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P R E F A C E

An experiment, to study high energy muons (Energy >,
150 Gev) associated with Extensive Air Showers (EAS) of
cosmic rays, has been conducted by the author, at Kolar
Gold'FieldS.(K.G.F.), India, in collaboration with +the
Tata Institute of Fundamental Research (TIFR), Bombay.

The thesis incorporates the results from this experiment,

The basic aim of such a study is to derive infor-
mation about the characteristics of nuclear interactions
in which such high energy muon component of EAS is
produced, The muon component of EAS arises malnly through
the decay of the parent particles e.g. pions and kaons,
High energy pions and Kaons, in turn, are produced in the
first few high energy ( = lOlBeV) intéractions inrthe
upper regions of the atmosphere, These muons, after
being‘produced,'maintain their direction and spectrum
very closely and hence carry information, about the
various features of the high energy interactions as well
as about the nature of the particles participating in the
1nteractlons. Thus a study, such as the present one, is
helpful in obtaining information about the nuclear inter-
actions and the composition of the primary cosmic rays at

high energies,

The experimental set-up consists of
i) an air shower array at the surface, consisting

of 20 plastic scintillators arranged along the
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peripheries of concentric circles of increasing
radii; and
ii) a penetrating particle detector located at a

depth of 194 m underground.

The author, working at Physical Research Laboratory,
Ahmedabad, under the guidance of Dr. Bibha Chowdhuri and
Prof, V.A. Sarabhai was responsible for the fabrication,
‘setting—up and maintanence of the penetrating particle
detector and the associated electronic circuits used in
the present experimemt, The EAS array ardassociated
circuitry, used in the present experiment, form part Qf
‘the experimental set-up of the TIFR EAS group at K.G.F.
The data reduction and the analysis of the EAS data
to fit shower parameters was done by the author,
on CDC 3600/1604 computer installation at TIFR,
in collaboration with and using a computer programme
of the TIFR EAS group, Further énalysis, to obtain
the results presented in the thesis, was done by
author hlmsolf using CDC’ 3600/l60n computer system at
TIFR and IBM 1620 computer at Physical Research Laboratory,
Ahmedabad The author is responsiBile for the results and
the conclusions presented in +the thesis, The material

presented in the thesié is devided into seven chapters.
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The first chapter contains a brief review of%tha
present knowledge about the various components of EAS.
Some of the aspects of EAS studies, the importance of the
mﬁon component of EAS and the scope of the present work
are outlined together with a brief description of the
theories and models of high energy interactions, involved

in the development of EAS.

The second chapter deals with the experimental set-up
used 1in the present éxperiment. Triggering, recording and

selection procedures are described,

The third chapter describes the data reduction
procedure and gives details of the analysis done to obtain
the various parameteré of the recorded showers, Results

of an error analysis are presented,

The fourth chapter gives the results obtained from
the experiment, The main results relate to the size
spectra of fhe EAS recorded with and without +he associated
‘muons, the number of muons of energy = 150 Gev in showers
of different'siies and the energy spectrum of the muons

in EAS.

The results of Monte-Carlo calculations, carried out
for some bf the models on muon component of EAS are presented
in the fifth chapter, A comparison of the predictions of
the models with the results from present experiment is

given, The implications of the results are discussed,
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In sixth chapter results from the data obtained with
‘neon flash tube hodoscépe are presented, A disggsgiBn of
these results along with their comparison with:£he}resUlts
obtained in other similar experiments is given, The
‘results are also compared with the predictions of the

known theories,

The seventh chapter contains a summary of the results

and the conclusions from the present experiment,

The thesis presents new results on the muons of
energy % 150 Gev in EAS, having sizes in the range 105

< N £ 5,10° particles, which may be helpful in better

understanding of the high energy interactions and the

composition of primary cosmic rays in relevant enerqgy

4 15

range (10M% ev - 5,1015 o)
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CHAPTER I

INTRODUCTION

I,1 Extensive Air Showers: (Hidtorical)

Extensive Air Showers, characterised by the
simultaneous incidence of a large number of coherent
particles from the atmosphere, over largé areas; were
discovered independently by Auger et al. (1938) and
kolhorster et al, (1938) by observing coincidence
between the COherént_particles with separations varying
from 40 cm to few tens of meters. Auger et al, (1939a)
obtained coincidences between particles separated by
distances of the order of 300 m while Skobelt'syn et al,
(1947) presented evidence of the existence of coherent
pérticles separated by distances ~¢ 1 Km. These and
other similar expefimentS»demonstrated the extensive
nature of the phenomenon which was appropriately named

Extensive Air showers abbreviated EAS,

A predominantly electronic nature of the particles
in the EAS was inferred by Auger et al. (1939b) from the
study of the secondary effects of these particles, Plate ‘
cloud Chamber photographes of the EAS‘particles (Janossy
and Lovell 1938; Auger et al.1939¢c) also showed concént—
ration of the tracks, implying production of secondary

showers by electrons and photons forming part of the EAS,
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Ihdications of the presence of a penefrating component
of the EAS, capable of traver51ng 20 cm of lead, were
already avallable in the experiments of Auger et al.
(1938, 1939b) and the presence of thls component was
confirmed by Daudin (1945), Rogogisky(1944), Cocconi
et al. (1946) and Broadbent and Janossy (1947a, 1947b,
1948). A number of slow proton tracks were seen in
cloud chamber photographs of the EAS particles, by
Auger et al, (1939b), V.C. Tongiorgi (1948a, 1948b,
1949) in a series of experiments, using BF3 counters,
gave evidence of the presence of neutrons in EAS, The
presence of a nuclear active component (N-Component)
was thus established. Thus, within a short period of
the discovery EAS were known to consist of i) an electron-
photon component and ii) a penetrating component a part
of which contained nuclear active particies.

Extensive Air showers are initiated by the primary

12 eV incident on the

cosmic ray particles of energy > 10
earth's atmosphere. The primary particles, which initiate
EAS, could either be i) electronic in nature, i.e.consist
of electrons and/or photons or ii) nucleons and to a

certain extent heavy nuclei.

Because of the predominance.of the electron-photon
components, the EAS were initially believed to be produced

by electrons or photons forming part of primary cosmic rays.
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Hulsizer and Rossi (1948), however, gave an upper limit
of 1% for the fraction of the electrons of energy

2z 4;5 x 109 eV in the primary cosmic rays., The possi-
bility of electrons initiating EAS was also ruled out
on the ground that bremsstrahlung radiation from the
electrons in the galactic magnetic field will not allow
the electrons to have energies > 1012 eV. A search for
'the photon initiated EAS' was undertaken, in Bolivian
AirkShower Joint Experiment (BASJE), based on the idea
that such showers will contain'extremely small numbers
of pénetrating particles. Though the results from this
experiment (K, Suga et al. 1963; V. Toyoda et al 1965)
as well as the experiment of Polish group (R, FirKowski'
et al, 1962a, 1962b, 1963; J. Gawin ot al. 1968) confir-
med the existance of a separate group of such showeré,
the flux of the primary photons obtained on +the basis

of the rate of such showers was found to be too small to
account for the observed EAS . flux, the estimated flux
being ~ 2,0 x 10~1! cm™2 Sec™1 forvprimary }?_rays of
energy > 3 x 103 ov (Kamata et al. 1968) and .

(6 +4) x 1077 m™2 gl st for the primary gamma:ay
energy = 8 x 10*% ov (Gawin et al 1968), The primary
cosmic ray elections and"photons could, theh, not be
consideredAas responsible for the production of the

majority of the EAS and the only other possibility is
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the production through fhe interactions of p?imary
nucleons and heavy nuclei in the.atmosphere. Cloud
chamber photographs by various workers (Daudin 1944,
Rochester 1946; Bridge et al. 1948) demonstrated that
the electrons and photons could be generated through
nuclear interactions, The results on the distribution
of the ionizing particles in the EAS.wereAalso in
agreement with the distributions for the shbwers devéloped
through a process of nuclear cascade (Section I.3:

Greisen 1960), It is now, therefore, widely atcepted
that the majority of Extensive Air showers originate
in the nuclear interactions of the primary cosmic ray

nuclei, high in the atmosphere.

I.2 Qevelooment:of EAS in the Atmosphere:

The majority of primary cosmic ray particles,
which initiate EAS, are protons with a small fraction
of s ~particles and heavy nuclei. The primaries undergo
nuclear interactions with air nuclei, The interactions
being 1nelast1c, a fraction ?z of the primary energy is
given to the 1nteractlon which results in the production
of new particles, €.g. pions, Kaons, nucleon -~ antinuc-
leon pairs, hyperons etc. Pions are the most abundant
among the created particles and the neutral pions,
having a very short life time»(vw/ 2 x 10%° sec) decay

almost instantly into two Y -rays.



The primary particle surviveé either as a proton
or a neutron or in some ex01ted non-strange isobar state
with an energy (1~ 9 ] ) of the total energy, The surviving
particle together with other nuclear-active particles,
produced in the proceeding interactiins, undergoes further
interactions in the atmosphere giving rise to more parti~

cles, A nuclear cascade is, thus, generated,

For unstable charged particles, e.g. pions and
kaons there is a competition between the nucleér inter-
action and the decay. A fraction of these particles
then decays into muons, Muons have very high penetrating
power, since their interactions with matter are weak,
Most of the accurate muon-nucleon scattering experimenfs
give limits to the cross-section which are at least three
orders of magnitude smaller than the»geometric Crosg~
section, Moreover, the decay probabilities for the high
energy muons, during their traversal through the atmos-~
phere, are practically negligible because of a rather

-6 Sec) and the relativistic

large life time ( ~ 2 x 10
time dilation.” The mu-mesons thus form a highly pene-

trating component of EAS,

The 7Y -rays of sufficient energy, produced by
the decaying neutral pions, initiate electron~photon
cascade, The number of particles in these cascades

keeps en multiplying till i) the electron energies are




6

'oreduced below é‘c’ the crltlcal energy of electrons,
ii) the photon energies are in the region where Compton-
Scatterlng and photomlonlzatlon Processes predominate
over the paif~producti0n process and‘iii) the energy

source, i.,e. the nuclear cascade, becomes depleted,

The particles, at the time of their production,
acquire transverse momenta and are also subjected to
deflections due to Coulomb -~ scattering and magnetic
field of the earth, Hence, they are distributed in
lateral plane and are spread over large areas around
the axis or core of the EAS, The cere preserves the
direction of the initiating primary and exhibits a

high density of the partiecles,

The particles in the EAS can then be classified

into following categories:

'a) a soft component consisting of electrons and

photons which form a majority of the particles and

b) a penetrating component comprised of i) the
N-component containing particles capable of undergoing

nuclear interactions and ii) the muons and neutrinos,

I.,3 Electron Component of EAS:

A large amount of experimental as well as

theoretical effort, in the studies of EAS, has been
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‘directed to the study of electron —-photon component

and is confined, tb a great extent, to the understanding
of the dietribution of the electrons around the axis of

the EAS and the measurements of the frequency of EAS as

a functlon of total number of 1on121ng particles,

" The experimental results on the lateral distri-
bution of the ionizing particles (consisting, mainly, of
electrons) in the EAS indicate a near invériante of the
distribution with respect to the size of the shower as
well as the altitude of their observation. The main
source of the lateral spread of the electrons in EAS is
the multiple Coulomb - scattering and the lateraiteptead
is generally expressed in terms of Moliere unit defined as

/ 5 . 73.5 : T

= B 57 moo...(1.3,1)

where ES = 21 MeV is the characteristic scattering energy
of the electrons, EC the critical energy and XO is the
radiation length, P is the atmospheric pressure and T

o}

the temperature in °K., The density {) (r) of a partlcle

at distance r from the axis can be written as

P(x) = (N/rl 2) . £ ( s, r/rl) N ...<l 3.2)
The function f (s, r/rj) is known as the lateral

dietribution function normalised such that
. ) Lo

[5 w2 e d(r/z)) = 1
o 100 (1,3.3)
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The parameter s is called the age parameter of
the shower and is related to the lengitudinal development

of the éhower.

