r i n g one 
can see t h a t there are nine possible q q i n t e r a c t i o n s i n the 
former, whereas there are 3(q q) and 3(q q) i n t e r a c t i o n s i n 
the l a t t e r . Thus considering q q and q q cross sections are 
equal at high energies, so the rate of proton-proton t o 
pion-proton s c a t t e r i n g cross sections i s 9/6 = 1.5. The 
experimental values f o r p - p and TU - p (p stands f o r proton 
and TC stands f o r pion) are — 33 mb and — 22 mb r e s p e c t i v e l y . 
Thus one can conclude t h a t quark-nucleon cross s e c t i o n i s 
- 11 mb. 

I t i s shown t h a t the measured a t t e n u a t i o n length of cosmic 
ray nucleons through the atmosphere 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 l e n g t h w i t h atmospheric n u c l e i (see Cocconi, 1961). 

2 Mrr 

This suggests t h a t on average nucleons lose 0.3 — -~—^ of 

t h e i r energy i n nucleon-nucleon c o l l i s i o n s . Assuming quarks 
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K) 

»5 

2 

in 

K)2 

id 
1 0 1 0 0 

Mp 
Figure Threshold k i n e t i c energy f o r quark production i n 

nucleon c o l l i s i o n s as a f u n c t i o n of the quark mass. The 
f u l l h o r i z o n t a l l i n e represents the energy equivalent 
to ' -30 GeV c o l l i d i n g beams and. the dashed l i n e the approximate 
primary cosmic ray energy at which the e l e c t r o n density a t 
the shower core i s lm~2 a t sea l e v e l or mountain a l t i t u d e . 
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are surrounded by a mesic f i e l d the r e l a t i v e energy loss of 

a quark-nucleon i n t e r a c t i o n ^~ ~ ^ MTT ~ % tf n , 

This suggests 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 penetrate before being reduced t o a non -
r e l a t i v i s t i c v e l o c i t y * 

3.1.3 Some of the achievements and d i f f i c u l t i e s i n quark 
theory 

I n a d d i t i o n t o the f a c t t h a t quark theory gives a. good 
d e s c r i p t i o n of the s t r u c t u r e of meson and baryon m u l t i p l e t s 
i t does e x p l a i n the mass formula, f o r the various i s o t o p i c 
s p i n f a m i l i e s t h a t c o n s t i t u t e the m u l t i p l e t s . The theory 
also gives t h e constant Ĝ , whose square determines the r a t e 
of d i s i n t e g r a t i o n of n ->p + e +V ., as 5/3 = 1*67 t o be 
compared w i t h 1*26 as has been obtained experimentally. The 
r a t i o of the magnetic moment of neutron t o proton i s found 
experimentally as =~0.685« The quark model suggests 

LU Pp 
t h a t =-0.667 which shows an agreement b e t t e r than 2%. 

Kp 
The theory of quark, also, makes i t possible t o derive a large 
number of r e l a t i o n s among the cross sections f o r strong i n t e r ­
a c t i o n , f o r instance the r a t i o o f p - p t o TT - p cross 
sections as mentioned i n s e c t i o n £.1.2. 

The main d i f f i c u l t y which i s considered i n quark theory 
i s t h a t f r a c t i o n a l l y charged p a r t i c l e s have not y e t been 
observed. This, however, i s answerable i f one suggests t h a t 
the mass of fr e e quarks are higher than the power of present 
a c c e l e r a t o r s . I t i s hoped t h a t f u r t h e r experiments w i t h 
a c celerators and improvements i n d e t e c t i o n systems i n cosmic 
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ray experiments w i l l give the answer. The other serious 
d i f f i c u l t y of the model i s suggested t o be t h a t of s a t u r a t i o n , 
t h a t i s t o say why q q and q q q states produce the t o t a l mass 
of mesons and baryons r e s p e c t i v e l y , while f o u r quark states 
are presumably unstable. According t o the theory of quantum 
electrodynamic the e l e c t r o n i s a s t r u c t u r e l e s s p a r t i c l e and 
t h i s has been confirmed experimentally. The problem which 
arises i s t h a t i f fundamental p a r t i c l e s c arry f r a c t i o n a l 
charges then why does the e l e c t r o n carry i n t e g r a l charge? 
I f one considers A + + one comes t o the conclusion t h a t according 
t o the quark theory the t o t a l wave f u n c t i o n of A i s symmet­
r i c which i s not c o n s i s t e n t w i t h the Pauli exclusion p r i n c i p l e 
(considering quarks are fermions). 

These d i f f i c u l t i e s of the theory of the quark (SU3) has 
led t h e o r e t i c i a n s t o modify quark theory. One can mention 
Coloured quarks (Nambu, 1966), which consideres quarks having 
red, y e l l o w or blue c o l o u r s . Another i s the Charm quark i n 
which an a d d i t i o n a l quantum number, the so - c a l l e d charm, C, i s t o 
be added t o the Gell-Mann - Nishijuma. r e l a t i o n s h i p (Tarjanne e t 
a l . 1963 and Bjorken and Glashow 1964) i n which quarks can 
c a r r y i n t e g r a l charge. Another theory i s the Parton -
model due t o Feynman (1969) which has met some success i n deep 
lepton-hadron i n e l a s t i c s c a t t e r i n g . This model assumes t h a t 
hadrons are made up of fundamental t r i p l e t p a r t i c l e s ( c o n s t i t ­
uent quarks or valence quarks) and a sea of quark-antiquarks-
( c u r r e n t quarks). A l l of these models,, however, face some 
d i f f i c u l t i e s . One should n o t i c e t h a t more degrees of freedom 
( l i k e Coloured quarks) produce more s e l e c t i o n r u l e s . 



8.2 Previous search f o r quarks 

12? 

8«2•1 Search by accel e r a t o r s 

The search f o r quarks has been c a r r i e d out, i n the 
produced p a r t i c l e s i n high energy c o l l i s i o n s , - by means o f . 
ac c e l e r a t o r s . The procedure i s to measure the i o n i s a t i o n 
l o ss o f secondary p a r t i c l e s e i t h e r by means of v i s u a l detectors 
(mainly bubble chambers or streamer chambers) or by e l e c t r o n i c 
d e t e c t o r s (mainly s c i n t i l l a t o r s ) . This method enables one 
t o d i s t i n g u i s h between f r a c t i o n a l l y charged p a r t i c l e s and 
i n t e g r a l charged p a r t i c l e s . This i s due t o the f a c t t h a t 
energy loss i s p r o p o r t i o n a l t o Ẑ , Z being the charge of 
p a r t i c l e . For instance t y p i c a l bubble d e n s i t i e s are 2.2/cm 
and 8.8/cm f o r charged p a r t i c l e s of e / 3 and ^ e / 3 r e s p e c t i v e l y 
t o be compared w i t h 20/cm f o r a. u n i t charged p a r t i c l e . I n 
the second method (using e l e c t r o n i c d e t e c t o r s , say s c i n t i l l a t o r s ) 
one needs t o use sev e r a l layers of s c i n t i l l a t o r s i n order t o 
minimise the f l u c t u a t i o n s i n energy loss and other f a c t o r s . 
The next type of i n v e s t i g a t i o n has been t o measure the mass 
of the produced p a r t i c l e s ( i r r e s p e c t i v e o f being f r a c t i o n a l 
or i n t e g r a l charged p a r t i c l e s ) a t f i x e d momentum by means of 
Cerenkov counters and by measuring the time of f l i g h t . 

Since no evidence f o r the existence of f r a c t i o n a l l y charged 
quarks has been obtained the experimenters give the upper 
bounds of the d i f f e r e n t i a l cross s e c t i o n f o r quark production 
i n N - N c o l l i s i o n s . The r e s u l t s of CERN (Allaby e t a l , 1969) 

and Serpukov (Antopov e t al . , 1 9 6 9 ) are shown i n tab l e 8.3 

(Eandsberg, 1974)* A comparison has been made between the 
upper bounds on the d i f f e r e n t i a l cross s e c t i o n f o r quark 
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pr o d u c t i o n w i t h the data, on the y i e l d s of heavy strong i n t e r ­
a c t i n g p a r t i c l e s P, d and He3 f o r the same values of the 
momenta and production angles at which quarks searches have 
been made. The e f f e c t i v e numbers N"-", N"j" and N " ^ 3 " 

quoted i n t a b l e 8*3 means t h a t ; i f quarks had the same prod­
u c t i o n cross s e c t i o n as p, d and -He5 then the number of quarks 
t h a t would be detected by the set-up during the search would 
be equal t o N""", N "^'and N " ^ 3 " . 

8.2.2 Search f o r quarks i n stable matter 

I t was shown i n t a b l e 8.2 t h a t , one of the quarks ar'e 
s t a b l e . Thus i f quarks have been produced by cosmic r a d i a t i o n 
d u r i n g the l i f e of the earth one expects t h a t quarks w i l l be 
detectable i n the e a r t h . Let us assume t h a t these quarks 
have been mixed through the top two kilometers of the earth's 
c r u s t . Thus the density of quarks per nucleon i s p = 
( TT T/y N) I? where T = age of the earth, ( c; 1.5.1(5* S) 
y s depth i n g cm"2 corresponding t o 2 km., N =--number of 
nucleons per g , K comes from i n t e g r a t i n g over the i s o t r o p i c 
i n c i d e n t f l u x and Ap i s the quark f l u x from cosmic rays 
cm"2 s" 1 s t " 1 . Correspondingly, p ' N = 2.4«1012ip . This 
i n d i c a t e s t h a t i f ip < 5.10""11 cm"2 s" 1 s t " " 1 t h e r e f o r e 
p 3? < 120 qua.rks/g . 

Several methods of searching f o r quarks have been t r i e d 
namely; (a) Refined versions of the M i l l i k a n o i l drop e x p e r i ­
ment (b) Magnetic levito m e t e r s and (c) Mass and o p t i c a l 
spectroscopy. 

(a) This method i s e s s e n t i a l l y the same as was used by 
M i l l i k a n (1910), t o measure the charge of the e l e c t r o n , using 
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d i f f e r e n t sources l i k e sea water or g r a p h i t e . The quark 
co n c e n t r a t i o n (in u n i t s of quarks per nucleon) has been measured 
by Rank et a l . (1$6&), G a l l i n a r o et a l * (1966) and Braginski 
et a l . (1968) t o be a 10"" 1 7, c: 1 0 " 1 8 , and £ M 0 ~ 1 7 r e s p e c t i v e l y . 
M i l l i k a n (1910) has also reported one event w i t h i n hundred 
events having a charge about 30% lower than the, f i n a l value 
of the charge of an e l e c t r o n . 

(b) I n t h i s method the t e s t body i s placed i n a. magnetic 
p o t e n t i a l w e l l and the charge of the body i s measured by the 
body's motion under the i n f l u e n c e of e l e c t r i c f i e l d . 