Theoretical calculations, based on the‘electro-
magnetic cascade theory, have been done by a number of
‘authors. Moliere (1946) derived the lateral distribution
functions for the showers at the maxima of their develop~
ment, The calculations were limited by inaccuracies at
low energy., Nishimura and Kamata (1950, 1951, 1952)
have derived the distribution functions for showers at
all stages of their development and following Greisen

(1956) the Nishimura - Kamata (NK) distribution function

can be written as

£ (s, /1)) = ¢ls) (x/r)) °2 (1 + /) 545

cee. (1.3.4)

C (s) = (4.5 -s) /2 fj(sj . (45 - 2s)

This formula, known as NKG~formula, gives-a'good
fit to the NK-distribution function for O,6 < 5 < 1.8
and 0.0l « r/ry & 10. Derivation of NK-distribution

function involves following definition of s

s =3t/ (t + 2 ln(Eo/éC) + 2 1n- (r/rl)
vees (1.3.5)



Whichtimplies a variatiOn of s with r, However, the r
dependence of s is rather weak for -1 < r/rl < 1 and

a 51ngle value of s can be used in this region of r,

The most extensive measurements of the lateral
distribution of the ionizing particles in EAS have been
carried out by Russian workers (Dobrovorsky et al, 1956;
Dovchenko and Nikol'skii 1955; Khristianeenvef al, 1956;
Zatsepin et al, 1963), Measurements have also been done
by M.I,T group (Clark ét al. 1957) and a number of
other groups, The experimentally obtained lateral
distributions can be fitted to the NK-distribution with
the age pafameter s~ 1.2 to 1.3 (Cocconi 1958;
Khristiansen 1958; Greisen 1960)

It is thus seen that the lateral distribution of
all 1on121ng particles in EAS resembles closely the one
obtained on the basis of a pure electromagnetic cascade.. -
However, it is also observed that the varlatlon in. the
shape of the distribution with the altltude of the
observation of.the showers is extremely slow contrary to
what one would expect on the basis of a pure electromag-
netic cascade, - Also the variation of g with r is not

in Conflrmatlon with the predlcted one,

Thus the electron - photon component in EAS is
not a pure electromaonetlc cascade but an admlxture of

@ number of such cascades generated durlno the longi-
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tudinal development of EAS. The source of the electro-
magnetic cascade is a line source continuously feeding
the energy to the cascade and, thus, maintaining a near

constant shape of the distribution (Greisen 1960),

I.4 The penetrating component of EAS:

a) Percentage of penetrating particles:

Various investigations, (e.g., those of Broadbent
et al, (1947), Chowdhuri (1948), Cocconi et al., (1949a),
McCusker (1950) and McCusker and Millar (1951) at sea ,
level and those of Treat and Greisen (1948), Sitte (1950,
- 1952) and Kasnitz and Sitte (1954) at mountain elevations)
to study the penetrating compohent of EAS, involved the
detection of EAS, by means of unshielded counters, and
examining the penetrating particle detector in coincid-
ence with the showers. Majority of experiments were
aimed at obtaining the ratio "Rp" of the penetréting
particles to the total number of ionizing particles.

A value of (2 + 0.2) % was obtained for Rp by Chowdhur?.
(1948) and other experiments were in broad agreement with
this value. However, results of McCusker and Millar
(1951) gave an average value of 6% for Rp. It was
also shown thatvunder certain conditions Rp approached
100%. Later experiments of Eidus et al. (1952) at sca

level and of Zatsepin et al, (1953) at mountain



11

.eievations demonstrated a variatipn of Rp with distance
r from the axis.of the shower. /At large distances Rp
increases iinearly with f the variation becoming less
rapid at small distances with the Rp value levelling

off to ~~ 1% near the axis, (Greisen 1956).

~ Size variation of Rp was demonstrated by Cocconi
et al. (1949b) and Ise and Fretter (1952) at mountain
elevations andg by Milone (1952) at sea level and could

be expressed as

. ~0,13 _ 0.87
Rp X, Ne or Npc< Ne

where Np is the total number of penetrating particles
in showers of size Ne. It is thus seen that the number
of penetrating particles in a shower increases less

rapidly than the total number of particles.

b) Ratio of Interacting to non-interacting
penetrating Particles in EAS:

The penetrating particles of the EAS consist,
mogtly, of nucleons, T = mesons and muons. A part of
the penetrating particles produce local showers, as was
evident from experiments of Brown and Mckay (1949), Isc
and Fretter (1949) and Chowdhuri (1950). The penet-
rating particles can then be divided into "the inter-
acting" and "the non-interacti- components, The

former consists of N-particles and later mostly of mu-mcser
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The percentage of N-partieles in the penetrating
component of EAS was investigated in a number of early
experiments, McCusker (1950) gave a 1:2 ratio for
interacting to non-interacting particles. Greisen et al,
(1950) found the intensity of N-component to be 60% that
of non-interacting component'near shower axis., Experi-
mental rsults ofVChowdhuri et nl, (1952) gave a ratio of
N-component to (L -mesons as high as 88%, taking all low
energy events into consideration, for showers of primary
energy 1072 eV. The high energy N-component ( > 10 GeV)
was found to be 29% as abundant as'y--mesen. Fujicka
(1953) obtained the abundances of the N-component among
penetrating particles at various core distances and
found that the values varied from 0,64 at 5 m to 0,37

at 47 m,

Most of the above mentioned eXperiments; however,
lacked in details, e.g. the energy of.the aetected
particles, the size of the showers detected etc., and so
a consistent picture could not be obtained from these

experimental results.

I.5 N-Component of EAS:

The behaviour of nnclea; active particles in EAS
can be understood in terms of N-cascade of EAS. The
studies of N-component of EAS, conducted by a number of

workers, are mainly related to i) the lateral distribution
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of the particles around EAS core, ii) the dependence of
N~particle number N, on shower size N, and iii) the energy

spectrum of the N-particles,

In energy range of 0.9 Gev -~ 3 Gev Danilova and
Nikol'ski (1963) have obtained a lateral distribution

which is well represented by

¥ r To
for 3 x 10° ¢ Ne €107 particles, with ro = 70 m for

2 Gev particles and 50 m for 3 Gev ones., Chatterjee
et al. (1968a) give following form of lateral distribution
of N-particles of energies between 50 Gev to 1600 Gev for

showers of size 3,107 & N_ & 3 x 10° at 800 gm/cm,
PlNe 175 En) = A exbh (/i)
v} 0.097 £ 0-28
{2,107 -
0.28
- l\]'e 3 O.39—O.49En
1‘(.}—— 13,3 —
2,107 -

The integral energy spectrum obtained in various
investigations agrees well with a power law having an

index of -1,0,Chatterjec et al, (1968a) give an index
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of =1.1 for the energy spectrum in the above mentioned
energy range.

The ratio of the N-particles to the total number
of particles in EAS decreases with increasing size,
Danilova and Nikol'skii (1963) give following relation

for particles of energy 0.2 Gev - 3 Gev at 3300 m elevation.

2 g)=0.34 + 0.01

N, /Ne = (1,2 + 0.4) 107° (N

e/10

for 3 x l03 & Ne < 107, A similar results is obtained

by Chatterjee et al, (1963) for N- particles of energy
7

-

> 1 Gev at 800 gm/cm® for sizes 10° < N, & 10

-0,35 + 0,05
— ~3 Ne T =
N,/N, = 2.1 x 10 ( l06>

At higher energies (50 Gev - 1600 Gev) Chatterjee
et al. (1968a) give the following relation

- ~ 0.78 -1,1
N, (= E., N)= 1,75 N,

n’ e E

n

I.6 Muon Component of EAS:

. The main emphasis in experiments to study EAS
problems has slowly changed from the electron-photon
component to muon component, as it has become clear

that the latter component carries a large share of the
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original energy. Various features of muons, associated
with EAS, which have been studied are a) the lateral
distribuiion of muons, b) their energy spectrum, c)
variation of total number of muons_with shower size,

d) the fluctuation of muons at observation level and

e) the phenomena of multiple penetrating particles and

.muon beams,

Various investigations on the muons associated
with EAS may be classified into three different cate-

gories,

1) Experikents in which muons of energy greater than a
given energy Eb‘ are selected through detectors shielded
by appropriate amount of absorber and the detectors
examined in coincidence with EAS. These experiments

may be termed as "absorption experiments",

ii) Experiments using magnetic spectrographs with a

muon detector in coincidence with EAS,

iii)The experiments studying the e-m bursts produced by

muons associated with EAS,

Pioneering work in this field was done by Barret
et al, (1952) who studied the muon intensities at a
depth of "~ 1600 m.w,e underground, corresponding to
E#t:: 560 Gev, in association with air showers at the

surface. The most extensive measurements in this regard
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are those of Bennett and Greisen (1961) and Earnshaw
et al, (1967, 1968), A number of experiments at

energies E,, 40 Gev, have been done by Russian group

b
using absorption, underground for selecting muons.
- Following paragraphs summarise the present information

available on muons in EAS:

a) The Lateral Distribution of Muons:

Fig.l.l to Fig 1.4 show lateral distribution of
muons of energy 2 lGev, = 10 Gev, = 40 Gev and > 100
Gev as obtained by various workers, mentioned therein,
and normalised to showers of gize 106 particles? Meaure-
ments show that the muons, in EAS, have a broader-distri-
bution than electrons, Also the distribution becomes
steeper for higher energy muons, Nikol'skii (1962) has
fitted following formula to the lateral distribution
obtained by Vavilov et al (1957), Khernov (1961) and
Fukui et al (1960) for muons of energy > 440 Mev in
showers of size 7,7 x 105 particles,

)—0.7

) (2 exp (-r/r, () )

_Qk ot

with ro (% 440 Mev) =330 m, r_ ( % 1 Bev) = 220 m and
r, ( >5Bev) = 100 m,

Greisen (1960), on the basis of the available
expérimental results, has given the following formula

for the lateral distribution of muons of various energies,
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‘l - — .7 - .
PNy By ) = A (N, 2B, ) G 55007

The experimental results of Earnshaw et al (1968)
for the threshold energies upto 100 Gev are in agreement
with the above formula. Barrett et al, give a mean
lateral distance of 9,7 m for muons of energy = 560 Gev
whereas Sivaprasad (1970) has obtained a mean distance

of (12 + 2) m for muons of energy 2 220 Gev,

Hara et al, (1970) have obtained the lateral dist-

ribution of muons above 5 GeV. The distribution goes
-2|6 :i: 2.5

i

as r for 200 = r < 800 m, For the size range

4108 particles Staubert et al (1970) measured the

10
lateral distribution of muons with energies > 2Gev. The
lateral distribution was found to go as r ~0,85 ; 0,02°
and was found to be independent of the shower size withiﬁ

limits of error,

b) Size dependence of muon number:

Measurements done as early as 1949 by Cocconi
et al. have shown that the relative number of muons
decreases with increasing shower size. Results of
majority of expériments, summarised by Greisen (1960)

are in agreement with a dependence of the type

N o N Q¢79
e

for threshold energies < 40 Gev.
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However, the results of Barrett et al. (1952)

give a dependence of the type

N ( > 560 GeV) = Neo'45 i 00.1.3

which indicates that the increase in number of muons
“of higher energies is much flatter. Recent measurements
by Hara et al. (1970) for muons with energies = 5 Gev

0.85 x 0.10 wheras

give a size dependence of the type Ne
the experiments of Vernov et al. (1970) and Staubert

et al.(1970) yield a size dependence of the type

N ©-78

o « However, Catz et al (1970) have demonstrated,

for muons with energies > 1 GeV,a characterstic osci~

P

llation in the value of « = 9 1n Nf“ / d1n N, in the

size range 10° - 106

. The authors indicate a possible
change in the primary composition on the basis of this
oscillation in « . However, there are also significant

errors on the values of o ,

Sivaprasad (1970) has obtained a size dependence
for muons of energies > 220 Gev énd 2 640 Gev in showers
of size 10° - 106 particles. The relationship is a
power léw with power index (0.4l + 0.,14), The earlier
results of TIFR group (Chatterjee et al. (1965) and
Chatterjee et al, (1968b) were in error and the modified

results have been presented by Sivaprasad (1970) and

summarised by Sreekantan (1971},
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c) Energy Spectrum of Muons in EAS:-

On the basis of various experimental results

Greisen (1960) gives an energy spectrum of the type

1.37

5 2 )

N 0.75
(%) (g3

N, (=2E,,N)=1.7x10
! 10 b

(LL
The spectral index obtained by Sivaprasad (1970)

for E, %220 Gev is (1,35 # 0,15) which is similar to
that bbtained by Greisen (1960) but the absolute values
of muon numbers at EME:ZZO Gev and E{u > 640 Gev are much
smaller than expected on the basis of the above formula.
- Results of Earnshaw et al (1968) give an energy spectrum
of the type very much similar to that obtained by

3 8

Greisen in the range 1 £ E,, < 100 Gev and 107" £ N £ 10

’LL
particles,

There are no experimental results on energies
between 100 Gev and 200 Gev at present., The present
experiment deals with muons of energy = 150 Gev and

the details of the energy sbectrum will be discussed

in later chapter,

d) The Fluctuations in muon number at observation

level,
Studies of fluctuations in the number of muons in
showers of a given size as well as fluctuations in the

shower size for showers having a given muon number have
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been.done by Moscow state university group (Vernov

et al 1968, Vernov et al 1970). It is seen that for
‘showers of a given size N, the dispersions DNFL/N do
not change within the fange.error and within thé whole
range of N_ studied viz, 10° € N s 10, The relation
»between'N}L the average number of mudns, and Ne at.
fixed Ne and the relation between NFL and ﬁ; at»fixed
N}L are described by a power law with the same exponent
= = 0,78, However, the proportion of muons in the
showefs with fixed ka is-greater»by a factor of