Morp urgo e t a l . (1970) have examined 27 graphite g r a i n s 
of an average mass of 5»10"°^ kg. Their r e s u l t s show t h a t 

18 
the c o ncentration of quarks i s < 2 per 2.10 nucleons. 
Hebbard and Fairbank (1971) have studied niobium p e l l e t s which 
appeared t o have a charge of (-0.37 t 0 .03)e. 

(c) A s t a b l e charged quark may form a quark hydrogen 
atom a f t e r c a p t u r i n g an e l e c t r o n of the hydrogen atom. The 
s p e c t r a l s e r i e s of such an atom should be detectable i n a 
spectrum. The d i f f e r e n t groups searching f o r quarks by t h i s 
method have been reported, i n general, negative r e s u l t s 
(Skutnik 1970, B.urbidge and Burbidge 1967, Sinanoglu e t a l . 
1966). Rank (1969) has looked f o r s p e c t r a l l i n e s from quark-
hydrogen atoms i n samples of sea water, sea weeds, oysters, 
sea plankton and lake water. His r e s u l t s i n d i c a t e s t h a t the 
upper l i m i t of the con c e n t r a t i o n of 2 e / 3 quarks i s 1 0 " " q u a r k s 
per nucleon i n sea water and lake water and 10~^-7 quark/nucleon 
i n 1 kg samples of oysters, sea weed and plankton. 
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8»2#3 Search f o r quarks i n cosmic rays 

A search f o r quarks i n cosmic rays has been conducted 
a t sea l e v e l , underground and mountain a l t i t u d e s ever since 
the p o s t u l a t i o n of quark theory by Gell-Mann (1964)• This 
covers searches f o r f r a c t i o n a l l y charged p a r t i c l e s i n unaccomp­
anied cosmic rays as w e l l as i n EAS. The progress made has 
been reviewed by S i t t e (1970) and L. Jones (1971)* 

•(a) Search f o r quarks i n unaccompanied cosmic rays 

Mainly i n these experiments the s c i n t i l l a t i o n counters 
have been employed t o detect f r a c t i o n a l l y charged p a r t i c l e s . 
The s c i n t i l l a t o r s s e l e c t events where the energy deposited i n 
them i s c h a r a c t e r i s t i c of t h a t expected from i n c i d e n t p a r t i c l e s 
having f r a c t i o n a l charges and di s c r i m i n a t e against events where 
the energy deposit i s greater or equal t o t h a t expected from 
i n t e g r a l charge p a r t i c l e s . These experiments, however, face 
the problem of background e f f e c t s due t o e l e c t r o n photon showers 
or the downward f l u c t u a t i o n s i n energy loss i n the counter. 
To reduce background e f f e c t s d i f f e r e n t attempts has been made 
such as s e l e c t i n g events which i n d i c a t e the primary p a r t i c l e 
has traversed a s t r a i g h t l i n e through a l l layers of s c i n t i l l ­
a t o r s (Kasha e t a l . 1967) or inc o r p o r a t i n g gas p r o p o r t i o n a l 
counters i n t h e i r s c i n t i l l a t o r telescope (Garmire e t a l . 1968). 
This has been done since p r o p o r t i o n a l counters have a greater 
s e n s i t i v i t y toY--rays compared w i t h s c i n t i l l a t o r s . The most 
successful techniaue has been t o use v i s u a l detectors i n 
co n j u n c t i o n w i t h s c i n t i l l a t o r s , f o r instance Ashton et al.(1968) 
have used f l a s h tubes as v i s u a l detector. The quark l i m i t 
obtained by t h i s method i s less than about 1 0 " ^ cm~^ st~^» 
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(b) Search f o r quarks as delayed p a r t i c l e s i n EAS 

Let us assume t h a t a. detector i s s i t u a t e d a t a distance 
H from a. high energy nuclear i n t e r a c t i o n i n which quarks are 
produced. Thus the time d i f f e r e n c e , A t , between t h e a r r i v a l 
of p a r t i c l e s t r a v e l l i n g w i t h the v e l o c i t y of l i g h t and quarks 
i s 

A t = £F - - § • - b ' i f - ' where Piis t h e 

r e l a t i v e v e l o c i t y of quarks w i t h respect t o l i g h t . Taking 
|3Q ~ 1 thus A t = - _1 , where V = -.- 1 

I f a t t h e energy t h r e s h o l d f o r quark production (see section 
8 .1 .2 ) the Lorentz f a c t o r of the c.m.s. of two c o l l i d i n g nucleons 

H i 
is- Y c then A t = — ^ vj » since i f the quarks are produced 

x 

at r e s t i n the c.m.s. then t h e i r Lorentz f a c t o r i n the laboratory 
system i s given by y =Y •• Taking H = 16.8 Km above sea 

" c 
l e v e l , t a b l e 8.4 demonstrates the delay time expected at sea 
l e v e l of heavy mass quarks a r r i v i n g behind the shower f r o n t 
f o r d i f f e r e n t processes of quark production. (Ashton 1973» 

p r i v a t e communication). 
Although most of the experimenters give p o s i t i v e r e s u l t s 

f o r d e t e c t i n g delayed p a r t i c l e s £ut;due t o u n c e r t a i n t i e s of 
such experiments. they have used t h e i r data, t o quote l i m i t s on 
the quark f l u x . Dardo e t a l . (1972) working at 70 m.w.e. 
underground and Tonwar e t a l . (1971) at 2,150 m.above sea. l e v e l 
claimed a d e f i n i t e s i g n a l at f l u x l e v e l s of 10"' $ and 10"^ 

cm"2 s ~ I 3 t - l r e s p e c t i v e l y • These p o s i t i v e r e s u l t s are much 

higher than the upper l i m i t of the f l u x reported by Jones et a l . 
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(1967), Bjornboe e t a l . (1968) and White e t a l . (1970).. 
They c a r r i e d out t h e i r experiments at3»230 m. above sea l e v e l , 
16 t o 36 m.w.e. underground and sea l e v e l r e s p e c t i v e l y . These 
experimenters have given the upper l i m i t f o r massive p a r t i c l e s 
as lO"""^, 3•10""^ and ̂ .lO""1"^ cm"^ s~^ st~^~ r e s p e c t i v e l y . 
The p o s i t i v e r e s u l t s of Dardo et a l . and Tonwar et a l . have 
been c r i t i c i s e d by Ashton ( p r i v a t e communication). 

(c) Search f o r quarks i n EAS 

Since EAS are produced as a r e s u l t of the i n t e r a c t i o n of 
primary cosmic rays of energy above 22 1 0 ^ eV thus are potent­
i a l l y important i n the search f o r quarks. Some of the e x p e r i ­
mental r e s u l t s obtained sofar are shown i n t a b l e 8 .5 . I t 
can be seen t h a t apart from the r e s u l t of the Sydney group the 
r e s t give negative r e s u l t s o n t h e d e t e c t i o n of quarks. The 
p o s i t i v e r e s u l t s o f the Sydney group have been c r i t i c i s e d by 
a number of authors (Wilson 1970, K i r a l y and Wolfendale, 1970, 

Adair and Kasha. 1969» Rehm and Sternheimer 1969» Rahm and 
L o u t t i t I97O and Frauenfelder et a l . 1970). The main c r i t i c ­
ism was t h a t the Sydney group do not adequately demonstrate 
t h a t the f i v e events (quark candidates) were w e l l separated 
i n i o n i s a t i o n density from the d i s t r i b u t i o n due t o plataau'or 
minimum i o n i s i n g charged e p a r t i c l e s . 

8.3 Present experiment 

8.3.1 I n t r o d u c t i o n 

—2 
A quark search i n the E series ( A e 5: 40 m" as defined 

by l i q u i d s c i n t i l l a t o r s above the chamber) experiment has 
been c a r r i e d out and i n a t o t a l number of 12,057 t r i g g e r s 
20 t r a c k s w i t h low e f f i c i e n c y , i n t h e r e g i o n of e / 3 f r a c t i o n a l l y 
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charged p a r t i c l e s were observed (Ashton et a l . 1973a). 

From these 20 background t r a c k s , a f t e r c a r e f u l a n a l y s i s , i t 
was found t h a t two of the low e f f i c i e n c y t r a c k s , out of 20 

observed t r a c k s , s a t i s f y the apparant c r i t e r i a f o r being 
genuine quarks. These two candidates, however, could be the 
r e s u l t o f incoherent muons having t r a v e r s e d the chamber p r i o r 
t o the EAS t r i g g e r . I t i s supposed t h a t the mass of quarks . 
are v e r y h i g h . Thus i f one looks at EAS of higher energies, 
compared w i t h the E s e r i e s experiment, one hopes t o detect 
them i f they are f r e e quarks close t o the core of EAS, a r r i v i n g 
at sea l e v e l . Besides i t was hoped t h a t performing the e x p e r i ­
ment using a higher e l e c t r o n density t r i g g e r one can compare 
the number o f low e f f i c i e n c y background tracks w i t h the twenty 
low e f f i c i e n c y t r a c k s observed i n the E series experiment. 
This comparison enables one t o have more i n f o r m a t i o n about 
the p r o b a b i l i t y t h a t the two quark candidates, observed i n 
E s e r i e s , are genuine. For t h i s purpose the events observed 
i n F series ( w i t h an e l e c t r o n density t r i g g e r of four times 
t h a t o f E s e r i e s ) experiment was in v e s t i g a t e d t o search f o r 
f r a c t i o n a l l y e / 3 charged p a r t i c l e s . The median shower size 
of the F se r i e s i s l a r g e r than the median shower size of E 
seri e s (see t a b l e 3*5)* i»e» i s 4*10^, as has been recorded by 
l i q u i d s c i n t i l l a t o r s . The median shower size i s more l i k e l y 
t o be 2 .7 .105 , as mentioned i n chapter 4 . 

8 .3 .2 Basic data and anal y s i s 

The experimental data, were obtained during June, 1972 t o 
March, 1973* The frequency d i s t r i b u t i o n of the t o t a l number 
of flashed tubes i n F2 + F3 (see f i g u r e 3*11) f o r acceptable 



134 

t racks was obtained and the resu l t s are shown i n figure &.3.. 
An acceptable track i s defined as one i n which; 

(a) The t rack must traverse F2 + F3 and produces at least 

one f l a s h in the def in ing layers F l and F4. 

(b) The track being p a r a l l e l within $ 5° ( in the projected 

plane) with another track having a track length >60 cm. ( in 

r e a l space) . This c r i t e r i o n was applied for tracks i n which 

the t o t a l number of f lashed tubes i n F2 + F3 was >: 60 f l a shes . 

These c r i t e r i a ensure that : 

(a) The possible observed low e f f i c i ency tracks have 

passed through the chamber, by demanding that they have 

traversed def ining layers F l and F4. This means that back­

ground tracks due to edge e f f ec t s (Ashton et a l . 1971) which 

could simulate quarks have been eliminated. 

(b) Reduces the p o s s i b i l i t y that , the observed low 

e f f i c i e n c y , tracks, are due to the passage of incoherent muons 

preceding to the EAS tr igger . 

The negative of the f i lms was f i r s t scanned and the events 

s a t i s f y i n g the above c r i t e r i a , were se lected. Then the 

negative of the f i lms were projected having a scale 1:4*5 

compared with r e a l space and the to ta l number of f lashed tubes 

i n F2' + F3 were counted. For each acceptable event a. sca le 

diagram of the event was plotted. Table $.6 compares the 

y i e l d of measurable tracks obtained i n the E ser ies and F 

s e r i e s . I t i s seen that the percentage of photographs showing 

at l e a s t one measureable track are about the same i n both 

s e r i e s . Table &*7 demonstrates the frequency of observing 

more than one measurable track in an event obtained in the 

F s e r i e s . One of the low e f f i c i ency tracks obtained i n the 



1 0 0 0 r-i—•—>—>— 

100 

>-o z 
111 
§10 m ce 
LL 

-i 1—-i 1 i i" 

n n n n 
0/3 L 

(2e/3)T 

(2e /3 ) m - -

-m 

-J I L. • • I— 
26 3i 42 50 58 66 % 82 90 98 

N(F2 + F3) 

Figure 8.3 Frequency d i s t r ibut ion of the observed 
number of f lashes i n F2 + F3. The arrows 
indicate the expected number of f lashes i n 
F2 + F3 for charge e, ? e / 3 and e / 3 par t i c l e s 
The small bars indicate the uncertainty in 
the posi t ion of the arrow and the large 
bars the expected standard deviation of the 
d i s t r i b u t i o n . Mean number of f lashes in 
F2 + F3 i s 79.92 *• 0.19. The standard 
deviat ion of the d i s t r ibut ion i s 4 .66. 



CD 
CH H O p 
U 
CD 

( 0 

3 CO 
co".£> to U 

p _ CD P 

I 

o 
> p •rl CO 

I CO tiO CD 
0 £ 0 ) 

P ftp i-H 
o CD co 

C g ^ UXi P 
cc; ft W ) P co' 

o 
CD 
p 

I 
0 ) 

3 p 
CO co 
CD U 
CD P 
S 

CD<?=& 
CD rH •— C rQ 
O CO 

CO 
CD £ 

C H H a o p 0 ) 
CD 

u 
CD co ^ co -P 

P 

O 3 
CD O 
CD 

a a 

CO 

o CO 

rH CD O 
CO . f t p 

P 6 O O 3 . c 

H C f t 

• r l " — 

i ! 
CEJ p 

CO 

o 
•H 
p o 
CD 

r H 
CD 
CO 

O 
CM 

cvi 

vO rH rH 

H 

O 
O J 0 - 4 -
- t f r H I 

•>«H rH 
pin 

W 
CD 
•H 

I 
•H 

CD 
ft 
3 

CO P 
CD CO C 
CO CD CD 

ft 

H O 

o 
cv 
H 

O CO 

lArl | 

• 
H 
CO 

•p • 
CO O K 
CD •rl C 
*H O 
CD P 
CO .£ 

(0 
K l < 

CO 

O 
r—I 

CO 
P rH 
CO 
CD 

CD 

P 

o 
CO 

•H 
U 
CO 

ft E O o 
h 

• CO 
CD 

•H 
rH 
CD 
CO 

En 

•H 

TJ 
CD • C •H CD 
cO l> 
p •rl •e bO 
o o CO CO 
p rH CO CO 

CO 
rH •rl CO •—s 
P • 8 

C 
92 !>-
S ON 

-H H 
5-« 
CD • ft rH X CO 
CD 

P 

O CD 
•H 
CO a CO o £> p 

CD CO 
.C < 

CO 
CD 
•rl N O U 

• CD 
t o CO 

0 w 
rH 
CO o H 



XI CD 

O CO 

CO CO 

CO o, 



135 

F s e r i e s i s shown i n plate £ . 1 and one of the two candidates 

for quark, observed i n the E ser ies i s shown in plate 8 . 2 , 

A s ingle low e f f i c i e n c y track (event F24-6) i s observed which 

does not pass through F4 and thus was excluded i n being a. 

quark candidate. The event i s a. mult ip le -scat ter one and 

i s shown i n plate 8 .3» 

8• 3• 3 The resolv ing power of the chamber as a. quark detector 

I t i s e s s e n t i a l to see whether the chamber d i f f erent ia te 

between charged e p a r t i c l e s compared with the hypothetical 

f r a c t i o n a l charged p a r t i c l e s . 

For s ingle p a r t i c l e s the median momentum of muons producing 

c a l i b r a t i o n tr iggers i s 2.1 GeV/c using the data of Hay man 

and Wolfendale (1962). C r i s p i n and Fowler (1970) give the 

most probable ion i sa t ibn l o s s , I , i n neon for primary muons. 

This shows that V i m = 1 » H a n d V l p • 1*43, where I m and I p 

are minimum and plataau ionisat ion l o s se s . According to 

f igure 4 « l t h e o v e r a l l best f i t to - T q measurements i s 

a f l $ i = 9 1 1 9 T h u s t h e e x P e c t e d a. Qx for I f f l i n and I p 

charge e p a r t i c l e s are L J L = ) 7 ,9 t 0.9 and ((7 .9 - 0.9) x 
1« 14 

1 .43 =) 11*3 - 1«3 re spec t ive ly . Table 8.8 shows the expected 

number of f lashes for 96 l ayers (F2 + F3) of f l a s h tubes. 

The r e s u l t s of the ca l cu la t ions shown in table 8 .8 , are demon­

s tra ted i n f igure 8 . 3 . I t can be seen that the f l a s h tube 

chamber resolves e / 3 charged part ic les from e charged p a r t i c l e s . 

Figure 8.3 indicates that f r a c t i o n a l e / 3 charged p a r t i c l e s 

should have 28-50 f lashes i n F2 + F3. To convert the c a l c u l ­

ated values of a f^ Q-̂  (see table 8 .8) to in terna l e f f i c i e n c y , 

7] j , f i r s t the v a r i a t i o n of Tj-j. against time delay T D for d i f f e r -



PLATE 8.1 Event F1/+ - 122 

A lew e f f i c i ency track 

N(F2 + F3) » 44 





PLATE 8.2 Event E19 - 45 

A quark candidate obtained 
in the E ser ies 

N(F2 + F3) = 28 





PLATE 3.3 Event F24 - 6 

The low e f f i c i e n c y mult iple-
scat ter event. 





a 
CD J-j'H 
+> S P 0) 
O X) TO XI 

a 
CD 

ft CD > 
X P (D ' H 

I 

,Q «H (0 
• H O W 
k „ . , 

. . to S 
0) O CD 0 \ 0 
d -H H XI ON 

0) C -H +5 p rn r( r 
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ent a f^Q^ were ca lcu la ted (Lloyd, 1960). Then the var ia t ion 

of T\j against a f-^Qi at the f ixed value of T^ - 2 0 JJL s was 

obtained. From t h i s v a r i a t i o n the expected values of a. f̂ Q-̂ , 

shown i n table 8 . 8 , were converted to t\ ^ Ashton et a l (1973d) 

have measured frequency d i s tr ibut ion of the number of f lashes 

i n F2 + F3 for d i f f e r e n t values of Tp, from which the standard 

deviat ion of the d i s t r i b u t i o n of f lashes about the mean were 

deduced (seventh column of table 8 . 8 ) . 

8 .3«4 The expected number of knock-on electrons 

To exclude the low e f f i c i e n c y background tracks from 

genuine quarks i n the chamber one must consider the following 

po ints : 

(a) The track traverses F l and F4 (to eliminate edge 

e f f e c t ) . 

(b) The time elapsed between the observed low e f f i c i ency 

tracks and the occurrence of the l a s t tr igger should be more 

than about 3 min (Ashton et a l . 1971, Saleh 1973)* This 

i s approximately equal to the recovery time of f l a s h tubes, 

i n which the tubes become e f f i c i e n t (at normal l e v e l ) for 

detecting ion is ing p a r t i c l e s . 

(c) The track being p a r a l l e l with other shower penetrating 

p a r t i c l e s . 

In the present experiment a l l the three observed low 

e f f i c i e n c y t r a c k s , i n the range of quark candidates (28 - 50 

f l a shes i n F2 + F 3 ) , s a t i s f y conditions (a.) and (b) , mentioned 

above. None of them, however s a t i s f y condition (c) and thus 

a l l could be attr ibuted to background t r a c k s . 

There i s , however, a. further t e s t to d i f f erent ia t e between 

charge e and charge e/3 p a r t i c l e s . This i s the rate of knock-. 
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on's (K .O's ) per t rack . The probabil ity of K.O. production 

i s proportional to Z^, where Z i s the charge of the primary 

p a r t i c l e . Thus i t i s expected that the rate of K , O r s prod­

uced by a charged e / 3 p a r t i c l e would be equal to 1/9 of that 

produced by a charged e p a r t i c l e . 

A K.O. i s defined as (at l eas t ) a pair of adjacent f lashes 

on the track i n F2 + F3 . For three observed low e f f i c i ency 

tracks the frequency of the observed K . Q . ' s were determined 

arid the r e s u l t s are shown i n the f i f t h column of table 8.9» 

One should notice that the s ingle random background f lashes 

( in F2 + F 3 ) , which are attr ibuted to radio a c t i v i t y in the 

g l a s s , could simulate the observed number of K . O . ' s per track . 

The t o t a l number of these spurious f lashes i n F2 + F3 were 

counted, for events shown i n table 8.9« The re su l t s of which 

are indicated i n table 8.9 ( s ixth column of table 8 .9 )« 

Ashton et a l . (19732) have demonstrated that the t o t a l number 

of the observed spurious f lashes are independent of time 

delay. Thus the t o t a l number of simulated K . O . ' s for each 

event was ca lcu la ted and then substracted from the t o t a l 

observed K . O . ' s , the r e s u l t s are shown in the seventh column 

of table 8.9* This was done by the following procedure: . 

Total number of genuine K . O . ' s = Total number of the 

observed K . O . ' s - Z x T ^ j ^ i F ^ ^ N ( } i s 

84*5 x 96 

the observed f lashed tubes i n F2+F3 for the quark candidate, 

N Cs;p) i s the observed number of random spurious f lashes i n 

F2+F3 and the fac tor ' 84*5 i s the average number of f l a s h tubes 

i n each layer of the chamber. On the other hand the expected 

number of K . O . ' s (according to the above de f in i t ion) for a. 

muon having traversed the chamber i s 1.6 per t rack . (Thi3 
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i s equivalent to K . O . ' s with energy E > 4 MeV, which i s 

equivalent to the range of two f lashed tubes as w i l l be 

described i n chapter 9)« Thus the expected number of K . O . ' s / 

t rack for a quark of charge e / 3 i s — 0 .18 / track . Therefore 

one concludes that only the event F10-67 and F14-122 (see 

table 8 . 9 ) could be accounted as background tracks simulating 

quarks. ( I t should he noted that the expected number of K . O . ' s / 

track f o r long time delay decreases due to the decrease in the 

detect ion e f f i c i e n c y of the chamber and i s 0.4 - 0 .8 K . O . ' s / 

t rack for time delays ranging between 144-103|JLs » Ashton et a l . 