(1.51 + 0.18) than for the showers with fixed N, .
Firkowski et al (1970) have also investigated the
fluctuations in EAS development on the basis of the

ratio NF‘ /Né for two muon energy thresholds (0.5 Gev

and 5 Gev). From the investigation of the electron and
muon Compénent of EAS Khristiansen et al, (1970) have
shown that the depehdence oflthe average number of muons
AN}L on- the size Ne can be approximated by a single power
law in a large intervalqu Ne' The dispersions of the
~distributions of N V'/ N, for the showers with fixex N,
have large values in the interval of Ne = 105—% 107, From
tﬁese studies the authors conclude that protons make up a
considerable part of the primary cosmic radiation?at ener-

15 17 o

gies of 107~ - 10 V.,
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From the very/narrow distribution of the number
of muons observed in large EAS Linsley and Scarci (1962),
Suga et al (1970) and others have concluded that the

17

primary cosmic ray particles above 10 eV are mainly

protons,

e) Multiple Penetrating Particles and Muon Beams:

The phenomenon of multiple penetrating particlés
(mpp) has been of considerable interest in studies of EAS.
Barret et al. (1952) were the first to report such events
in which more than one parallel particles separated by
distances ~ 1m were incident on the underground detector
simultaneously., Since then.a number of workers have
reported this type of events bdth in experiments associ-
“ated with EAS as well as in experiments not associated
with EAS. Barton (1968) has compiled alongwith his data,
the_déta obtained by others and has calculated the rate
of variation of multiple penetrating particles with depth,
The observed rate of variation is slower than expected on
the basis of number spectrum of the showers. This presuma—
bly means that the average energy of theynuon, observed
as a part of parallel particles, is higher.than that of

a single muon,

A class of phenomenon essentially similar to mpp
but involving rather a larger number of muons has been

consistently reported by Moscow State University~Air
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+

Shower group in their experiments at rather shallower
depths ~r 40 m.w.e./Vernov et al. (1960, 1962, 1963,
1965), Vernov (1967) and Vernov et al. (1969)/. This
phenomenon has been named by these workers as muon
beams; Higashi et al (1957, 1960, 1962) were the first
to ébserve this phenomenon in cloud chamber pictures at
a depth of 30 m,w.e. Vernov et al.(1960) reported the
observation of muon beéms in Air Showers at sea level.

| Higashi et al..(1962) and Hasegawa et al (1963) suggest
that the muon beams are the results of Poisson flﬁctuat—
ions on muon trajectories in the composition of EAS, In
contrast Vernov et al, (1962) have. shown that muon beams
observed by Moscow State University group -could not be

ascribed to these fluctuations.

Details of the muon beams are giVen by Vernov et al.

(1967). The mean energy of the muons in beams turns out

to be 10™° ev. Vavilov (1962) gives an independent esti-

12 v for the energy. Blake et al. (1971) have

mate of 10
looked for the muon bundles in EAS. The results arg,
howeyer,'inconclusive. Wdowczy and Wolfendale (1971) .
suggest that such muon beams (bundles) might arise from

the coherent production of pions.

/

I.7 - Objectives of EAS Studies:

The studies of EAS are mainly related to the

studies of very high energy primary cosmic ray pafticles
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T.8% High fnergy Interactions:

The EAS studies, particularly those related .to the
high energy muons énd N-component, provide indirect
information about the nuclear interactions at high
“energies ( = 1012 V), A characteristic feature of the
huClear interactions at these encrgies is the phenomenon
-of multipie production of the particles. Fermi (1950)
advanced a theory of multiple particle production in
. which the nucleons are assumed to interact and deposite
their energies in C.M; system in a volume surrounding the
two nucleons, Particles are supposed to be produced in
this volume in which thermal équilibrium is attained. The
theory predicts a quarter power law for the muitiplicity.

Some of the features expected on the basis of this theory

are in contradiction with the experimental observations.

1) The theory predicts totally inelastic collisions,
whereas experimentally it is known that the incident
nucleon retains a large fraction of its energy after the

interaction,

ii) An increase in the transverse momenta of the
created particles with increasing energy of the primary
particle 1is implied by the theory whereas experiments

show a near constancy of the transverse momenta.
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iii) The éxperiments indicate an.anisotropic
emission of the created particles in the CM - system
whéreés an isotropic emission is expected from the
theory, Further the theory evokes a high temperature
for the system of interacting nucleons and hence4the
emission of particles heavier than pions should be as
much probable;as that of pions. This is not observed

experimentally.

The main objection to Fermi's theory came from
Landau (1953) who argued that because of the high
temperature of the system the coupling betWeen the
particles inside the interaction volume must be very
strong and the concept of independent particles ekisting
in the interaction volume is not valid, He, therefore,
envisaged a non-equilibrium behaviour of the system in
the initial stage which could be described in terms of
relativistic hydrodynamics, An expanéion of the system
in forward - backward direction in the CM - system takes
place accompanied by reduction in the temperature., The
~multiplicity law in Landau's theory is similar to that
obtained by Fermi, However, as.the emission of the
particles takes place when the system has éooled to a
sufficiently low temperature the last two difficulties
(mentioned above) in Fermi's theory, which arise. because

of the high temperature of the system, can be overcome.
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However,the experimental results have repeatedly
shown. that only a part of its énergy.is given by the
incident particle to the interactioﬁ'and the angular
distribution of the secondaries becomes more and more
peaked as the energy of the incident particles increases, .
implying an increase in the longitudinal momentum with the
" energy. On the basis of these results two-fire-ball "
models have been proposed (Ciok et al, 1958; k, Niu
(1958), Cocconi 1958a). In such a model it is assumed
‘that as a result of interaction, two fire-balls are
produced moving in forward andAbackward directions, in
the CM-system, together with two survival particles.

Particles are produced isotropically in the rest system

of the fire-ball,

Cocconi, Koester and Perkins (1961) have proposed
a numerical model, on the lines of the fire-ball model
and %ésed on the data at machine - energies ( :£ 30 Gev.),
The model envisages a quarter power law fof multiplicity,
aﬁd eXponentiél distributions for thelenergy and momenta

of the produced particles and is in good agrecment with

the data at the accelerator energies ( = 30 Gev).

Experiments have indicated the presence of a group
of particles, among the secondaries of high - energy
>ihteractions, which carry higher energies than majority

of the secondarics., To explain this, models envisacing
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an excitation of the surviving particle to a Tesonance
state have been proposed (Kradshar and Mark 1954; Takagi
1952, Peters 1962, Zatsepin 1962), Such models are
known as Isobar models and involve the production of
particles in two senarate groups, The first group
contains particleé resulting from the evoparation of a
fire-ball, the process bheing knownlas the ﬁpionizatioh".
The second group corresponds to the nucleons in the
fire-ball model. It is assumed that each of the nucleons
comes out in an isobar state of 7 N system which subse-
quently decays into sevefal pions, éMitted isotropically

in the rest system of the respective isobar,

Pal and Peters (1964) have put forward a. phenomeno-
logieal model having the essential features of an Isobar
model, It is assumed that ~20% of the enerqgy of incident
nucleon is given for pionization and the incident nucleon
emerges, with ~«80% ecnergy, in an isobar state with 2 high
probability., The excited nucleon subsequently decays into

pions, The multiplicity law in this model is

. vy
(‘\ . s »~ P

i, o S ey, o e [

T S

where the first term gives the averace number of cecay
mesons from Isobar state =nd 2nd term is the contribution

of the fire-ball process,
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The various models and theori#s; described above
explain‘SO@e of the experimental observations at
comparitively lower energlesy..especially at machine
ehergies. The success of a given model depends upon
the number of experimental facts which can be accounted
for by the model. The applicability of these models at

ultra high energies ( > 1012

ev) is vet to be investi-
gated. Experimental obscrvations at these energies are

still very meagre.

I.9 Importance of the muon component of EAS:

Muon component, especially the high energy muons,
of EAS has a unique importance in probing the high energy
interactions occurring near the origin of EAS. Because‘
of aear‘inertness, these particles are able to maintain
{approximately) their initial directions, as well as
other characteristics while fraversing the atmosphere.
These muons originate more or less near the origin of
the EAS because ofvthe reduction in theilr productionb
probabilities at larger depths due to i) the degradaﬁion
of N-Cascade energy and ii) the increase in the density
of the atmosphere, with increasing depth. A dntailed
study of these muons, therefore, reflects features of
the first few collisions at the top of the atmospherc,
In recent years there has been an increasing emphasis on

the study of this component,
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The high energy muon cohponént can be studied by
operating detectors at Qnderground levels in association
with the air shower arrayéAat surface., The $urface array
provides information about the energy.of the primary
particle. A simple consideration shows that the percentage
of association of muons with Ehéiis related to the total
number of these muons in EAS, Also variatibn of the
percentage of association with depth of the observation of
the muons gives information about the energy spectrum of
the muons in EAS, The information obtained thus can be
used to derive various characteristics of the high energy
collisions e.qg. multiplicity, inelasticity, transverse
momenta of secondaries ctc. This hecomes feasible
beéause the number of collisions involved are few and
hence the cascade calculations, using known models, are

easy to perform,

Keeping these possibilities in view an experimen”
has been carried out to étudy some of the characteristics
of the muons of energy 3 150 Gev in association with EAS,
We have also used one neon flash-tube hodoscope to gct
information about the multiple production and angular
distribution of these high energy muons as well as about

their interactions with the matter.



The subseduent chapters give.the.details of the
experimental arrangement and the data analysis &nd
présenﬁ the resﬁlts obtained from the experiment,

The results are examined in light of some of the known
models of the high enerqy interastions and the impli..

cations of the results are discussed,



CHAPTER ' II

BXPERIMENTAL ARRANGEMENT

IT.1 Experimental set-up:

The experimental set up to study muons of energy >

150 Gev associated with EAS, consists of two parts,

i) Air Shower array at surface

i1) A penetrating particle detector at the

underground level,

The present experiment has been carried out at
Kolar Gold Fields, India (11°N; 920 gm/cm? atmosphere
depth) in collabération with the EAS Group of the
Tata Institute of Fundamental Research (TIFR), Bombay,

IT.2 Air Shower Array:

The air shower array and the assbciated electronic
equipment, used in the present exbermnnt for recording E/S,
form part of the EAS set up of TIFR, Bombay at Kolar Gold
Fields; The array, shown in Fig.II.1 and described by
Chatterjee et al. (1965), consists of 20 plastic scinti-
llator detectorsAarranged in concentric circles of incre-
asing radii, 19 of the detectors are within 100 m of the
centre of the array,'thé 20th being at 200 m from +he

array centre,
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These detectors are used to sample the densit& éf
the particles forming part of EAS and will hereafter be
referred to as density detectors. The area of each of
the density detectors is 1 m2. Pulses from the preampli-
fiers attached to these detectors are taken_toAa central
recording station by means of co-axial cables, Fiqg,II,2
shows the block diagramme of the electronics used fof
recording EAS. The details have been discussed by Manchanda
(1967) and Sivaprasad (1970)., The preamplifier outputs of
each density detector are connected to corresponding log-
amplifier and are also fed to a selection system used for
selecting. EAS. The selection criterion for an E/S requires
a four fold coincidence between +he density detectors with
inner nine scintillators biased $0 as to record a minimum
of two particles per m? and outer ten required to register
a minimum of 1 particle /m2, 20th detector is not included
in selection system and is used only for sampllng densities
at large distances from shower cores, When an EAS is
detected, information regarding the particle densities
in various density detectors is stored in the form of
voltagos across condensers, which are proportional to the
output pulse heights of the Log-amplifiers and, hence, are
related to the particle densities in the density detectors,
Whenhever the master pulse generator is triggered, a
scanner scans the amplifiers and an analog to digital

convertor transforms amplifier pulse heights into

313
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corresponding binary digits., This information together
with time and ‘humber of the trigger is then punched on

a paper tape in binary code,

ITI,3 The Underground Detector,

The underground detector (to be called UG~detector),
used for detecting mu-mesons of energy = 150 Gev, ié
situated at a depth of 194 m, underground at the 7th level
of the Bullen's shaft of Kolar Gold Fields, (INDI/ZY. As
shown in Fig,.II,1, the UG~detector is located .~ 70 m north-
east of the vertical projection of the air shower array
centre‘on the underground plane, Shown in Fig: II.3 (a)
the UG-Detector consists of a plastic scintillator detector,
of area 1,5 m x 1.5 m, viewed by two Dumont 6364 photo-
multipliers in coincidence. The coincidence between the
two photomultipliers helps.in fedueing the radio-active
background and the photomultiplier noises, In addition to
the scintillator‘detector, there are two trays, containing
neon~flash tubes, arranged under the scintillator as
- illustrated in Fig.IT.3 (a). The neon flash tubes used
in the present investigation are each ~ 1,2 m in length.
and of “f.98‘¢m diameter. Each tray contains four hori-
zontal layers of these tubes, there being ~120 tubes
in each layer flash tubes are placed lengthwise in East-

West direction, The two trays are separated vertically
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be 38 cm of alr, I cm of iron and 10 cm of lead. The
lead absorber extends 15 cm, to either side of the lowef
tray and 30 cm. on the back of the tray as shown in
Fig.II.3(b). The figure illustrates the side view of

the n.f.t trays only,

II.4 Electronics used with UG Detector:

A block diagram.: of the electronics used with‘
the UG-detector, for recording the muons associated
with, EAS, is given in Fig,II.4, The photomultiplier
pulses, after being amplified by means of a preamplifier
and amplifier are fed to a discriminator, The preampli-
fier consists of a single stage feedback amplifier and
has a gain ~10. The amplifiér consists of two feed-
back stages with gains ~-10 and ~100 respectively,

The discriminator outputs for the two photomultipliers
are fed to a coincidence circuit and a coincidence
pulse then signifies the traversal of at least one
charged particle through the UG-~detector, These pulses
are then taken to sﬁrface through a coaxial cable, A
'coincidence, between these underground pulses and the
EAS pulses, recorded at surface, forms the trigger

(to be called SU7-trigger) to operate the master pulses
generator and thus the EAS associated with at least on
muon at underground detector are recerded, Along with

the triggering of‘master pulses generator at surface,
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the SU7-triggérs-are also used to pﬁlse the neon flash
tube trays with high voltage ( ~~10 KV) pulses., The
-neon'flash tube trays are then phofographed; through

" a mirror system, to record the tracks of the particles

associated with the EAS.