1973 d ) . 

A sample of the events, obtained i n the F s e r i e s was 

scanned and i t was found that 9»1$ of a l l photographs have 

only background f l a s h e s . Figure 4*1 suggests that incoherent 

muons t ravers ing the chamber i n the period of IO3 p. s to 144[is 

(41 [J, swidth) pr ior to the EAS tr igger would produce 28-50 

f lashed tubes i n F2+F3. The mean expected rate of incoherent 

muons through the chamber i s 104.2 s~^. This i s equal to the 

rate of muons with energy 2: O.78 GeV multiplied'by the aperture of 

the" chamber. The rate of muons of E 2: 0.78 GeV i s 6 .3 .10" 5 cm"2 

s'^st"^ as given by Hayman and Y/olfendale (1962). This 

suggests that the expected ra te of the incoherent muons simul­

ating auarks for 4 » 5 l 6 events (films F1-F4Q) i s (4,516 x £ l i _ x 
100 

41.10" 6 sTx 104.2 s" 1 =) 1.8. This r e s u l t i s s u f f i c i e n t l y 

close to the two observed background events to conclude that 

the events FlO-67 and F14-122 were produced by background muons. 

I t i s noted that i f 9»1% of events showing only background 

f lashes are ca lcu lated to be 1 .8 background muons simulating 

quarks then the 25$ (see table 8.6) showing measurable tracks 
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should c o n t a i n 4»9 background muons, simulating quarks. 
None i s observed which could be as a r e s u l t of f l u c t u a t i o n 
as w e l l as the e f f e c t of the obscuration of the chamber due 
t o e l e c t r o n photon showers* These are produced i n the chamber 
as a r e s u l t of nuclear i n t e r a c t i o n of hadrons ( i n EAS), mainly 
w i t h lead and i r o n absorbers. 

&»3• 5 The tipper l i m i t of the quark f l u x 

As no genuine e / 3 quark tracks have been found i t i s 
concluded t h a t the upper l i m i t of quarks through the chamber 
(1.57 m2 s t a p e r t u r e ) i s 0 .39.10- 1 1 cm",2s"*1st""1 at the 90% 

confidence l e v e l . This l i m i t accounts f o r the possible loss 
of 16% (= 1 - e genuine quarks which would produce side 
by side K.O.'s flashes on t h e i r t r a c k s . Taking the i n e l a s t i c 
c ross-section of quarks t o be 11 mb (see s e c t i o n S.1.2) the 
upper l i m i t of quarks i n c i d e n t on the top of the chamber i s 
5.5.10" 1 1 cm"" 2s~ 1st~ 1 at the 90% confidence l e v e l . Table 
8.10 summarises the r e s u l t s obtained i n the F s e r i e s . The 
r e s u l t s of the E se r i e s i s shown i n t a b l e S.10 t o be compared 
w i t h the present experiment, 

8.4 Conclusion 

The r e s u l t s of the present experiment indicates t h a t 
the chamber i s capable of d e t e c t i n g e / 3 p a r t i c l e s , jfovgenuine 
quarks w i t h charge e / 3 have been observed. The upper l i m i t 
f o r quarks i n EAS of median shower size 2 . 7 .lCr (capable of 
producing ;> BO m"̂  l o c a l e l e c t r o n d e n s i t y ) i s found t o be 
5 .5.IO" 1 1 cm""2 s" 1 s t " 1 at the 90% confidence l e v e l . Compering 
the observed number of 3 low e f f i c i e n c y background t r a c k s w i t h 
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20, as hss been observed i n the E s e r i e s , i n d i c a t e s t h a t the 
l a t t e r y i e l d e d a l a r g e r number per t r i g g e r than the former 
although t h i s d i f f e r e n c e could be due t o f l u c t u a t i o n . 
Accordingly i t i s suggested t h a t f u r t h e r experiments should 
be c a r r i e d out w i t h the same or less e l e c t r o n density t r i g g e r 
as the E s e r i e s . For f u r t h e r experiments, w i t h the present 
f l a s h tube chamber, one needs t o modify the chamber such t h a t 
the e f f e c t of background w i l l be minimised. For t h i s purpose 
i t i s suggested t h a t one should increase the area of the 
p l a s t i c s c i n t i l l a t o r s A and B so t h a t the r e s u l t i n g telescope 
ap&rture covers the chamber s e n s i t i v e volume. I n t h i s way 
one i s enable t o monitor the muons, and other penetrating 
p a r t i c l e s , having traversed the chamber i n the time period 
0 - 200p,s preceding the EAS t r i g g e r by means of a. s i n g l e 
p a r t i c l e i n d i c a t o r . 
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CHAPTER 9 

PRODUCTION OF FORWARD AND BACKWARD MOVING 
SECONDARIES BY PENETRATING PARTICLES 

9»1 I n t r o d u c t i o n 

The importance of K.O.'s as a t e s t t o i d e n t i f y genuine 
quarks from t h e background p a r t i c l e s was discussed i n 
chapter 8. I n t h i s chapter the a b i l i t y of the chamber i n 
rec o r d i n g K.O.'s, produced by the muon component of the cosmic 
ray s , has been considered. For t h i s purpose the energy spectrum 
of K.O.'s i n wide range of energy has been measured* 

An i n t e r e s t i n g type of events showing backward moving 
secondaries, produced by penetrating component of cosmic rad­
i a t i o n has been observed. A possible explanation f o r t h i s 
type of event i s given. 

9o2 The method of t h e analysis of data 

Using the s i n g l e p a r t i c l e s e l e c t i o n system (see f i g u r e 3»12) 
4,237 events were obtained. The negative of the f i l m s thus 
obtained ( f i l m s C2-C22) were projected such t h a t the constracted 
events having a r a t i o of 1:45 compared t o the r e a l space. A 
K.O. defined as a r e c o i l e d t r a c k o f f the main primary t r a c k . 
The range of ICO.'s s a t i s f y i n g the f o l l o w i n g c r i t e r i a , were 
measured: 

( i ) The K.O. have an apparent range o f > 3 flashed tubes. 
# 

( i i ) The apparent p o i n t of the K.O. production lay w i t h i n 

F2 or F3. 

To measure the range of K.O.'s' ( i n the present experiment 

the range of K.O.'s i n v e r t i c a l plane have been measured) the 
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t o t a l number o f flashed tubes and aluminium electrodes, along 
the K.O. t r a c k , were counted. (The p o s i t i o n of the electrodes 
were drawn on t h e scanning t a b l e and thus enables one t o count 
the number of e l e c t r o d e s ) . The range of K.O.'s passing through 
F4a and F4b (see f i g u r e 3»11) were measured up t o t h e f o u r t h 
l a y e r of F4b. For these cases 10 MeV energy loss was assumed, 
f o r K.O.'s having traversed s c i n t i l l a t o r B. 

For each measurable K.O. the pr o j e c t e d r e c o i l e d angle 
of K.O.'s were measured. The measurement c a r r i e d out f o r 
K.O.'s i n which the f i r s t t h r e e flashed tubes were i n s t r a i g h t 
l i n e . A scale diagram of a l l the measured K.O.'s were drawn. 

The analysis c a r r i e d Out f o r 4>237 events of K.O.'s wi t h 
range > 6 flashed tubes. A t o t a l number of 554 K.O.'s were 
observed. Out of these 554 K.O.'s, the angular d i s t r i b u t i o n 
of 359 K.O.'s were measured. The measurements of K.O.'s 
w i t h range between 3-5 flashed tubes c a r r i e d out f o r 574 

t r i g g e r s and 69 K.O.'s w i t h t h i s range were obtained. This 
measured frequency normalised t o 4*237 t r i g g e r s t o be comparable 
w i t h K.O.'s of range 2: 6 flashed tubes. Table 9.1 shows the 
r e s u l t s of the measured range d i s t r i b u t i o n ' o f the observed 
K.O.'s. An example of an observed K.O. i s given i n p l a t e 9»i» 

The measured range d i s t r i b u t i o n of K.O.'s converted t o 
the energy spectrum of K.O.'s using the range-energy r e l a t i o n ­
ship of el e c t r o n s as w i l l ,be described i n the f o l l o w i n g s e c t i o n . 

9*3 Range-energy r e l a t i o n s h i p 

The rn^ge R of a p a r t i c l e t r a v e l l i n g i n a p a r t i c u l a r 
absorber defines as t h e distance i n which the p a r t i c l e can 
traverse before i t stops. This range i s , obviously, a. 



PLATE 9.1 Event C 5 . - 29 

An example of a. K.O. observed 
i n the chamber 

E . 55 MeV. 



-J 



Range of K.O. Frequency 
(Number of fl a s h e d 

tubes) 

3-5 511 

6 115 

7 72 

54 

9 61 
10 59 

11 30 

12 34 

13 9 

14 14 
15-17 27 

17-19 11 

19-21 16 
21-23 8 

23-25 13 

25-27 3 

27-29 4 

29-31 4 

31-33 5 

33-35 5 

35-41 1 

41-47 2 

47-56 3 

56-62 4 

Table 9.1 Frequency d i s t r i b u t i o n of the measured K.C's 
obtained, i n analysing 4,237 t r i g g e r s . 
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f u n c t i o n of the primary energy of the p a r t i c l e and depends 
on the way i n which i t loses i t s energy and f o l l o w s as: 

E o / 
o 

R d|L where dE i s the t o t a l energy 
-dS/dx dx. 

o 

loss per u n i t l e n g t h . 
The e l e c t r o n range i s a somewhat i n d e f i n i t e concept 

since at low energy region electrons d i f f u s e through matter 
and a t high energy region the i n i t i a l e l e c t r o n i s soon obscured 
by an accompanying shower of e l e c t r o n s . I n p a r t i c u l a r , at 
high energy r e g i o n r a d i a t i o n losses makes the apparent range 
of electrons t o be s h o r t e r than the a c t u a l range. 

The range of high energy electrons have been calculated 
by Wilson (1951) f o r copper, lead and aluminium. Wilson 
takes i n t o account the r a d i a t i o n losses and the e f f e c t of 
m u l t i p l e s c a t t e r i n g of the e l e c t r o n s . His c a l c u l a t i o n s show 
t h a t the range R of e l e c t r o n s of energy E 0 t i n u n i t s equal t o 
Ln 2 times the i o n i s a t i o n loss i n r a d i a t i o n length) follows 
as: 

R = l o g ( E Q + 1) where R i s the mean range i n r a d i a t i o n 
l e n g t h . 

I n t h i s formula the e f f e c t of m u l t i p l e s c a t t e r i n g has 
been neglected. Wilson, howeVer co r r e c t s the c a l c u l a t e d 
range f o r t h i s e f f e c t and h i s r e s u l t s are shown i n f i g u r e 9*1» 
f o r aluminium absorber. 

Berger and S e l t z e r (1964) have calculated the range 
of e l e c t r o n s by Monte-Carlo method i n d i f f e r e n t absorbers. 
Tabata et a l . (1971) give the r e s u l t s of the c a l c u l a t i o n of 
Berger and S e l t z e r , f o r electrons i n t h e range of 4-24 MeV 
f o r aluminium. These are shown i n f i g u r e 9»1» The e x p e r i -
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mental r e s u l t s of Herford (1950) i n the region of 4-12 MeV, 
and Ebert e t a l . (1969), i n the region of 4-24 MeV, also 
are shown i n f i g u r e 9«1» I t can be seen t h a t the r e s u l t s 
o f Wilson ( s o l i d curve of f i g u r e 9«1) i s i n reasonable agree­
ment w i t h other workers i n the energy region were the comparison 
has been made. 

To estimate the energy of K.O.'s from t h e i r measured range 
i n the chamber, i t i s assumed t h a t the range of electrons i n 
aluminium and glass, f o r a. f i x e l e c t r o n energy, are the same* 
This i s due t o the f a c t t h a t the r a d i a t i o n length and c r i t i c a l 
energy of these absorbers are nearly the same (see table 6 .1) . 

The amount o f glass f o r a p a r t i c l e having traversed one f l a s h 
tube i s 0.314 cm. and the thickness of aluminium electrode i s 
0.122 cm. The production of K.O, i n the gas of the tubes and 
polythene sleeves of the tubes (6.35•10"^ cm i n thickness) 
have been neglected. 

Accordingly the measured range of electrons converted t o 
e l e c t r o n energy by means of f i g u r e 9«1« ' The d i f f e r e n t i a l 
energy spectrum o f K.O.'s thus obtained i s shown i n f i g u r e 
9.2. Since some c o r r e c t i o n s must be made to these r e s u l t s , 
as w i l l be described l a t e r , thus the r e s u l t s shown i n f i g u r e 
9»2 i s c a l l e d , the apparent measured d i f f e r e n t i a l energy spec­
trum of K.O.'s. 

9.4 Angular d i s t r i b u t i o n of K.O.'s 

I t was mentioned e a r l i e r t h a t low energy e l e c t r o n s 
s c a t t e r through the absorber before they stop. This makes 
the measurements of the angular d i s t r i b u t i o n of K.O.'s t o 
be inaccurate i n present experiments. To reduce t h i s inaccur­
acy, only K.O.'s i n which the f i r s t three flashed tubes, i n 
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Figure 9*2 Measured d i f f e r e n t i a l energy spectrum of K.O.'s 
obtained f o r 4237 tracks (1 t r a c k =.-91*5 g cm"2 

aluminium). The f i r s t point has been obtained 
analysing 572 t r a c k s and i s normalised t o 4237 
t r a c k s . Solid curve (a) shows the predicted 
spectrum according t o Bhabhs. theory (see the t e x t ) . 
The dashed spectrum (b) shows the best l i n e through 
the corrected spectrum ( ). 
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f o r each curve. 
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t h e i r ranges, were i n the same l i n e considered. Figure 
9.3 shows a s c a t t e r p l o t of the measured angular d i s t r i b u t i o n 
of K.O.'s w i t h range 2: 6 flashed tubes. 

I f a i s the r e c o i l e d angle ( i n r e a l space) and E i s 
the K.O. energy produced by a muon of momentum p and mass 
m c then (Kannangara and Zivkovic, 1953) 

The s o l i d curves i n f i g u r e 9.3 shows the angular d i s t r i b ­
u t i o n of K.O. Ts f o r d i f f e r e n t muon energies. This f i g u r e 
i n d i c a t e s t h a t about more than a h a l f of the experimental 
data l i e above the predicted curve of E s 0 0 , . This disagree­
ment i s mainly due t o the e f f e c t of m u l t i p l e s c a t t e r i n g f o r 
low energy e l e c t r o n s . At high energy region the disagreement 
i s due t o ambiguity i n the height of K.O. production, as w i l l 
be described i n s e c t i o n 9»6. 

9*5 Correction f o r the aperture of the chamber 

Take the v e r t i c a l distance of F2 + F3 t o be equivalent 
t o 1cm. of aluminium, and the distance between bottom of F3 
t o the f o u r t h l a y e r of F4a t o be eouivalent t o L 0 cm. of 
aluminium. Thus the p r o b a b i l i t y of measuring a K.O., prod­
uced i n F2 or F3, w i t h range of 1 cm. of aluminium i s (the 
distance between K.O. production t o the top of F2 i s equiv­
a l e n t t o (L + L 0 - 1) cm. of aluminium). 

P( 1 ) was evaluated as a f u n c t i o n of l . Using f i g u r e 
9.1 the range 1 converted t o K.O. energy (adding 10 MeV energy 

E a 2 me p2 C O s 2 a 

p*- cos (X + m c e 

(L + L 0) 
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loss due t o s c i n t i l l a t o r B). The r e s u l t s are shown i n 

f i g u r e 9*4• 

9.6 C o r r e c t i o n f o r energy o f K.O. 

I t was shown i n s e c t i o n 9»4 t h a t the expected angular 
d i s t r i b u t i o n of K.O.'s are very small, i n p a r t i c u l a r f o r 
high energy r e g i o n . This introduces a serious problem i n 
measuring the a c t u a l range of K.O.'s, i . e . t o i d e n t i f y accur­
a t e l y the p o i n t of K.O. i n t e r a c t i o n , due t o the geometry of 
the f l a s h tubes. An attempt has been made t o estimate approx­
imately the a c t u a l range o f K.O.'s ( i n proj e c t e d plane) from 
i t s measured range as f o l l o w s : 

Two t y p i c a l muon t r a c k s I and I I were drawn on a. scale 
diagram of the f l a s h tube chamber ( f r o n t v i e w ) . I t was 
assumed t h a t muon t r a c k s I and I I i n t e r a c t a t one of the 
p o i n t s a, b, c, d, av , bv , c and d (see f i g u r e 9*5) producing 
a. K.O. of energy E^ . The r e c o i l e d angle of K.O. was eval­
uated from f i g u r e 9»3 f o r = co and i t s range R̂  was derived 
from f i g u r e 9.1. A f t e r drawing the K.O. t r a c k w i t h range R̂  
the number of flashed tubes, where the K.O. t r a c k and the 
primary muon t r a c k were shared, counted. This then subtracted 
from the t o t a l number of flashed tubes expected f o r a K.O, of 
energy . This shows the apparent number of flashed tubes, 
Ra which would be observed i n the analysis, of the data. This 
procedure was done f o r a l l e i g h t p o s i t i o n s mentioned above. 
For each p o s i t i o n two cases, depending on the K.O. produced 
i n e i t h e r side of the muon, were considered. Thus f o r each 
K.O. energy E^ a t o t a l of 16 values of Ra were obtained. 
The mean of these 16 values of Rg and i t s e r r o r was c a l c u l a t e d 
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Figure 9,5 This figure shews the production of . a K.O.' 
by a typical 'muon track (I) at point a. 
The energy of K.O. is 16 MeV (equivalent 
to a range of 7 flash tubes). The angle 
of emission of K.O. is taken to be lZ^o, 
assuming the energy of muon is Sn =-.co .. 
I t can be seen that the f i r s t three flashed 
tubes have been shared between K.O. and the 
muon track ( I ) . The energy of K.O. thus 
would be measured as 10 MeV (equivalent to 
a range of k f lash tubes*). 
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and converted to E a by means of figure 9«1* The variation 
of apparent K.O. energy Eg as a function of true energy E .̂ 
i s plotted in figure 9*6. In these calculations i t is assumed 
that K.O.'s do not go under any multiple scattering, such that 
i t causes a change in the direction of i n i t i a l K.O. track. 
Because the angle of recoiled K.O. i s very small for energies 
of E t £ 1,000 MeV, the calculation carried out only for one 
case in this energy region. 

An example is given in figure 9»5 where a K.O. of energy 

of 16 MeV (equivalent to a range of 7 flashed tubes) has been 

produced at point a. I t can be seen that the f i r s t three 

flashed tubes could be misidentified as due to the primary 

muon track. Thus in measurement, this K.O. would be consid­

ered to pass through 4 f lash tubes, i . e . having an energy of 

10 MeV. 

9 #7 The corrected d i f ferent ia l energy spectrum of K.O. 

The rate of measured K.O, at the measured apparent energy 

E s f i r s t corrected for aperture by means of figure 9.4. 

This then corrected for estimating K.O. energy using solid 

curve of figure 9.6. The results of the corrected spectrum 

is. shown in figure 9»2. The dashed line shown in figure 

9.2 has been drawn through the corrected experimental points 

and follows a form of F(E )dE ot - r - 9 d E , where E is the 
E ~ . 

energy of K.O. 

9• 8 .Comparison between the measured and predicted energy 
spectrum of K.O. 

The d i f ferent ia l co l l i s ion probability for particles of 

mass, m, and spin has been calculated by Bhabha (1932) 
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Figure 9«6 This figure shows the relationship 
between the measured (uncorrected; 
and corrected energy of K .O. ' s . 
The arrows show the mean error of 
each point obtained in averaging 
16 different positions for K.0. 
production (with the same angle)." 
The measurements for corrected energy 
beyond 1000 MeV only have been carried 
out for one position* The sol id curve 
demonstrates the best curve through the 
points. 



and i s (Rossi, 1952) 

E E m E+mc2 

2 p 

where c = 0.15 ~J » roec i a the rest mass of electron, J3 is 

the relative velocity of the incident particle of energy E 

with respect to l ight , E i s the energy of K.O. , Em is the 

maximum transferable energy and is given by, 
E « 2 m c' n , 

m e (2 m o C

2 E + m 2 ^ + m 2 c M 
e G 

Figure 9*7 demonstrates E m as a function of muon energy for 

|JL ~e coll isions* 

The total probability of K.O.'s of energy E in travers­

ing a muon of energy E through F2 + F3 i s (the vert ica l amount 
p 7 

of matter in F2 + F3 is 91*5 g cm~c and the average of F2 + 

F3 i s - 0 .5 ) ; 
P. (E, EV ) dEN= I T " [ l — k < l ~ 7-) 2 1 dEV (MeV 

Since in the present experiment no information is avai l ­

able about the energy of the individual muons thus i t i s 

necessary to assume a form for the energy spectrum of muons 

at the point of K.O. production. This spectrum then should 

be folded into the function P t ( E , E% )dE* to obtain the pred­

icted d i f ferent ia l energy spectrum of K.O. ' s . 