II.5 Detection efficiency for UG-detector

In order to ensure maximum detection efficiency
from the UG detector the biases of the discriminators
connected to the UG detector are fixed in the following

mannher,

A vertical telescopé of GM counters is used with
two layers of the GM counters placed above the scinti-
later and one under the scintillator. For a given bias
of the detector a record of three fold coincidences (c3)
between the GM @ounters and four-fold coincidences (c4)
between the GM counters and scintillator is made. The
bias of the discriminator, under study, is adjusted till
the ratio c4/c3 is maximum, The same procedure is
repeated with the othef discriminator, Efficiency at
the centre of the detector is 96% and the efficiency at
the edges is ~ 77%., /4n overall efficiency of 87% is

obtained,
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CHAPTER . ITT

DATA REDUCTION AND ANALYSIS

ITII.1 Data Reduction:

The basic data in the present experiment consists
of the information regarding the particle densities, at
Various density detectors, for the EAS recorded with a
specific trigger requirement and is on the paper tape.as
explained earlier (chapter II), This data is processed
on the CDC 3600/160A computer installation at TIFR, Bombay,
in collaboration with the EAS group of TIFR, The data is
transferred on a magnetic tape from the paper tapes and

former is then used for processing purposes,

a) Cross and Singles — Calibrations:

The number p; corresponding to the density in ith
density detector, punched on paper tape, represents the
pulse height at the output of the Logarithmic amplifier
attached to the density detector. This p; 1s related to

the particle density'lili by the relation

4 D B.
Ni = A; x 10 i/

where Ai and Bi are the constants characteristic of the

ith detector. Thus in order to be able to determine ﬁii

from p; one must know the constants Ai and Bi, For this
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purpose a singles and a cross—calibration 1s done for
each'detector. These calibrations were done by TIFR
group, and constants made available by them for each
detector for the duraction of the present experiment
have been used in the present analysis, The method
followed for singlés and cross-calibrations is as

follows:-

A pair of linear amplifiers are used for this
purpose. For singles-calibration +he pre-amplifier of
the detector under calibration is connected to one of
the linear amplifiers. The EAS recording system is
trigged by single muons passing through'the detector
under étudy. These single muons are selectéd by means
of GM counter telescope, The linear output from the
calibration-amplifier is punched out and from a number

of such triggers the average linear pulse height Ei .

corresponding to passage of a singly charged relativistic

particle through the detector is obtained, The procedure

is repeated for all density detectors and the value of

p; L are determined,

For cross-calibration, the preamplifier outputs
for a given pair of detectors are connected to the
calibration amplifiers and shower records obtained then

contain both the logarithmic as well as linear output,
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A semi-log plot of these outputs with the logarithmic
output along the linear scale and corresponding linear.
output on the log scale then gives a relation betweén
p; and Zi.i; The linear readings are converted into

densities by dividing these readings by the single
1

particle height Dy

The cross-calibration done in this way for
different detectors alongwith the singles calibration
then yield the values of the constants Ai and Bi for

various density detectors,

The details of singles and cross-calibrations

are given by Sivaprasad (1970).

ITII.2 Evaluation of Shower Parameters:

An EAS can be characterised by four parameters
(N,X,Y,s) at a given level of observation, where N gives
thé total number.of charged particles in the shower and
is known as its size, X and Y are the co-ordinates of the
core of the shower and s the age parameter of the shower,
The particle densities obtained in various density
detectors, are used to obtain these parameters, by
Titting the densities to the NKG distribution function
(Equation 1,3.4) which is known to give a good fit to the
-experimental data as discussed in section 1.3. For the

present observation level Y, = 96 m,
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The fif is achleved through the minimisation of a

quantity Y 2 defined as

N
K

€ 3 . )

Lo
X5 o= T W (Po- A L. (3.2.1)

[la 4 Fl being respectively the observed and expected
densities at ith density detector and Wi is the weight
attached to the observed density, Following Scherb (1959)

the weights are taken as

-

b= 1/ p s 3.2.2

;/'

N
N
O
3

¢ —3 (.

I, = 25/}7;’1" /N> 05 o .. 3.2.3
(&

The weights are given to take into account the
fluctuations in the observed densities, For densities
[&L < gﬂnnajor source of error is statistical fluct-
vations in the number of shower particles crossing the
ith detector and the distribution for this error is
nearly Poisson. For 53{:>53}he Poisson fluctuation
becomes smaller than the instrumental uncertainity which
1s assumed to have Guassian distribution with a constant
relative standard deviation. Taking a value of 230% for

o ’ _
relative deviation, /N is found +o be 25 particles / m2,

The best fit values of the parameters (N,X,Y,s)

are then those which satisfy the fol]nw1nq equations,

-, e y ':\ = 2.
d l _ dA :{éw x‘ﬁ;fi . Caoa
o LD DY &5

rma st ey
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ThQS we have a setbbf four'simulténeous
equatlons which can, in principlé, be solved to obtain
the values of (N,X,Y,s).A However, the equations are
non-linear and solutions are not poséible in all éases.
To solve these equations the method of "Steepest descent®
has been used. The parameters (N XyY,s) can be considered

as co~ordinates of the vector,

~ — .
== S (N,X,Y,s) ... (3.2.5)
o - _

Then the surface ° ,( - V kED)Will have a valley
in the neighbourhood of the best fit values of the para-
meters so that equation 3.2.4 ig satisfied., For achieving
minimisation, an initial estimate of the vector is made,

Thon, quantlsod Vector increments, in the direction of

2

“n\/'lé are given to the vecto ?? , the magnitude of
the increments being adjusted in blnary approximation, f
7 ;
A new value of the vector Eﬁ, is obtained from the previous
g gt
value ?ﬁ_ Using tollowing relation -
“ |
— k'z‘ ';! .
R o AL LB ) '
;:f:{ = ’f,; . ‘)\ . ”M"“’“""“ """." ::""Q‘:-" o ) (3 . 2- 6)
S -y dl I3 ; LTI
o i~ . U l \/ S (" (1;_3 )l

P

and the process is repeated till a Certain criterion is
satisfied implying the approach of minimum, The criterion
1
. . . . . . T e e .
requires three consequitive reductions in k,/&an) by

magnitudes < ,01,
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A goédness of fit parameter }:2/(n~d)is printed
out for each shower. Here n is the number of density
detectofs used for analysis and d is the number of fitted
parameters. The method is similar to one used by Scherb

(1959)

For the analysis of present dafa a fortran
programme, based on above method, written by EAS groﬁp at
TIFR, is used. A fixed value of s (s = 1,25) is taken for
all showers and the remaining three parameters (N,X,Y) are
- then obtained by 3:2 minimisation. The use of s=1,25 for
all showers at the level of observatioﬁ though not strictly
correct, does not however introduce serious errors in the
present size range as shown by Sivaprasad (1970). Siva-
prasad did an extensive error analysis for the array used
in the present experiment using the above mentioned fortran
programme and has shown that the effect of using s=1.25
for all showers on an incident spectrum of artificial
showers is to leave the slope of the spectrum unchanged,
There is however a change in absolute intensity . 25%
which is of the same order of magnitude as the statistical

accuracy of the data under consideration,

ITI.3 Initial Estimate 0f Shower Parameters:

In order to obtain X Y, initial estimate of

X & Y respectively a weighted average of the co~ordinates
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of féur densiﬁy detectors having first four maxima of
densities is taken, Then if /A i (i = 1,4) represernt
the denéity maxima and (Xi, Yi), (i = 1,4) are the

co-ordinates of corresponding density detectors

we have
X, = f_: X Dy / :f A
o o nl S Lon(3.3.1)
LA A A A A A
{ =
For estimating N_ the initial estimate of N use
: el
is made of the fact that equation »;5%[= O for the given
: ¢

distribution gives a cubic equation of the form

3

N“+a N+b = 0 ..o (3.3.2)

which always yields a real solution. Here a and b are
functions of core location and age of the shower. Thus
knowing XO and YO, an estimate of No can be obtained by

solving equation (3.3.2) analytically,

IIT.4 Errors in Fitted Parameters:

The parameters, fitted to a given shower, are
subjeéted to errors which are not easy to evaluate by
direct methods. Hence an 'errof analysis'»has been done,
using showers generated artificially (to be called arti-
ficial shower) in the Tollowing manner., For a given
shower size N and age parameter s=1,25, the shower cores

are fixed at random locations within a certain distance
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R from the array centre. 'Uhifofmly distributed random
numbers between O and 1 are used for this purpose., Using
the equation (1,3.4) the densities /34 in all density
detectors are calculeted, Over these dehsities are then
superposed fluctuations proportionél to two Gaussian
'distributions, one with a mean of‘jﬁighand other with a
mean of 20% of /\i., The shower thus generated is fhen
similar, for all practical purposes, to the showers
recorded in the experiment, as it is subjected to the
fluctuations similar to the fluctuations in the measured
densities of the recorded showers, A number of artificial
showers (’¥flOO for each size) thus generated are then fed
to the computer and the showers are processed like real
ShoWers. A comparison of the fitted parameters (N,X,Y)
with the original parameterg (No, Xos Y.) then yields an
estimate of the errors in these parameters, Fig, III.l to
Fig. III.3 show histograms for [\ x= X=X LKY:Y—XO and
log,(N/No) for three different sizes. The error analysis
yields following values of the errors AN, AX and ZAY
in the parameters N, X & Vv respectively,

AN = + 0,20 «N

AX =

AV

I+

2,50 m

i+

_ 2,50 m
Fig.III.4 shows the distribution in QK2/ (n-d)

for SU 7 trigger showers and artificial showers,
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CHAPTER IV

EXPERTMENT/.L RESULTS

Iv.1 Shower Data

About 4000 showers have been recorded in the present
investigation using SU7 triggers., The rate of chance
coincidence for such triggers is estimated to be ~- one
per day. Takihg into account the detection efficiency
of the UG-detector the total rate for the SU7 triggers

is (0,92 + 0.02) m~2 hrl,

For the present analy81s, -about 10,000 showers,
recorded by trlggerlng the EAS system by EAS pulse only
without the requirement of U.G pulse have also been
used, These showers, to bé called Sntrigger showers,
were made available by TIFR EAS group and were recorded

during the operation of the'present experiment.

Ns mentioned ecarlier (Chapter iI), the selection
criterion for the showers required a coincidence between
any four of the inner ninteen density detectors. During
the selection of the showers for analysis another criterion
has been imposed which requires that at least three of the
inner four density detectois should have > 2 particles
each, This helps in removing the showers which are far
away from the centre of the EAS array‘and for which the

parameters could not be evaluated very accurately..
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In order to‘determine the size spectra, the recorded
showers have been classified in eight different size groups

&s given in Table IV.1. -

In abéence of the information on the arfival direct~
ions, the showers have been assumed to be vertical, This
does not introduce much error because of a very steep
angular distribution for the showers. The éngular distri-

bution is given by

n

I, Cos &

I(8)

i

where n 2 8 for the present level of observation, 8 is
the zenith angle and I( & ) and I, are the flux values at

an angle @ and along vertical respectively,

IV,2 The 100% area for showers:

To obtain the spectrum for the recorded showers it
1s essential to have an estimate of 100% area for the
showers of a given size N recorded by a given EAS array.
The 100% area for showers of given size N can be defined
as an area such that the incident showers having cores
within this area are detected with 100% efficiency by

the air shower array.