The adopted energy spectrum of muons for present calcul ­

ations is t3ken from Hayman and Wolfendale (1962). I t is 

assumed that a l l K.O.'s hsve been produced at the centre of 

F2 + F3. The energy loss for niuons from the top of the 



Muon Energy I GeV) 

Figure 9.7 Maximum transferable energy to electron 
as a function of muon energy in |JUe 
col l i s ions . 
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chamber to middle of F2 + F3 is 0.5 GeV. This is calculated 
taking the range-energy relation as given by Serre (1967)• 
This then subtracted from the energy spectrum of Hayman and 
Wolfendale to obtain the energy spectrum of muons at the centre 
of F2 + F3 . This then folded into the : function P t (E,F) )dE 
calculating the following integral 

» \ r^ii(max) , v 

N(E,E )dE - J N(E^) P t ( E , E )dE dE^ 

E ^ (min) 

where K(E,E )dE is the total number of K.O. and N(E^)dE^ 

i s the energ y spectrum of muons at the middle of F2 + F3« 

E. (min) i s the minimum muon energy capable of producing a, 

K.O. of energy E and E (max) assumed to be 30 GeV). 

The above integral , calculated numerically and then the 

results normalised to 4237 triggers. The solid curve in 

figure 9*2 shows the expected differential energy spectrum of 

K.O. produced by 4 ,237 triggers in the chamber. 

I t can be seen that the expected and measured spectra 

are paral le l within experimental errors. The absolute rate 

of the predicted spectrum i s nearly twice the observed rate. 

The loss in the rate of the measured spectrum at low energy 

region i s mainly due to the effect of multiple scattering. 

There i s equal probability for K.O,to scatter in either side 

of the i n i t i a l electron track, i . e . toward the main muon 

track or outward from i t . This suggests that the K.O.'s 

which have been scattered toward muon track would be indisting­

uishable from the main track and thus would be lost . The 

other effects are the ambiguity in estimating energy of K.O. , 

i . e . , ambiguity in the point of interaction and possible 
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errors in the range-energy relationship. I t should be noted 

that in present experiment, the projected range of K.O.'s 

have been measured which introduces an uncertainty in estima­

ting the measured K.O. energy. Because of these uncertainties 

the corrected experimental data normalised at arbitary point, 

of E s 160 MeV to the expected spectrum, i . e . , the rate of 

the experimental points multiplied by 2.0. At each energy 

E the measured rate after normalisation divided to the 

expected rate at the corresponding energy and the results 

are shown in figure J^S, 

Figure 9»2 shows that the measured spectrum i s consistent 

with the predicted spectrum, based on Bhabha. theory, for the 

measured energy range in this experiment. The increase in 

cross section production for E V > 1 GeV, as observed in this 

experiment, is due to the uncertainty in measuring E t - EQ 

relationship for high energy region (see section 9«6) . 

One should note that although probability of other 

processes than K.O. , i . e . pair production and bremstrahlung, 

are much lower for low energy muons (less than a. few ten of 

GeV) they become comparable or higher than K.O. cross section 

for muon energy of •> 40 GeV. The effect of these processes 

i s believed to be not significant in present experiments (with 

2.1 GeV. median muon energy). 

9•9 Comparison with other experiments 

Figure 9»8 demonstrates a survey of the experimental 

data as given by Allkofer et a l . (1971) together with the 

results of present experiments. This figure shows the devia­

tion of the experimental data from the theory of K.O. as 



Auth or 
Present work 

Source of muons 
Cosmic rays 

Code 

Roe and Sozaki 
(1959) 

Deery and Neddermeyer 
(1961) 

Chaudhuri and Siaha 
(1964) 

Chaudhuri and Sih'ha 
' (1965) 

Kearney and Haze 
(1965) 

Allkofar et a l . 
(197D 

Backenstoss et a l . 
(1963) 

Kirk and Neddermeyer 
(1962) 

Cosmic rays 

Cosmic rays 

Cosmic rays 

Cosmic rays 

Cosmic rays 

Cosmic rays 

2 GeV muon 
from accelerator 

10.5 GeV/c and 
5.5 GeV/c muons 
from accelerator 

.7 

Table 9«2 This table serves as a key of figure 9«2. 
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given by Bhabha (193&). 

The data of figure 9*8 have been obtained using cosmic 

ray muons or accelerators as a source of muons. Table 9*1 

serves as a key to the data of figure 9»3« 

I t can be,seen that there are deviations in the region 

of median energy transfers ( > 1 GeV), in cosmic rays experi­

ments. 

Deery et a l . (1961) were able to f i t their experimental 

data by multiplying the expected cross section of K.O.'s by 

a factor, the so-called form factor F . This defines as 

F a 1 + | q f / X where q is the invariant of the k -

momentum transfer in units of ft and \ i s the compton wave 

length of muons. (The energy transfer to electrons, i n i t i a l l y 

at rest in. the laboratory system, i s W = f. q |.^/2m, where 

m i s the electron mass, thus W = 10 GeV for I q J . = 0.1 GeV, 

and the incident muon required for this i s 17 GeV). 

The difference between theory and experiment could be 

either as a. result of the invalidity of the theory of Q.E.D. 

at high energy transfer or could be due to the structure 

effect of muons. . 

Beery et a l . , however could not differentiate between 

the above mentioned effects in describing their results . 

Kirk and Neddermeyer (1968) hsve interpreted their 

resul ts , which i s inconsistent with Bahbaha theory, at high 

energy transfer, as a confirmation of the validity of the 

applied correction (due to the systematic and random errors 

in estimating K.O. energy) rather than a direct verif icat ion 

of the theory. 
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9«10 Backward moving secondaries 

9.10.1 Introduction 

I t was shown, in section 9»4> that due to the effect 

of multiple scattering, the measured angular distribution 

of the recoiled electrons are larger compared with theoretical 

expectation. The discrepency however i s larger for low energy 

K . O . ' s . 

As i t can be seen from figure 9»3» the maximum observed 

angular distribution of electrons i s about 70°« During the 

course of scanning i t was noticed that some of the produced 

particles were emitted with angle of > 90° • Since these 

events could be due to the low energy electrons, scattered 

backward, thus to reduce this effect only the events showing 

a backward moving secondary with range > 5 flashed tubes 

considered. 

9.10.2 Results 

Table 9*3 shows the measured properties of the 22 back­

ward moving secondaries observed in 4»237 triggers* The 

events shown in table 9«3 have been grouped to 4 types as 

follows: 

Type (a): This type of event showing the produced secondary 

track being paral le l to the aluminium electrodes. These are 

believed to be as a result of backward scattered K.O. ' s . 

Type (b): . A total of 15 events of this type were observed. 

This type of event could be produced in the same way as ment­

ioned for type (a). The other possible way of production 

could be due to low energy nuclear interaction. Plate 9*2 



Type of Film-Event Range Angle Energy 
Event number (degree) (MeV) 

(a) 

(b) 

electron pion 

C5 - 107 7, 1 102 12 -
C6 - 137 5, 0 96 2 -

C20 - 175 5, 0 111 2 -

C3 119 9, 3 mm 

? 
17 43 

Ok - 66 6, 2 146 11 34 

C4 179 7, 3 166 12 37 

C5 - 124 11, 7 165 22 42 

C6 mm 55 11 . 4 136 22 42 

C7 - 111 11, 5 159 22 42 

C7 - 121 5, 2 146 2 30 

c2 - 2 2, 3 135 15 40 

C2 - 103 12, 5 120 25 51 

C9 - 27 12, 5 162 25 51 

C9 - 105 5, 2 127 2 30 

C15 - 20 9, 3 142 17 43 

C15 'mm 126 5, 2 164 2 30 

C16 - 164 7, 2 120 13 37 

C19 - 16 22, 10 115 •72 22 

C3 - 117 25, 15 97 mm 72 

C9 - 111 39, 21 .141 mm >-130 

C14 - 95 12, 2 164 =- 51 

C20 112 35, 14 91 >100 

(c) 

(d) 

Table 9»3 The measured properties of the backward moving 
secondaries. In the third column (Range) the f i r s t number 
indicates the number of flashed tubes and the second number 
shows the number of electrodes in which the particle has 
passed through them. 



PLATE Qo2 Event C16 - 164 

An example of a. backward 
moving secondary particle 
observed in the chamber. 





153 

shows an example of this type of event. 

Type (c ) : One event of this type has been observed. 

The event i s similar to a ft—*\\+e decay. 

Type (d): This type of event is the most interesting one. 

These events indicate the production of a backward moving 

secondary having traversed at least 15 cm of iron. These 

type of events,if they are genuine, are probably produced by 

muoh electro production of a nucleon resonance followed by 

decay to the. ground state in which a backward pion is emitted, 

the overall reaction being JJ. p- — n T C * Tw° events- of this 

type are l i s ted in table 9»3 (events C9-111 and C14-95) but 

a third event of similar type has also been observed (event 

C20-118) in which a penetrating particle produces a. secondary 

at 90° to i t s l ine of f l i ght . After traversing 9 f lash tube 

the • secondary either scatters throuth 90° or decays to a. 

charged and neutral part ic le , the charged particle penetrates 

15 cm iron. 

To obtain better s ta t i s t i c s the 1,046 triggers obtained 

in single particle run (see chapter 3)> i . e . , films Cla - Clk, 

were analysed looking for this type of event. None was 

observed. Thus the three events of type (d) have been 

observed in 5»23& triggers. An example of this type of event 

i s shown in plate 9»3« 

The energy of the observed backward moving secondaries, 

l i s ted in table 9»3» have been calculated assuming they are 

electrons (using figure 9*1) or pions (using Serre table, 1967)* 

9 .IO .3 The number of backward moving particles simulated 
by background particles 

A test was carried out to see whether the observed events 



PLATE 9.3 Event C9 - 111 
An example of a. backward moving 
secondary particle , having 

"traversed 15 cm of iron. 
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of type .(d) are genuine or not. For t h i s purpose the events 
of f i l m s C2-C22 were i n v e s t i g a t e d and the number of t r i g g e r s 
showing the presence o f a second t r a c k i n the chamber were 
counted. I t was found t h a t 75 events, from the t o t a l of 
4,237 t r i g g e r s , show a second p a r t i c l e having traversed 15 cm 
of i r o n and being not p a r a l l e l t o the single muon produced 
the t r i g g e r . Hence the expected number of the tracks simul­
a t i n g type (d) event i s 

Z 5 — x 5>283 ~ l 
8 4 * 5 4,237 

where $4*5 i s the mean number of f l a s h tubes i n each layer of 
the chamber. 

This i s t o be compared w i t h the two observed events of 
type ( d ) . I t can be seen t h a t the s t a t i s t i c s of the observed 
events of type (d) i s not good t o get f i r m conclusion about 
the presence of such type of events. 

9.11 Conclusion ... . 

The energy spectrum of K.O.'s produced by cosmic ray 
muons were measured i n energy range of E~10 - 1,000 MeV. 
I t was found t h a t t h e measured d i f f e r e n t i a l energy spectrum 
of K.O.'s f o l l o w s a law i n the form of 2 dE' . The 
spectrum i s p a r a l l e l w i t h i n experimental e r r o r s t o the theory 
given by Bhabha (1938) assuming muons have a spin of 1/2. 
The r e s u l t s , however, are found t o be lower than theory by 
a f a c t o r of about 2. This could be explained as a. r e s u l t of 
experimental l i m i t a t i o n of the chamber i n r e s o l v i n g t r a c k s of 
distances of the order of one.flash tube diameter. 

I t was found t h a t 0.5# (= 22 events out of 4,237 t r i g g e r s ) 
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of the events produced backward moving secondaries w i t h 
range of 2: 5 flashed tubes. This r a t e i s lower than the 
r a t e of the observed E.O.'s of range >: 5 f l a s h tubes by a 
f a c t o r of about 32, I n a t o t a l of 5*233 t r i g g e r only 2 events 
(0.04$) were observed which shows a backward moving secondary 
having traversed 15 cm o f iron.. Although these probably 
produced by (J.P —M-nix* they could conceivably be produced 
by the decay of a heavy mass p a r t i c l e ( f o r example the decay of 
a. non r e l a t i v i s t i c , |3 < V-3i X quark i n t o a. proton quark 
plus IT" )» As the events of t h i s type are rare a s e l e c t i o n 
system would be r e q u i r e d . A possible detector could be a 
f l a s h tube chamber w i t h b u i l t - i n a l t e r n a t i v e layers of 
Cerenkov counters s e n s i t i v e t o downward moving and upward 
moving p a r t i c l e s r e s p e c t i v e l y . 
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A.l I n t r o d u c t i o n 

The s a t u r a t i o n of the i o n i s a t i o n loss of f a s t charged 
p a r t i c l e s i n matter has been established experimentally (see 
C r i s p i n and Fowler, 1970). The exact magnitude o f the e f f e c t 
i n various detectors have not y e t been measured p r e c i s e l y . Ramana 
Murthy (196$) has measured the i o n i s a t i o n loss of f a s t charged 
p a r t i c l e s i n p r o p o r t i o n a l counter. He f i n d s t h a t the r a t i o 
of minimum t o plateau i o n i s s t i o n loss i s 0.45 compared w i t h 
0.60 as predicted by Sternheimer (1953)» at P/mc = 2,000. 

The decrease i n the r a t i o of plateau t o minimum i o n i s a t i o n 
(observed by Murthy, 1968) has been i n v e s t i g a t e d by Garibyan 
and I s p i r y a n (1972). These authors suggest t h a t When a. f a s t 
charged p a r t i c l e t r a v e r s e s f r o m s o l i d t o gas (as i n a. proport~ 
i o n a l counter) the energy loss at distances l a r g e r than t e£f 
i s equal t o the t h e o r e t i c a l energy loss w i t h allowance f o r the 
density e f f e c t i n the gas, w h i l e on emerging from the s o l i d 
matter the loss i s equal t o t h a t i n the gas w i t h o u t density 
e f f e c t , but decreased by the same f a c t o r as the energy loss i n 
the s o l i d matter of the window i s decreased by the dens i t y 
e f f e c t . (The value of fcgff i s a f u n c t i o n of Loretz f a c t o r 
of the primary p a r t i c l e , f o r instance i s — 5 - 15 cm a t y = 103 
i n the experiment of Murthy 196$). 

A.2 Results of the present experiment 

The negatives of the f i l m s obtained i n measuring b u r s t 
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size - b u r s t w i d t h r e l a t i o n s h i p were considered and the internal 
e f f i c i e n c y 7| j of Fla due t o the charged hadrons induced 
b u r s t i n i r o n were measured. The measurement of 71 were 

I 
c a r r i e d out f o r d i f f e r e n t energy range of hadrons. The 
r e s u l t s of the measurement as a f u n c t i o n of Lorentz f a c t o r 
of the primary p a r t i c l e (assumed t o be pions) are shown i n 
f i g u r e A . l . The experimental data a t Y » 130 i s obtained 
measuring T|j of Fla due t o the passage of muon component 
of EAS runs (averaged f o r the E,F and G s e r i e s ) . The e x p e r i ­
mental data shown i n f i g u r e A.l at Y s 20 i s derived from the 
s i n g l e p a r t i c l e run. (The median energy of muons i n EAS and 
si n g l e p a r t i c l e r u n i s 14 GeV and 2.1 GeV r e s p e c t i v e l y ) . 
A l l data shown i n f i g u r e A.l have been corrected f o r unresolved 
K.O.'s. 
3• Comparison w i t h theory and conclusion 

The s o l i d curve shows the t h e o r e t i c a l p r e d i c t i o n using 
Sternheimer theory (Hayakawa, 1969) f o r neon gas, which i s 98% 
of the f l a s h tube gas. The curve has been normalised at 
Y - 20, assuming a f Q = 9 f o r 20|is time delay .(see f i g u r e 
4.1). 

I t can. be seen t h a t t here i s reasonable agreement between 
experimental data and Sternheimer theory. The dashed curve 
of f i g u r e 4.1 i s c a l c u l a t e d i n c l u d i n g the t r a n s i t i o n e f f e c t 
due t o Garibyan and I s p i r y a n (1972). I t i s seen t h a t the 
experimental data do not f o l l o w t h i s curve. 
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APPENDIX B 

Deduction of the s p a t i a l angular d i s t r i b u t i o n of Cosmic 
rays about the z e n i t h gngle from a measured projected 

angular d i s t r i b u t i o n * 

B . l I n t r o d u c t i o n 

L o v a t i et a l . (1954) have introduced a method t o convert 
the p r o j e c t e d angular d i s t r i b u t i o n of p a r t i c l e s , measured i n 
perpendicular plane, i n t o the d i s t r i b u t i o n f u n c t i o n of p a r t i c ­
les foreseen by the cos n(p lav/, i n r e a l space. Thus i f one 
measures the project e d angular d i s t r i b u t i o n , one i s enable t o 
derive the best value of n using a chi-square method. The 
procedure of the. c a l c u l a t i o n are as f o l l o w s : 

Let A and B ( f i g u r e B . l ) be two rectangular detectors 
placed above each other. Detector A has dimensions 2 Y cm.by 
2 X cm. and de t e c t o r B has dimensions 2 V cm. by 2 W cm. The 
v e r t i c a l distance between A .and B i s Z cm. The d i r e c t i o n of 
motion o f one p a r t i c l e c r o s s i n g the two detectors A and B is 
i n d i v i d u l a t e d by the angle -Q- and^jj, which are bound t o zenith 
angle ip by 

i s the v e r t i c a l i n t e n s i t y (cm s ^ s t ) and I i s the i n t e n s i t y 

Cos lp = Cos ̂  Cos lj) 
As mentioned e a r l i e r , i t i s assumed t h a t the angular 

n 
d i s t r i b u t i o n of p a r t i c l e s f o l l o w s as I = I 0 Cos ip where I Q 

at z e n i t h angle lp. Then the t o t a l f l u x F n of the p a r t i c l e s 
through the s e n s i t i v e volume of detector i s 

J J J dx dy Cosip I(q>) F n d w 

/// n dx dy Cos I 0 Cos U)'. d w 

where d w i s the elementary s o l i d angle and i s given by 
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W 
8 2W 

• 
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7 2Y 

FJLgure B_.;u The path of a muori through p a r a l l e l 
d e t e c t o r s . 
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d w = Cos d d-Q-

thus F n *JJJ dx dy Sos n + 1-fr d # Cos n + 2c}) d 

r*2 J 2 . M .*2 „ n +l„ j k j , „ n+2 = 2 1 o ( [ F r C o s n + 1 ^ d£dy dx C o s n + | 

Re-write the above expression i n v e r t i n g the order of 

i n t e g r a t i o n w i t h the l i m i t s 

$ ' « 0 , d 2 = arc t g ((Y + V ) / z ) 

Y x = -Y , T 2 - T - Z tg£ 

Xj^ es—X , Xr> ts X 

and ^ = arc t g ( ̂ ± - 1 - Cos.fr )V 4>2 = »rc t g ( _2LiJLiCos.fr ) 

Let the orthogonal p r o j e c t i o n of the angular d i s t r i b u t i o n 
on the v e r t i c a l plane Y Z be N n( .fr ) then 

F n * / N n ( <fr ) d d 

Hence X <l>2 
n+l„ „ . _ / d x J n +2. N ( f r ) = 2 I Cos > (Y+ -Z tg.fr) J dxj cos ^> d ̂ . 

* 1 

w i t h the l i m i t a t i o n 

r + T - Z t g v > 0 , i . e . , tg.fr < (Y + v )/„.' 

This equation can be i n t e g r a t e d f o r integer values 
of n. The s o l u t i o n s f o r n = 0, n = 1 and n = 2 are as 

http://Cos.fr
http://_2LiJLiCos.fr
http://tg.fr
http://tg.fr
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f o l l o w s J 

1 r r (^x)Cce^ , . r (V/+x)Cos#i 
(1) N Q(£) » | k Cosd[(x-W)arc t g [ — ~ j^v+x)9rc. tg[ g 2] 

(2) ( i . l x C o e 4 > f f = i l g ! ^ ^ L - ^ ( ^ ( W c p a S h 
3 • 1

 AV2 Al/2 J 

— - + 

(3) Npfo) - 7 K Z 3 Cos 2^ (A~"̂ + A;1) + I Cos 2£ ) 

where K«4. I Q ( Y +Y - Z t g ) % = Z 2 + (W + x ) 2 Cos 2^ 

Pa t t i s o n (Ph.D. t h e s i s , 1965) gives the f o l l o w i n g general 

expression f o r n > 1 

. M N n W . L^hs^ m " / 2 - c o . v N n . 2 < * i 
n(n+2) 

Thus one can calculate the predicted projected angular 
d i s t r i b u t i o n o f p a r t i c l e s c r o s s i n g the s e n s i t i v e volume of 
a d e t e c t o r ( r e c t a n g u l a r ) f o r d i f f e r e n t values of n. 

The present cases are ( i ) The angular d i s t r i b u t i o n of 
the p e n e t r a t i n g p a r t i c l e s observed i n the chamber, ( i i ) The 
angular d i s t r i b u t i o n of hadrons. and ( i i i ) The aperture of 
the chamber f o r bursts produced i n glass. 

The r e s u l t s of c a l c u l a t i o n s have been mentioned, f o r 
these cases, i n sections 5»3,,7.3 and 7»4respectively. I n what 

2 1 -1 
f o l l o w s I Q i s normalised t o 1 cm s" x s t . 
B • 2 • The angular d i s t r i b u t i o n of the penetrating p a r t i c l e s 

observed i n the .chamber. 