Tf /\i represents the particle density in the ith
density detector due to an incident shower, then the
probability of occurrence of a four fold coincidence can

be written as

T~ e 4%
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where Si is the area of the ith densify detector; This
probability is equivalent to the detection efficiency

& (N).fdr the incident shower of size N, Thus if we
select an area such that for showers of size N incident

on this area &(N) ¢ 1, then this area can be termed as
100% area (to be denoted by A (N)). If showers of size N
are incident on the array such that the density in any
four of the density detectors is 2 20 particles /m2 then
for such showers_ & (N) ~~ 0,99, a value which is suffici-
ently close to 1. Thus for computing A(N) the following

procedure has been followed:

Using NKG distribution function, given by equation
(1.3.4), the value of radius Rog (N) for a given size N
is determined. RZO(N) is the distance from the core, Qf
a shower of size N, at which the density is equal to 20
particles/m<, Having evaluated.RQO(N) an area.is'mapped
out on the EAS array diagram such that each point in
this area has at least four detectors within a circle of
- radius R2O(N) m, around the point. This area then
represents A (N) and fig. IV.1 illustrates examples of
100% areas for six different sizes. A plot of A (N) as

a function of size N is given in Fig.IV.2.

IV,3: The Size Spectra:

For obtaining the size spectrum for S-trigger showers
a selection of the showers having cores within 100% area

is done as follows,
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A shower.of size N is accepted or rejected according
‘to whether or not a circle of radius R2O (N) drawn ar@ﬁha
the core of the shower contains at least four detectors
wi thin it. The method is adopted from one used c1arg
et al., (1958). Using the area, obtained as described
 aboVe, and the number of S-trigger sﬁowers incident on the
area, the differential size spectrgm for the S-trigger

showers has beeh‘obtained.

The same procedure could also be used for obtaining
the size spectrum for SU7-trigger showers. However, the
number of the showers for each size group, which fall
within 100% area, is very small for some of the size groups.
A slightly modified method has, therefore, been used for
determination of SU7- spectrum. The modification consists
in including the showers having cores outside the 100%
area, in the analysis and correcting their number for the
reduction in the detection efficiency, For this purpose

~ correction factors C(N) are worked out as follows:

For a given size group a comparison is made between
the number density (number of showers per unit area) of
the S-trigger showers falling within 100% area +o the
number density of these showers( S ~trigger) having cores
within a radius R (N) of the centre of the array. The -
ratio of the two densities then yields the correction

factor C(N). The SU7-trigger showers having cores within
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a circle of rédius R, (N) around_the.centre of the EAS
array have been accepted for the analysis, Different
.Valués of Ra(N) have been taken for different size group$,
The values are given in Table IV.2 together with the
values of C(N). The size group number refers to the

number given in Table IV,l.

T A BLE 1v,2

i S O M g v P g i ot e Y Mk M Kt S g St Bt St Sy et it e A o e ot

T T AT I S S et e T T i e it e e e e it i ]
Size E Size
Group Ra(N) C(N) ! Group Ra(N) C(N)
No A S R e L
___________________________ 4__m___;__n__________-_a___—ﬁ—__
i
1 10 m - 2.50 Y5 100 m 1.00
!
1
2 20 m 2.38 16 100 m 1.00
1
4
3 50 m 1,70 17 100 m 1,00
1
!
4 80 m 1.38 '8 100 m 1,00
. . ’ ..... . . . . .
‘ i
e e e e e e e e e e e e e et e e

The reason for taking different values of the
acceptance radius Ra(N) for different size groups is that
the detection efficiency decreases more rapidly, with
increasing distance of the core from the air shower array
centre, for showers of smaller sizes than for showers of
larger sizes. This is evident from Fig, IV.3 which shows
the distribution of S-trigger showers in distance, R, of
the shower cores from the array centre, for showers in

different size groups. A consideration in selecting
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R, (N) has been fhat the correction factor C(N) shduid
not exceed 2.50 i.e., the overall detection efficiency
for showers whose cores land within distance Ra(N) from

the centre of the array should not be less than 4Q%.

Having calculated C(N) for different size groups
(using S-trigger showers), the number of SU7-trigger
shoWers, having cores within a radius Ra(N) of the centre
of the array, is determined. The numbef is then corrected
using the Valﬁes of C(N). The effect of the correction
factors on the probable errors is taken into consideration.
The corrected number, then, corresponds to the number '
‘expected if the whole area within a radigs Ra(N) were lOO%
area. Using the corrected number of SU7-trigger showers

the size spectrum for these showers is obtained.

Fig.IV.4 shows the differential size - spectra for
S-trigger and SU7-trigger showers, Representing the

S—-trigger spectrum as

N Y -2 1
F(N) dN = K (—=) dN m < Sec” v (4.3.1)
100

and SU7-trigger spectrum as

%S(N) aN = K'(Fe) T an nm? sec! .. (4.3.2)
- 10
i !
Where K,% and K' ¥  are constants, we can write

W =2.78 + 0.04 .. (4.3.3)

?

K = (1.01 # 0.10) 10710 |
/ ! o
K'= (1,15 + 0.28) 10" ; ¥'= 2,30 + 0.09 .. (4.3.4)
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While fitting eqn. (4.3.2) to the SU7-trigger
spectrum the point corresponding to the first size group
has been ignored because a change in slope around this

point is indicated,

The difference . in the Power indices Y and B’/
can be accounted for by the increase in the probability
of association, of a shower with a muon at underground
level, with increasing shower size resulﬁing in a SU7-~
ﬁrigger spectrum which is flatter than S—trigger.spectrum{

©of approximately

F

A size dependence of muonvnumber "

following type is indicated

cnﬁ- o, NO+48 £ 0.02
A more exact relation between ?yuand N can, however,

be obtained from the spectra derived above using the

procedure outlined in the following section,

IV.4 Number of muons of enerqy 2 150 Gev in showers
of different sizes: |

Let S(N) dN denote the total ~ate of showers of sizes
between N & N + dN recorded by the EAS array, and let
S:U(N)dN be the rate of the showers in the same size range
associated with a muon detected at a deoth d underground.

Then the probability,

P (% E, ,N) = _§?§§3§N' . (4.4.1)



67

that a shower of size N is recorded in association with
a muon defected at the depth d, is related to
qqu(%;E}L’P4> ) thg average total of muons, of energy
> EE&L , present in shower ofAsize N. Here E%Ar is
the minimum energy which a muon must possess to traverse

a depth d.

In the present experiment the depth d = 194 m
corresponds to 590 m.w.e. of standard rock., Using the
range-energy relation for muons given by Menon and

Ramanamurthy (1967) the value of E for present case 1is

P~

found to be 150 Gev.

- In order to obtain the relation between Q”FL(3E%47N>
and jﬁtC%fEﬁkgfﬂ)let us consider the geometry of the
experimental set up (Fig.IV.5). S' and S are two parallel
planes at surface and underground level respectively,
separated by a vertical distance d, 0O' is the array centre
at surface and O its vertical projection on S. Let F (N)dN
represent the vertical flux of showers having size between
N &N + dN, Let us consider showers in this size group
incident on: S' at zenith angle & such that their axes
pass through an elemental area dA' around C', The axes

of these showers will fall on an elemepntal area dA
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around C in underground plane S. 'The total number of

such showers is then given by

dA. Cos L92 dA'. _Cog ¢ o "B

where { is the distance CC' and Cos " @ term comes

F(N)

because of zenith angle dependence of shower flux, - Now
if r is the perpendicular distance of the detector . at
D from the shower axes and [l@hkﬁd} the density of
muons at distance r from the shoWer axes at underground
level then the probability that such showers will be
recorded‘in agsociation with a muon at underground

detector,D is

(1 - @~s CosE. Bply) ) cee. (4.4.3)

where s is the area of the detector D. This probability
expression is based on the assUmptiQn that the number of
muons in the showers is subject to Poisson fluctuations.

Combining 4.,4.2 and 4.4.3 we get

SU(N)dN = ng _&(F(N)dN ~dhe GA o2y () (=S AplICos).

vees (4.4.4)

Here the integration is carried over the array
area A' and over an infinite plane passing through'under_
ground detector D, For the total rate of the Air showers

of sizes between N & N + dN we can write:



GEOMETRY OF EXPERIMENTAL ARRANGEMENT
FIG-IV- 8
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- o ,
S(N)dN = ,(As v}é F(N)dN. Cos" 8 ,dA' Cos8 d L .. (4.4.5)

where A' is same as above and (7 is +the solid angle of the

array. We can then write

AR 4 s A (s
() AR e (L e s Bne)
P(?/EM,N): A A L oo (4.4.6)

f{ UAA a8 A

This gives us a relatlon between F;L(.%fEf‘)“J>
and %qutéﬂE}ia?V)‘ However for this we must assume an |
explicit form of lateral distribution of the muons of enerqgy
> €y, in the EAS. A likely form for lateral distribition

of high energy muons in EAS is the exponential distribution

~ given by

Ml B, V)

any,*

this distribution is based on the transverse_momentum

A (r) =

gxp(gmé—) vo (4:4.7)

distribution, for pions produced in Nucleon -~ nucleon

interactions, as given by Cocconi et al, (1961) viz,

k) < P@T exp (— P/ P, ) (4;4;8)

] ~ A \:,—.L)_ . . L4, .‘. . f
where k\?&f 2 P, Expre551on(4 4,7 )15 derived from
(4.4.8,)for the case of monoenergetic muons produced at a
given level in the atmosphere, However this can also be

used for the case of high energy muons as their production
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levels are cdnfined to a narrow region of atmosphere
and also because they have a steep energy spectrum.
Substitution of equation (4.4;7)_in right hand

side of eqn._(4.4.6) yields a relation, which in conjuun-

ction with equation (4.4.1) can be used to obtain values

f“' Pt

S-trigger and SU7 -~ trigger spectra derived above/eqqatiom

of (2 Ef ,N) for a given value of E Using
(4.3,3; 4.3.4X/which éorrespond to S(N) and SU(N) respeétf
ively, the values of ﬂLQZ-E}{,VJ) for different falues of
N have been obtained using eqn.(4.4.1) . Also integrals on
R.H.S._OfAth,(4.4.6)have been solved mumerically using
an and T, as free parameters.; Before éarrying out the
integration dA', dA, & , r & 1 were expressed in terms of
R, 4? , R, q5i, and R using the geometry of the set up
(Fig.IV.5). The area A' is the 100% area for the size
group. However, the dependence of {?QQ>C%*,N)on A' is
negligible. The area A was taken to be the area of a
circle of radius(SOO r,. around the underground detector D,
The integration_waS‘carried out using Gaussian Quadrature
formulae for R and R' and the trapezoidal rule for angles

i

4) and qfn .

Before deriving the values of ‘nrd 2 150,N) by
cbmparison of experimental values of pbi( == 150, N)“with
the values of Pfx calculated using (4;4,6) it is necessary

to specify the values of r5 ( = E#t) apprbpriate to _



72

E = 150 Gev. This value cannot be derived from the

}

present experimental data. We have, therefore, made an

estimate of the value of Y, (> &) as follows:
1

We note that for a given energy Eﬁh s

5y;_( > E}i) is related to the mean spread,{| ( = IV ) >,

of the muons by the relation

<Pz Ep)> = 27, (>Eu) .. (4.4.9)

Fig.IV,6 gives the values of (r ( > Eﬁi ) >

for four different values of E The points at 50 Gev

f

and 100 Gev are calculated from the latéral distributions
obtained by Earnshaw et al. (1968), It is to be.noted that
< ‘r(f3[5M5:>decreases with incieasing energy and a smooth
curve drawn through the points indicates a value of

LY ( 2150) > o~ 24 m giving an r, ( = 150) value of 12 m.

Fig. IV.7 gives the variation of P#L with 7M for six

=
different values of r:., It is seen that the P - M
g . o M -

~relation does not change singnifiéantly, for values of
o from 8 m to 14 m and for 10 < rwh < 200, The experi-

mental values of PPL( > 150, N) lie between 0,9 x 1073

and 1.6 x 10_2 and for this range of PovL values, the

P relationship does not change significantly

poT
for 8m £ ry < 14 m, '
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Using the curves in Fig. IV.7 and the experipentai

150, N), the values of n ( > 150, N)

7

fohr

Value; of _Prk( > ‘
have been calculated for ry = 12 m. Fig. IV,8. shows the
variation of the number of muons’hpf > 150, n ) with the
shower -~ size N. -The relation between n  ( > 150, N) and

A
N can be expressed by a power law of the type

n (2150, N) =(27 + 7)(Ryg) 947 2 0:05 4.4.11)
¥ | 10 |

for 10

The experimcental point: corresponding to the first
size group (Table IV.I) is much lower than expected on the
basis of equation (4.4.11) and may indiéate an increase
vin the power index.for N £ 105 particles; in this cagg the

error factor is also much larger.

IV.5 Energy Spectrum of Muons in EAS

Sivaprasad (1970) has obtained the following
relations for the variation of number of muons, of energy

Ef‘ = 220 Gev and EV";; 640 Gev, with the shower size

n ( 2220,N) =(16 + 3) (D)0 2009 y51)
b 10

N (> 640,N) =@.141,2) (<) 04 L0154 5,0
t . - 10

The power indices for n .~ N relation in this case
are in agreement with the power index obtained in present

experiment within experimental errors and hence these values



76

of “(A,Can be used with the value of n, ( = 150, ny,

l\.&

‘obtained in present experiment, to obtain the energy

. spectrum of the muons of energy > 150 Gev,

Fig, IV,9 gives the energy spectrum which can be

represented by a power law of the type

' ' . ««_’w}
> E = A (E o /1509 .. (4.5,3
ol 2 By (E . /150) (4.5.3)
where > = 1.30 + 0.16
A = (27 + 7) & N = 10° particles

Combining equation (4.4.11) and equation (4.,5,3)

we can write

‘ _ 4740- 5, Ro=l.30+0.16

no (2 By, N) = (27 27) () 0nATEON 05 EegmehaEe B
: 10

for Eu2 150 Gev and 10° & N € 5 x 10°

IV.6 Primary Cosmic Ray Spectrum

The differential spectrum for S—trigger,showers
obtained as described in section IV.3 and expressed by
equation (4.3,1) can be used for obtaining the energy
spectrum of the primary cosmic rays. For this purpose,'
however, it is necessary to have a krowledge of the
relationship betWeen the energy, Ep, of the primary cosmic
ray particle and the size N, of the EAS generated by the

primary particle, at the level of observation.
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Lal (1967); using the curves given by Bfadt et als

| (1965), Has obtained a relationship between Ep and N at

920 gm/cmz.(the Qbservatibn level of the present experiment),
The relationship, shown in Fig, IV.lO, can be repreéented

by a power law of the type

N & Epﬁ
where @ o~ 1,2,
Using this relationship and equation (4.3.1), the
integral energy spectrum for primary cosmic rays has been

obtained and is shown in Fig, IV.1l. The spectrum can be

represented by

¥

o ~2 o =l o -1
p o Tp
where K, = (3.74 + 0,19)10710 o (4.6.2)
and ¥ = (2.16 + 0,05) . .(4.6.3

The energy Ep is expressed in eV and

5x 100% eV < E < 2 x 100

= eV,
P
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CHAPTER V

DISCUSSION AND CONCLUSION

V.1 Combarison of present experimental results with

results of other experiments:

Results of the experiments of Barrett et al.(1952)
and. Sivaprasad (1970) may be compared dlrectly with the

results of the present eXperlment.

‘Barrett et al, (lQ 2) studied muons of enerqgy
> 560 Gev in association with EAS and obtained the
follow1ng dependence of the absolute number (nlUL ) of

muons on the shower size (N ),

i (> 560, N,) o¢ N O+45 % 0.13 . (5.5.1)
Further by matching the absolute flux of the muons
at observation level to the air shower fldx, Barrett et al.

concluded that there is one muon of energy » 560 Gev in g

shower of size 55'400 electrons.

Sivaprasad (1970) gave the 1ollow1ng relatlons for
muons of energy 2 220 Gev and 2640 Gev in EAS in the size
range 10° LN g 106

!

n ,,L( > 220)

T (26400 = (4 1 1.2) (n/10%) 0412015 g o oy

(16 £3)  (w/10%)%4 £0.09 5 5
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The results from the present experiment may be

written as

niu(>/ 150) = (27 + 7) (N/10°)0.47 * 0.05 . (5.5,4)
for the showers in §ize range 10555 N 5,5.106.
We note that there is 3 Teasonable agreement

between the power indices obtained in the three different

experiments, Asg far as the absolute number of muons is

ions (5,5,2) and (5,5,3) and the results of present experi-
ment, HoWever, the number of muons of energy 2 560 Gov
obtained from the results of Barrett ot al.(1952) appears
to be much larger +than eXpected on the basis of the energy
spectrum derived usihg the results of Sivaprasad (1970)

and the present eXperiment,

Creisen (1960) gave the following relation for the

experimental results of Barrett et al,:
. 6, < |
nﬁ4,< 2 560, Ne) = 75 (Ne/lO ) ..(5.5.4)

where « = 0,7 decreasing towards 0.5 for small valués
of n o and Ne‘ Considering the other available results
Greisen (1960) also gave the energy spectrum for the rmuons
associatéd with EAS, 'Thezspgctrum turned out to be a

power law with index ﬁ>_: ~1.37, Though this energy
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épectrum index agrees well with the one obtained in
present experiment the number of muons obtained from
equation (5.5.4) for Z; 560 Gev turns out to be much
higher than eéxpected on the basis of the present results

(equation 4.5.3)

It méy be pointed out that the apparatus used by
Barrett et al, (1952) to detect EAS consisted of four
G.M. counter trays spread over a‘sensitive area of 30 m
radius on the surface, Thus information about the size
and core location of the individual showers could notAbe

‘obtained in that investigation,

The validity of the argument, put.forward by
Barrett et 31, (1952) to obtain the absolute number of
muons, has been questioned by Sivaprasad (1970)., The
reasoning runs as follows, ASSUMing that every primary .
particle of energy Ep (corresponding to the shower size
No) is associated with one muon of energy > 560 Gev, the
steady state flux of these muons can be obtained by
integrating over all primary energies, Because of a
steep primary energy spectrum and a E;{ (x<}) depend-
ence of muon number on the primary energy a dominant contri-
bution to the muon flux will come frem particles of primary
energies £ Ep Sivaprasad (1970) has recalculated ‘tha
absolute value of nFL ( > 560) from the data of barrett

et al. (1952), According to this caleulation the results
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of Barrett et al, (1952) may be rewritten as

nk( 56ON)N7( )0474‘013

- 108

~and the numbers obtained using this relation are in
- reasonable agreement with the numbers expected on

the basis of equation (4.5,3).

At Hebart conference the Russian group (Asekin
et al, 1971) has reported the muon spectrum, for muons

associated with EAS, to be of the type

' - Eyy~1.5840, .68+0, 24
PR No) = (3.121.5) (Etym1e5820.2 ( No 10,6810, 2
F i SXlO4

for N_ > 3 x 10* ang E,> 0.1 Tev.

The values of the eXponents of both energy and size
spectra are larger than obtained in the present experi-
ment, but the present results are within the error limits
quoted by Asekin et al. (1971). It may be noted that the
above results of the Russian group are based on the

size - number spectrum of the bursts produced by muons at

40 m.w., e, associated with EAS on the surface,

We may then conclude that the variation of the .
number of muons of threshold energies Z 150 Gev w1th the
shower size (in the size range 105,— 106) is a power law

with the power index o 20.45, The experimental results
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at lower threshold energies (upto 40 Gev) give a pawer
law with index o O0.8. Thus there appears to be ga
flattening of the muon number variation for ruons of

threshold energies > 150 Gev,

V.2 Monte Carlo Calculationsg:

a) Description of the Models:  In order to

models were carried out, Details of the models are given
in Table V,1. The models are identical +o fhe ones used
by Murthy et al, (1968) for calculations of EaS charact-
eristics, and belong to basically two different categories

viz, Fire-ball Models and Isobar models,

QL and QLN modelsg are identical with each other in
all réspects except that in the QLN model 5 production of
NN (nucleon—antinucleon) is envisaged along with the
production of pions, Similar difference exists between

IB and IBN models,

The QL and QLN models are similar to the CKP model
(described in Chapter I) and the eNergy spectrum of the
particles created in the nucleon or pion-nucleon inter-
action is assumed to be an exponential function of the type

A

ns (E) dE = ~%“ exp ( - %“) dE - (5.1.1)
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where T is the average energy and‘M the total number of
createa particles, If the NN production is involved
(as in QLN model) the energy is supposed to be distributed
among pilons and nucleons such that their average energies |
‘are proportional to the respective masses., Thus if mp and

m, represent mass of a Pion and mass of a nucleon respect-

B
ively the average energy T, and Tp of pions and nucleons

respectively can be written as

C_E'K | | \
Tp == (mp / (1~ §_) my + f.mB)

L (B.1.2)

T, =5t (mg / (1-§ ) my + f.mg)

where E', K and M are the initial energy, inelasticity

. and multiplicity respectively.

The IB and IBN models are akin to the model proposd
by Pal and Peters (1964) and the interactions in these
models mgy be described as follows, In each interaction |
a fireball is assumed to be created and the constituents
of this fireball share 20% of the primary energy. The -
fireball is then assumed to emit particles isotrOpically'in
CM system. The multiplicity for these particles is
assumed to be proportional to square-root of the fire-
ball energy and the energy Spectra of the particles are

governed by the same relationships as for QL and QLN
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models. The surviving nucleon, wﬁich retains 80% of the
primafy'energy, is.excited with a 70% probability into am
exéited isobar state of mass 2.4 Gev; Each isobar of

mass mp = 2,4 Gev and energy E 5 = 0.8 E! is assumed to
decay into one of mass m = 1,93 Gev and energy E, emitting
a pion of momentum p = 400 Mev/C isotropically in the

rest system of the parent isobar. The energy distribﬁtion

of the created isobar or pion may be expressed as

Tg  dE

n(E) dE 5 B p¥ ...(5.1,3)

B

for E . E
5 _(g" - p") £ B £ 2

s

¥ *
o (B +p)

g
*
where E = J m? + p*2 : m being the mass of created

isobar or pion.

The created isobar of mass 1,93 Gev is assumed
to decay into one of 1,45 Gev which in turn is assumed .
to decay into a nucleon, a pion of momentum p* being
emitted in each decay. Expressions similar to equation

(6.1.°) hold good for each decay.

b) Calculation Procedure: -A primary proton of a
glven energy is assumed to enter the top of the atmos-
phere and the depth at which it suffers first collision

is determined using the relation.

X T - A In R
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where R is a random number distributed uniformly between
O and 1 and A is the mean free path of the nucleon. The.
depths of successive interactions of the primary as well

as the secondaries is determined using the relation

K = W, — A n R

M4 |
Wnere 2, is the depth at which the proceding interactions

took place and ) is the relevant mean free path.

For each collision of the primary as well as each
collision of the created secondaries the number of created
particles of various types, their energy etcare generated
by using,fandom numbers with appropriate distributiqn.
Number of pions decaying into muons is calculated and
muons thus produced are stored along with the values of
their energies. The decay of muon is considered only for
muon energies less than 10 Gev. Particles having energies

less than 1 Gev are not considered for further calculations,

The calculations were carried out on CDC 3600/160A
computer system at TIFR, Bombay, A random number generator,
available with the system, was used for generating random

numbers of desired distribution.

The shower size was calculated by superposing
showers generated by photons resulting from the decay

of n“o meson, The following expression, given by
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Greisen (1958), was used to calculate the number of
electrons, at observation level, generated by a photon

of given energy,

1

N, (E, t) Exp (t (1-1.5 Log )

.. (8,1,4)

where & is the critical energy, t the depth of observat-
ion level from the point of production of a gamma ray in

radiation length, and S the age given by

- 3t . |
~ I ¥ 2 log (E/®) ..(5,1.5‘)

A

V.3 Results of Monte Carlo Calculations:

The distribution of the number of muons of energy >
150 Gev in the E/S initiated by a primary proton of energy
2.105 Gev'in the production depths is shown in Fig,V.1
for various models, All the models predict an average
production heights ™11 Km fér the muons of energy >
150 Gev, though the models envisaging NN production
(i.e. QLN & IBN models) predict average production
heights which are smaller than those predicted by QL and
IB models.,

Regarding the variation of total number of muons

(n n ) with the shower size (Ne) for various threshold
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'ehergies of muons it is seen that all the models yield
a power law relationship- with the exponehtcx having
values in the range of 0,6 - 0.8. For muons of
threshold energies upto 40 Gev QLN and IBN models
predict muon numbers which are greater +than the muon
numbers predicted for the same threshold energies by
QL and IB models respectively, However at larger thre-
“shold energies ( 2 100 Gev) the trend is reversed and
the QLN and IBN mddels now yield numbers which are less
than the corresponding numbers predicted by QL and IB

models,

Fig., V.2 gives variation of the number of muons
of energy' >, 150 Gev with the shower - size, in the

5 5.106 particles. The variation is well

size range 10
represented by a power law with power index in the range
of .62 - .82, The IBN model predicts the steepest

n T Ne relationship,

The prodictions given in Fig.V.2 are for the
proton initiated showers. Calculations were also done
for a mixed primary composition., The assumed composition'
was similar to the one established by the Balloon born

12

emulsion experiments at 107“ ev, and may be expressed

as follows:—
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Nuclei Mass No Percentage
1 . 49%
4 27%
14 12%
32 5%
56 _ 7%

Using this composition showers were simulated for
the four models described in Table V.l. The primary
bparticle wasbselected using random number with appropriate
distribution and the showers were generated by superposing
showers produced by 'A' protons. The predictions of the
four models for above mentioned chemical composition, for
muons of energy 2 150 Gev are shown in Fig. V.3. It
is seen that the power index for n}_‘L ~ Ne relationship in
the case of the mixed composition lies in the range of
0.60 - 0.77 and the predicted number of muons for a given
size and for a given model is larger than the correspond-

ing number predicted by the model for proton primary,

V.4 Comparison of Experimental Results with the

Predictions of the models:

The experimental results, presented in Chapter IV,
are shown along with the predictions of +the Monte Carlo
Calculations in Fig, V.2 and V,3. Whereas the experiment
gives a power index of (0,47 + 0,05) for the N - Ne

variation for muons of energy > 150 Gev, the models
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predict power iﬁdices which are muéh larger than the
experimentai value, The absolute value of the number
of muons is closer to the predicted Value for showers
of 105 particles and the discrenancy increases with
the increasing shower .size becaﬁse of the difference in
thé power indices. Thus we see that the models under
consideration cannot reproduce the experimentally |
observed variafion of n H‘With Ne for the proton as well
as the mixed composition primaries as - . found at

12

energy < 10 ev, We shall discuss this aspect further

in a later section.