The accepted events'defined as the tracks crossing the 
t o p l a y e r of F2 and o n e - t h i r d of F2 (see f i g u r e 5*1). 
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Thus 2Y = 2 V = 151 cm., 2W « 2x = 196 <M,, Z = 30.8 cm. 
and the l i m i t of i n t e g r a l £ = 78.47°• 

0 ^max 
The r e s u l t s of the c a l c u l a t i o n s f o r a range of n i s 

shown i n f i g u r e B.2. The d i f f e r e n t i a l aperture demonstrated 
i n f i g u r e B.2. i s expressed i n u n i t s of cm" s t / r a d . 

The area under the curves of f i g u r e B.2.. normalised t o 
the t o t a l observed events and a. chi-square t e s t between the 
p r e d i c t e d and observed d i s t r i b u t i o n s c a r r i e d out, t o f i n d the 
best value o f n. 

B•3• The angular d i s t r i b u t i o n of the charged hadrons 
induced b u r s t i n i r o n . 

The acceptable events s a t i s f y i n g the f o l l o w i n g c r i t e r i a . 
( i ) The hadrons t r a v e r s e Fla. (see f i g u r e 3*11) 

( i i ) The energy of b u r s t s being < 500 GeV and the primary 
t r a c k s do not pass w i t h i n one centimetre ( i n scanning sheet) 
i n . e i t h e r side of the chamber. 

Then 2 v= 151 cm., 2Y = 111.8 cm., 2 V . 2 x « 165 and 
Z = 50 cm. 

The best value of n was found i n the same procedure 
as described i n B.2. 

B .4 . The aperture of the chamber f o r bursts produced i n 
glass. 

The i n t e r a c t i o n length of the bursts produced i n F-2 or 
F3 (see f i g u r e 3»ll) were measured i n F s e r i e s . This was 
done determining the slope of the measured frequency distri» 
b u t i o n of the distance between the po i n t of i n t e r a c t i o n and 
top of Fla, The measured d i s t r i b u t i o n should be corrected 
f o r the t o t a l aperture of the chamber. This i s a f u n c t i o n of 
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Figure B .2. The acceptance f u n c t i o n of the chamber i n 
measuring the angular d i s t r i b u t i o n of EAS 
p a r t i c l e s w i t h . n as a parameter ( i n I = I , 
cos 1" 1^ ) as ind i c a t e d f o r each curve. 
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the exponent n, of the angular d i s t r i b u t i o n of p a r t i c l e s 
induced b u r s t s , and Z. 

The t o t a l aperture of the chamber as a f u n c t i o n of n, 
f o r d i f f e r e n t values of Z and 2V = 2Y = 151 cm., 2VJ = 165 

cm. and 2 X = 196 cm., i s shown i n f i g u r e B .3. 

The measured frequency m u l t i p l i e d , b y Ntot i,,2_ (n=9,Z) t o 
c o r r e c t f o r the loss of the events due t o the aperture, of the 
chamber. (The value o f n = 9 i s taken from the measured 
angular d i s t r i b u t i o n of hadrons i n F s e r i e s ) . 



n 

Figure B«3« I n t e g r a l aperture of the Cxhamber 
f o r p a r t i c l e s induced burst i n 
the glass as a f u n c t i o n of n ( i n 
1 = 1 © cos n\)- ) f o r d i f f e r e n t values 
of Z .in cm.as i n d i c a t e d f o r each 
curve. 
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'APPENDIX C 

THE EFFECT OF DIFFERENT DETECTORS ON 

THE MEASURED DENSITY OF EAS 

I t was mentioned t h a t the density of EAS recorded 
by the l i q u i d s c i n t i l l a t o r s (on the roof of the chamber) 
are higher than the expected d e n s i t i e s i f one uses G-M 
counters or p r o p o r t i o n a l counter (see t a b l e 4*2). 

Brennan et a l . (1953a) include a t r a y of f o r t y G-M 
2 

counters, of t o t a l area 0,382 m', w i t h the array of l i q u i d 
s c i n t i l l a t i o n counters t o compare the response of the G-M 
counter and s c i n t i l l a t i o n counter. The s c i n t i l l a t o r s were 
10 cm. in'depth and 0.23 m i n area each. For each shower 
detected by the a r r a y , they measure the density recorded by 
the t r a y of G-M counters. Thepcame t o the conclusion t h a t 
the r a t i o of the density recorded by the G-M t r a y t o the 
den s i t y recorded by the s c i n t i l l a t o r , at the l o c a t i o n of 
G-M t r a y 

Pr 
6= —•— = 0.6S - 0.02 where p G and p~ are 

*S 
the Geiger p a r t i c l e density and the predicted s c i n t i l l a t o r 
d e nsity r e s p e c t i v e l y . 

Do 
I f one assumes t h a t L^L. i s p r o p o r t i o n a l t o the s c i n t i l l -

Ĝ 

ato r thickness, thus f o r a. 15 cm depth (equal t o the depth 

of s c i n t i l l a t o r s used i n EAS t r i g g e r i n g system of the chamber 
see f i g u r e 3»11)» 

(3= 0.45 
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This i s con s i s t e n t w i t h the r a t i o obtained i n t a b l e 4 « 2 . 

The f a c t t h a t |3 i s not equal t o one c o u l d be a t t r i b u t e d 
t o the m u l t i p l i c a t i o n of shower p a r t i c l e s i n the s c i n t i l l a t o r 
i t s e l f . The e f f e c t has been i n v e s t i g a t e d by Katsumuta (196J+), 

measuring the response of two p l a s t i c • s c i n t i l l a t o r s , positioned 
on top of each o t h e r , t o the EAS p a r t i c l e s . Katsumuta ffiuad 
t h a t the r a t i o of pulse heights between f i r s t l a yer and second 
l a y e r of detectors increase the number o f charged p a r t i c l e s 
passing 5 cm. p l a s t i c s c i n t i l l a t o r by about 30% i n average 
and- being almost independent of core distance f o r r < 20 m. 
The 30$ increase found by Katsumuta. i s f o r 5 cm. s c i n t i l l a t o r • ̂  
Thus f o r a 10 cm. s c i n t i l l a t o r the increase could be 60% 
which i s almost the same as i t i s found by Brennan et a l . 
(1958b). 

One should note t h a t i t . i s q uite possible t h a t the r a t i o 
|3 may vary w i t h core distance. Brennan e t a l . suggest 

t h a t the dependence of (3 on core distance i s such t h a t i t 
w i l l not have a. s i g n i f i c a n t e f f e c t on the size spectrum 
measured by Brennsn et a l (195#b). 

The inconsistency betweeri the r e s u l t s of p r o p o r t i o n a l 
counter and G-K counters (see table 4 . 2 ) could be explained 
as .a r e s u l t of c o n t r i b u t i o n of photon i n t e r a c t i o n w i t h the 
glass w a l l of the G-M counters. 
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APPENDIX D 

MSASUREMENT' OF THE BAROMETRIC COEFFICIENT 

OF INCOHERENT SINGLE PARTICLES 

The coincidence r a t e of the G-M telescope, used i n 
the c a l i b r a t i o n of the p r o p o r t i o n a l counter (see sec t i o n 
3«4*4)> was measured as a f u n c t i o n of the atmospheric pressure. 
The r e s u l t s are shown i n f i g u r e D.l. The value obtained f o r 
the barometric c o e f f i c i e n t i s |3 = 3.7 - 0.3 % (cm Hg J"*1. 
Hence the absorption length o f the incoherent s i n g l e p a r t i c l e 

The p r o p o r t i o n of muons i n the recorded coincidence r a t e 
of the G-M telescope i s 0.66- (the remainder Q.34 being due 
t o e l e c t r o n s , see s e c t i o n 3*6) , hence 

the absorption lengths o f muons end electrons r e s p e c t i v e l y . 
Bercovitch (196?) has measured the barometric c o e f f i c i e n t 

i • A 336 3 g cm 

0.66 + 9; 34 „ where A and A a r e 

A; A A 

of muons at sea l e v e l as p,.= 2.1$ f (cm Hg') Thus 
S u b s t i t u t i n g Am and Aj i n the 632 g cm A 

+34 203 A above formula one obtains g cm 23 

i-



' ' 1 ' 
74 75 75 77 78 

Atmospheric Pressure (cm.Hg) 

gure D«l« The coincidence r a t e of the G-M 
telescope as a f u n c t i o n of atmospheric 
pressure. The s o l i d l i n e i s the best 
l i n e through the experimental data* 
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APPENDIX E 

SEPARATION DISTRIBUTION OF GROUPS OP MUONS 

The separation d i s t r i b u t i o n of the groups of muons w i t h 

e i t h e r two or three muons having traversed the f l a s h tube 

are.9 (2.95 m ) have been measured. The r e s u l t s are shown 

i n f i g u r e E . l . I n measuring the d i s t r i b u t i o n shown i n 

f i g u r e E . l , the distance between muons i n plane AB(see f i g u r e 

4»3) have been determined. Table E . l compares t h e measured 

mean separation of muons w i t h the expected mean separation 

of muons, assuming they are randomly d i s t r i b u t e d . I t can 

be seen t h a t good agreement i s found, which i n d i c a t e s t h a t the 

observed groups of muons, i n the chamber, are randomly d i s t r i ­

buted. 

Blake e t a l . , (1971) have measured the separation d i s t r i -
2 

b u t i o n of groups of two and three muons, having traversed 4 m' 

area of t h e i r d e t e c t o r , i n showers w i t h energy o f > 1 0 1 7 eV 

at distances r > 100 m. They come t o the conclusion t h a t the. 

muons are randomly d i s t r i b u t e d . The group of p a r a l l e l 

muons w i t h E >: 10 GeV have been studies by L l ' i n a et a l . , 

(1974) > using /+ m spark chamber. These authors show t h a t 

the existence of p a r a l l e l muon groups can be a t t r i b u t e d t o 

f l u c t u a t i o n s of the muon l a t e r a l d i s t r i b u t i o n f u n c t i o n near . 

the axis of the EAS. 
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of groups of 2 rauon (a) and 3 muon 
( b ) . 1 cm. i s equivalent t o 20 cm. i n 
r e a l space. 



Muon 
m u l t i p l i c i t y 
(muons/2.95 m 2) 

T o t a l 
number 

of 
observed 
events 

Measured mean 
separation 
(cm of scann­
i n g sheet) 

Expected 
mean sepa­
r a t i o n 
(cm of 
scanning 
sheet). 

35 
(Films F l 
-F20) 

110 
(Films F l 
-F20) 

2.33 - 0.18 

1.86 - 0.13 

2 .57 

1.92 

Table E.l The basic data o f the separation d i s t r i b u t i o n 
of groups of muons. The expected mean separation are one-
t h i r d and one-fourth of the t o t a l width of the chamber f o r 
muon m u l t i p l i c i t i e s of 2 and 3 r e s p e c t i v e l y . (1 cm. of 
scanning sheet i s equivalent t o 20 cm. i n r e a l space). 
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