V.5 Conseguences of observed Ny - Ne relation:
- {

As seen in the proceeding sections the variation
of the muon number with the size, for muons of energy
2 150 Gev, in size rnage 10° to 5.10° particles, is
flatter than observed for muons ofblower threshold
energies and the models examined do not reproduce the
observed variation, Two possible explanations.may be

envisaged for this flat n [~ Ne variation,

The tirst explanation is to invoke an energy ’ |
dependent change in some characteristic of the inter-
action, in the relevant energy region, which may lead
to a decrease in the fraction of energy going into the H

production of the parent particles of muons. This . ' i
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wiil lead to a relative reduction in the muon number for
higher‘showér sizes and will result in a flatter nF“— Ne
variation, An alternative explanatioh is to invoke a
change in the mass-—composition of the primary cosmic rays

14 _ 1015 3ev) such that

in the relevant energy region (10
‘the average mass number /. of the primaries decreases from
a high value at low energies to a lower value at higher
energies, This will result in an enhancement in the
muon number of small size showers leading to- a flatter
nfL - Ne variation, Possibility of both the effects
operating simultaneously may also be considered.

In light of the existing results and model cal-

culations by various authors we have examined the second

possibility in the following section.

V.6 Primary Mass Composition and the N = Ne relation:

j

The chemical composition of primary cosmic rays has
been well established at energies ~ 1010 eV, Studies,
using large emulsion stacks flown in Balloons, indicate
that the composition remains unaltered upto energies

12 17

2o 1077 eV, At very high energies 107" eV, the smallness

of the fluctuations in the characteristics of the EAS,
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indicates a pure protonic nature of the primaries as
discussed by Linsley and Scarci (1962) and K, Suga

et al. (1970). A change in the primary chemical
composition may then be expected in the intervening
energy interval (lO14 ~ 10%6 eV). It has long been
considered that the primary cosmic rays over a certain‘
threshold of magnetic rigidity may not be retained in
our galaxy and there may exist a galactic rigidity
cut-off, for the primary cbsmic rays, beyond which fhe
cosmic rays may be of extra-galactic origin. Peters
(1961) envisaged such a rigidity cut-off on the basis
of certain irreqularities in the airvshower'character—

istics,

Using an "Isobar-cum-Firebagll® model, similar
to the model of Pal and Peters (1964), and assuming a
changing chemical composition due to galactic rigidity-
cut-off, Cowsik (1967) calculated the sizé dependence of
the average shower characterstics. He assumed a rigidity
cut-off at 10° Gv ahd a chemical composition same as at
low energies upto the cut-off, Beyond the cut-off a
pure extra-galactic proton primary component was assumed.
A comparison of the results from present experiment with '

the calculations of Cowsik (1967) is shown in Fig.,V.4,

The heavy lines are the calculated curves at two threshold
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energies, viz. .100 Gev. and 200 Gev, Besides the dis-
agreemeht with the absolute values, the observed variation
is not reproduced under the assumptions and the model

used by Cowsik (1967). Chatterjee (1964) also proposed

a similar model for the primary energy spectrum using

the galactic cut-off for protons at 3 X lOl4

eV and Z times
higher for the heavier particles. The cut-off was

assumed to be sharp. Sivapfasad (1970) has modified this
model slightly by introducing a gradual cut-off starting -

at 1007

eV for the protons. The flux was assumed to drop-
of f to 1% of the pre-cut-off value within an energy equal
to 2.5 times the cut-off energy. Using this model
Sivaprasad studied the nfx,“ Ne variations as predicted

by various models of nucleon-nucleon 1nteractlons as used
by Murthy et al. (1967)., The results of the calculatlonsA

be
mayAsummarised as follows:

The calculations predict a flattening in n’M ~Ne
variations at high energieé and the predicted variations,
for threshold energies 220 Gev and 640 Gev in the size

5 . 106 particles == are in better agreement

range 10
with the experimental results of Sivaprasad (1970), The
predictions are not in conflict with the experimental

results for muons of threshold energies upto 40 Gev and

the models envisaging NN production are in better

agreement with the experimental results.,
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The effect of the magnetic'rigidity cut-off on the
nrh' ~ Ne rélation can be understood as follows. For a
given level of observation, the average size of the |
showers initiated by a heavy primary will be different
from fhe size of the shower initiated by a proton of
séme energy, Thus the primary energy, required to
produce shower of a given size, will be different for‘
the primaries of different 'A' values., It is this
difference in the primary energy, for producing showers
of algiven size, coupled with the existencé of the rigi=-
dity-cut-off that leads of a decrease in < A7 with the
increase in shower size, even though there is an
increase in £/ » with increasing primary energy. This
in turn leads to a rather flatter n e~ Ne rélation than

obtained on the basis of a constant composition.

Calculations of Sivaprasad (1970) for muons of
énergy 2> 220 Gev are shown in.Fig.V;5 along with the
results from the present experiment for muons of energy
>, 150 Gev., The trend of the an‘~ Ne variation, pre-
dicted by the calculations, is not in disagreement with

the abserved trend.
The Durham group (J.F. de Beer et al, 1968;
C, Adcock et al. 1968) has carried out a theoretical

study of the possible consequences, of a primary compo-
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sition subjected to a magnetip rigidity cut-off, on
various parameters of EAS which can be measured above
ground ét sea-level, If the primary composition
changes as a result of the magnetic modulation the
authors anticipate a highdy characteristic oscillation
effect in the value of c(f: aUnﬂH/3¢MIVaas a function
of Ne Catz et al, (1970) have observed a some what
similar oscillation in experiméntally obtained values
of A in the size range predicted by the Durham group.
Though there are significént errors on the values of «f
as measured by Catz et al. (1970) and though the fluct-
uation in values of o 1is not as great as anticipated
by the Durham group, the .results of Catz et al. (1970)
appeaf to support a changing primary composition
subjected to magnetic rigidity cut-off. However,
Thompson et al. (1970), from an examination of recent
data on muons in EAS, conclude that the majority of the

15

primarieslare still protons above 10~ eV,

V.7 Change in the nature of the characteristics of the

nuclear interaction-and the n, ~-Ne relation:
SAssgar and ) 1

i flatter variation of nYL,With size, than the one

predicted by the above discussed models may be brought
about by envisaging an energy dependent change in the

characteristics of nuclear interaction such that the
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fraction of energy going to the pion production decreases
gradually in the relevant.energy range. One of the
possible changes which may be envisaged, is an energy
dependent increase in the NN production., /is seen

earlier the production of NN results in the reduction in
muon number for muons of threshold energies beyond 40 Gev.
Thus in the cnergy rancge, relevant to the sizes 105 ~l06
at the observation level, an energy dependent increase

in the production of Nﬁ may result in a flatter an—Ne

variation than predicted by usual models.

There is no experimental evidence against the
increased NN production at high energies. Tonwar et
al., (1971) have shown, from their experimental obser-
vations of the time structure of the hadrons in EAS,
that the NN production at énergies “3,lOl2 eV is as high
as 14%, - Thus a rather rapid increase in the cross~section
of the NN pairs at energies beyond 100 Gev is implied.
However, to fit the observationai data above  the

6

size range 10°, this effect of increase in NN production

with increasing primary energy must saturate at an energy

region in the neighbourhood of 10-CeV
V.8 Enerqgy Spectrum of Muons in Extensive Air Showers:

fis mentioned earlier (Chapter I) Greisen (1960),

on the basis of the available experimental results gave
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an f the + (/ E +2:)l.37

energy spectrum of muons of the type (2 v .

In the present experiment (Chapter IV) we have obtained
an energy spectrum for muons with threshold energiles

in the range 150 Gev =640 Gev. The spectrum goes as
g 1.30
FL

the two power indices., However, as seen in Fig. V.6,

and there appears to be a fair agreement in

there appears to be some discrepencies between the
experimental reéults at low threshold energies (upto
40 Gev) and at higher threshold energies, Tt is seen
that though the slope at loW threshold energies is in
- good agreement with the slope at higher energies the
number of muons at higher energies dé not agree with
the ones expected on the basis of extrapolation of the
results at lower energies, This can be understood on
the basis of the difference in the power index

ol = Dimmpu / aimlﬂe for muons of lower threshold
energies and higher threshold energies which results in

@ gap on the number - energy diagram as seen in Fig.®.6.

The experimental results of Earnshaw et al,(1968)
stand out as the highest muon numbers for the respectiVe
threshold energies., The result of Barrett et al., (1952)
also does not confirm to the picture at higher threshold
energies as obtained from the results of Sivaprasad (1970)
and the present experiment. However, if the result of

Barrett et al. is modified as suggested by Sivaprasad the
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picture becomes more consistent. For muon threshold
energies < 10 Gev there appears to be a flattening

in the energy spectrum,

V,9 GConclusions:

From the considerations of the proceding sections
we conclude that the nfL - Ne variation as bbserved in
the present experiment for high energy muons ( 3 150 Gev)
is flatter than one predicted by the "oresent-day-known"

models using a constant primary compostion,

The possibility of a Changing primary composition
resulting in a n}i’— Ne wvarlation similar to the observed
one’'is examined and it is seen that a primary composition
subjected to a gradual galactic rigidity-cut—off may
reproduée the observed variation, /At this point it
may be pointed out that if the observed n‘bb - Ne variation
in this size range is due to the rigidity cut-off in the
relevant primary energy range (1ot* _10t5 ev) then
outside this rance the nH - Ne variation for muons of
higher energies (beyond threshold energies of 40 Gev)
should be a power law with index « &~ 0.6 - 0.8. This
is expected because outside the cut-off region a constant

primary composition exists and such a composition will

result in a power law index ok 22 0.6 - 0,8,
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'The pPossibility of g change in the characteristic
of the nuclear interaction with energy cannot be ruled

out,

V. 10 Suggestions for future investigations:

Two possible explanations for the observed nﬁk<;Ne
variations in the sigze range 10° - 106 particles have
been given in preceding sections., If the primary compo-
sition changes with energy in the energy interval 1ot4 eV
to lOl5 eV and remains constant outside this region
the ekpected nﬁ“ -Ne variation for muons of energy
2 150 Gev, will have s power index ™ 0,6 - 0,8 for
shower sizes <ilOSparticles and » 10° particles, This
aspect of the an -Ne variation should be looked-for in
the extended Mmeasurement on mubns of energy > 150 Gev
in showers over a wide size range. Moreover, it ig
necessary to have narrower groﬁping iﬁ the shower sizes

than obtained in the present experiment,

It is also desirable to study the behaviour of
the other components of EAS as g funétion of the size
in the region 10° - lO6. Specially an investigation
on charged to neutral ratio of hadrons of energy

% 100 Gev in the region 10° - 10° may be helpful to

understand the different models of muon production,




10.7
Study of +the fluctuations in

the various char-

acteristics of the EAS in different size range will

also be useful in understanding the composition of the

primary cosmic rays at high energies ( z 1014 eVv).




. GHAPTER vy

NFT HODOSCOPE DATA

RESULTS. AND DISCUSSION

VI.L  The NFT pats

The photographs of +he neon flash tube (NFT)
hodoscope, obtained by triggering +the nNeon flash tube
trays with sy-7 triggers, contain the tracks of muons
and accompanying particles associated with the EAS, |
During the operation of the EAS array, shown in Fig,II,1,
in association with the UG-detector the NFT hodoscope
was operated only for a short period, Preliminary
Tesults from the obtained dats were presented by
Chowdhuri ang Saxena (1971), The TIFR group has, since,
modified the EAS array at K.G.F. and the New arrangement
of the detectors in the array is shown in Fig, vI,1,
Using thig array and the UG-detector the NFT hodoscope
pictures were obtained for an effective Operational
period of 1,48 10° Secs, during which ~ 1760 events,
(coincidences between EAS ang the UG~detector), were
Tecorded, We have e€Xamined 740 of these events +o
obtain information about the muong of ehergy > 150 Gev
and the EAS associated'with these events,

The eévents have been classified according to the

number of particle tracks seen in the NFT hodoscope
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TABLE VI.1

NFT HODOSCOPE DATA

__________ B s e
! ! ! [} .
Type of i Single track) Pair track v Multiple ! Miscell-
the event i events ! events 1 track { aneous
_ ! ! ! events !
! 1 f !
___________ e Tt AU S
. 1 1
! ! |4
; ' !
Number : 606 ! 58 6 ! 71
! { I
! 1 |
t 1 1
! 1 !

-—-—.-.-.__—._.._......_.._...,_.-..._._.-._-...—_.__.,..m—-—-__.n._._._._-——._._._—-.—.—.--_.ua-..._._,_.._-..__._-_-

The single track, pair track and multiple track

events refer to passage of one, two, or more than two
penefrating particles respectively, through the UG—dét—v
ector. The events listed under "Miscellaneous" are the
case where the tracks are seen only in one of the NFT
trays. It'may be mentioned that NFT trays do not cover
the total area under the scintiallator (Fig. II.3) and
there were cases of single particle tracks where the
inclination of the particles were such that particle_
passed only through one of the NFT trays and missed

the other. However, the particle tracks listed under
"Miscellaneous® were well within the geometry of the
apparatus, Thesebw events then could be the cases where
the muon, associated with the EAS, went through the
scintillaton(without crossing the NFT trays and an
accompanying electron, produced by the muon locally

triggered one of the trays.
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VI.2  The single~track Events:

Majority of the examined events showed single
particle tracks implying the passagé of a penetrating
particle through the detector, vExamples of single
particle tracks are shown in Fig. VI.2 where the
'particles are 'seen triggering four-tubes in each NFT
tray; From a preliminary analysis of the data of the
EAS associated with the single~track events it is seen
that the sizes of the EAS lie in the range 5, lO parti-

cles to 5, lO partlcles.

- Projected angles which the single-particle tracks
make with Zenith in a vertical plane in N-S direction,
were measured and the events were grouped in VaflOUS
groups of the zenith angle. Details of the clasgsi-

fication are given in Table VI,o2,




Single Particle Track
Fig. V1. 2(a)

Single Particle Track
Fig. VI. 2(b)
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TABLE ~ VI.D

SINGLE TRACK EVENTS

—_—.—_...-—-._—.—-—....—_—_—-.—_-u—_.---._w.....—_—..——.s'-...___.--.—.-.:..-_--.-_-.‘.-.-._.--_--.._

Number of muons

Incident Incident

angle from south from north
0° - 50 38 15
50 - 10° 43 9
10° - 15° 83 21
15° - 20° 76 17
20° - 250 74 ‘ 17
050 - 30° 63 5
30° «. 235° 50 2
35° - 40° 05 0
40° ~ 459 13 0
Total 465 86
Tracks Along Vertical . e 9

In addition to the éVents listed above there were
56 single particle events with position and inclination
of the tracks such that the particles could traverse
either the upper NFT tray (52 events) or the lower NFT
tray (4 events). From +the table one can see that in

majority of the cases the particles are incident on the
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UG-detector from South and projeéted angles of majority
of the particles incident from the North are limited to
angles & 25°, The mean angle for the particles incident
from South turns out to be 20° with a R.M.S. deviation
of 10°, The mean angle for particles from North is 14°

with an R.M.S. deviation of g8°,

Let us examine these observations takinglthe
geometry of the experimental set up into account. It is .
to be noted that the UG- detector is located ~s70 m Nopth.
East of the vertical projection of the centre of the EAS
array, The line joining UG-detector to the centre of
EAS array makes an angle of 19, 5 with the vertlcal
Thus the observation that majorlty of the particle tracks~
are incident from South with an average angle of 20° + 10°
implies that in most of the cases the particle enters
ground very near the centre of the EAS array. The det-
ectidn'efficiencies for the EAS, having cores near the
centre of the EAS array, are high and the efficiency
drops off with increasing distance of the core from the
centre, Thus we note that the NFT hodoscope records
particles which form part of EAS and which are in neigh-

bourhood of the respective EAS cores,
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Taklng account of the solid angles involved and
detectlon eff1c1en01es of the ExS the number of single
track - events in various zenlth angle bins has been
corrected. The zenith angle distribution of the parti-
cles is as shown in Fig, VI.3. The correction factors
fbr various zenith angle bins have been expressed in
terms of the correctlon factor for 40° . 45° bin so
that the number of events in this bin remains . unaltered,
The distribution can be expressed by a power law of the
type

s (6.2.1)

1!
H
O
O
0

>
(N>

I(8)

where n = 7.6 4 1.4 | e (6.2.2)

As shown earlief the muons recorded by the
UG-detector in association with EAS are in the vicinities
of the respective EAS cores, Thus if the directions of
these muons may be taken as the represéntatives of the
directions of the EAS cores than eqgn, (6,2,2) indicates

a steep zenith angle distribution of the recorded EAS,

/it a comparable depth of 816 m,w,e. Achar et al,
(1965) measured the angular distribution of all cosmic
ray muons which penetrate that depth, Operation of their
experimental apparatus does not require association with

an EAS at the surface level, The angular distribution
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was found to be well represented by an expression of the
type i I (B ) = I, Cos" & , with

N =1.93 + 0,22, This distribution is huch flatter than
the results of the present experiment for muons, at 580
m,w.e., associated with EAS, This discrepancy is due to
the difference in triggering system in the +two experi=
ments, In the present experiment angular distribution

of UG-muons, associated with EAS at surface, actually

gives angular distribution of the EAS cores.,

Measurements on angular distribution of EAS, by
means of cloud-chamber and G. M. counter techniques,
by various workers show that the value of 'n! lies in
the range 6-9, Bagsi ot al. (1953) have obtained the
angular distribution of alr showers at sea-level by
measuring the space angles of air-shower axes. The

Measurement yields a distribution of the type

I (0) &cos™e , q ~ 8,3

This value is slightly larger than the value 7,6
obtained in the present experiment, Though the

present distribution isg - obtained on the bas¢s of the
projected anqles, we do not think that this will effect
the value of the eXponent 'n' significantly, The slightly

*flatter distribution may be due to the fact that in this
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experlment an EAS is r@corded only when it ig assoc1ated
with a muon at U.G. level. Thus the probability of recor-
ding larger zenith angle showers in this experiment is
expected fo be higher, as the muon density increases with
the 1ncroaslng zenith angle In an experiment at sea-
level, Earl (1959) tound that even near tﬁe shower corés
(20-150 m) the muon density (for E ;ﬁ L Gev) increased
by a factor of 1.3, as the zenith angle of EAS changed
from 0° +to 40°,

VI,3 Pair-tracks Events:

About 7.8% of the total events were pair-tracks
events exhibiting simultaneous passage of two penetrating
particles through UG detectors, 1In most of these cases

the particles were parallel to each other (Table VI,3 a).

TABLE VI3 (a)

PAIR IR/CKS EVENTS_

Nature Parallol Convergent Dlvergent
pairs  pairs pairs
No, of 47 7 4

...u-—.—-—........_...‘.k_...._—-—.—-.—-—.-...-._........_x.._-.--.._—-.__-..._......__—-...._.-_.-......_..m_:....._—....._.-——-._
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The criterian adopted for tﬁe parallelism was that
the angle bétween the two tracks be 1°, The distri-
bution of the parallel-pairs in the séparation between
the péirs is shown in Fig.VI.4 (a). The minimum
projected separation is 4 cm. Fig. VI.4 (b) shows the
angular distribution of the barallelmpairs. It is seen
. that the distribution is having a rather sharp peak befween
20° - 30°, These Parallel Pairs might have originated
either in the atmosphere or in the rock beyond 5 - 6 m
from U.G. detector,. In order to get a better idea about
the origin of these particles we have analysed these

events further.

Let us consider the Parallel Pair-~tracks events
with pairs having projected angles within 35°, There

are in total 40 such events and we can write

(D ) obs = (2,02 + 0,32) 107> sec™t ., (6.3.1)
for the observed rate of the events. Number of such

events expected, on the basis of the assumption that

the observed particles are muons produced in the atmos-

phere as part of the EAS and that the number of muoné

in EAS is subjectéd to Poissonian fluctuations, may be
written as

(Dt“L ) exp, = F ( tf'r N) _/_\_?Q_Qf_‘!f_ X P‘LLZB 2 il rdr

o



ER OF PaAIRS (ARBITRARY UNITS)

NUMBER OF PAIRS (ARBITRARY UNITS)
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Fig. ¥1. 4



2121

where (Aeff/Q,Z) is the effective solid angle for the
EAS, F (% N) is the integral flux of the EAS and P w2
is the probability that the undergrouhd‘detector will

record two muons for showers having cores within r and

ﬁ* 2

P = : 2 (s ..(6,3.3
M2 2 F _) ( )

where & is the effective area of the detector,

r + dr from the detector. P may be written as

In order to estimate the expected number we have
assigned unique average values to < Aeff/ L 2> and

£ v> for the observed events as explained below,

Approximate distances of the core from the Para-
llel-Pair particles were obtained by calculating the
distance between the intercept of one of the particles,
with surface, and the point of incidence of EAS core.
The distances were found to lie within 40 m., A weighted

mean value of 11 m was obtained and we may then assign

LTy o= 11 m

to all the events under consideration.
Muon density at distance 1 may be written as

ey “ d o
A H ( i ) T e ex }\ {—

2N Y, .. (6.3.4)
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and from Chapter IV, we may write

T >~ 12 m
Nt = 27(“55)0'47
| 10

The sizes of EAS associated with tbe events under

consideration lie in the rance 8,7 x 103 - 5 x 105

particles. The integral flux F ( > N) turns out to be

T~ 1074 m=2 st sec™t., A weighted mean size
L N> 5.104 particles may assigned to the events,

We then have N 7 20 particles. Equation (6.3,4)

|
then yields

A, oo 0,01 m?

f

which in conjunction with equation (6.3.3) gives

p“2 oY 2,25 x 1074

In order to obtain tlhe values of < /eff/ [ 2)?
we have classified the observed events in various
zenith angle groups and calculated the solid angles
for each group as given in table VI.3 (b). The
triggering efficiency (& ) is taken into consi-

deration. From
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I/BLE VI,3 (b)

PARALLEL = P/ IRS EVENTS

—--——-........_._.——-..-—._.--.-—......__.—._.-.-.....-‘.._.....-—-—._.—‘“.....--—g..-.-._._....-——.»..—-N.-.-—..—-.__—-u--—-h-—.-‘

Projected A o : Aote
zenith Number "4 _ Z M_E& > < heff/( 2>
Angle o o3l s S N
10° - 1509 3 0,53 x 10~2
159 - 20° 10 1,34 x 10-2
20° _ 250 14 1,05 x 107° 1,04 x 1072 6.53 x 10-2
250 _ 30° 9 0.85 x 1072
30° . 350 4 1.08 x 10~2
359 - 40° 3 g - |

o) o) Not considered for the present
407 - 45 1 g calculations,

]

these values of solid angles a weighted mean is evaluated
whtth may then be taken as the effective solid angle

< heff/ { 2> for the events,

heff/ L 2> o~ 483 4 1072 5t.

—

Substituting the values of various parameters

obtained above in equation (6.3.2) we have

(D ) exp o0 0:74 x 1075 sec L,

I«
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Though the observed result is nearly three times
the one expected on the assumption that parallel-pairs
are part of the incident EAS, it is approximately within

three standard errors of the observed value,

It may, however, be noted.that we can measure only
projected zenith angles of the trajectories in a vertical
plane in N-S direction and the actual space angles are not
known., Moreover, information about the arrival.directions
of the associated EAS is not available., Thus the esti-
mated core distances are very rough and Zlylis calculated
only for an average r value because of a limited number
of events, The effective aperature estimate is also
based on the projected angles and events associated with
E/AS of various sizes (having a large size range) are
lumped together. Further the muon number - E/AS size
relation used here may not be very accurate in the size
range under cbnsideration. Considering all these approxi-
mations the agreement between the observed and expected

rate may not be very unsatisfactory,

Thus we conclude that most of the parallel pairs
orilginate in the atmosphere as part of EAS. However,
the possibility that a small fraction may be due to local
A \

production in the rock at heights > 10 m can not be

ruled out, It will be possible to get more definite
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information if space angles of the particles are known

and if events could be classified in various size-groups.

There are seven cases of parallel pairs with
projected zenith angle > 35°, Out of these we have
the surface EAS data for three events only, Core distances
in these cases were found to be = 50 m, These are most
probably the particles accompanied by very much inclined

showers and hence these are not included in the analysis,

The convergent-pairs appear to converge in the
rock above the detector and the convergence in and the
cases is » 1°, These pair events, which converge in the
rock at angles greater than the limit of paralleliser,
seem to be produced in the rock by single muons of EAS,
Particles in these events penetrate 10 cm lead absorber
without undergoing the multiplication and hence they
can not originate in electromagnetic interactions., These
particles have to be non-electronic in nature and hence
must have originated in photo-nuclear interaction of fastv
muons accompanying the EAS, /s the number of‘bbserved
events is small attempt has not been made to derive
production cross-section due to nuclear interaction,For
divergent pairs, the diverg?nce appears too large to be
accounted for by the multiple scattering suffered by the
particles in the rock., Moreover, the accidental coinci-
dence rate for such event is too small to account for

the observed number.



126

VI.4 Multiple - Tracks Events:

In éddition to the single-~track- and pair-tracks
- events six events, each showing three tracks, and one
event showing five tracks were also observed, The

particles in these cevents appeared to.be parallel to
‘each other and details of the éeparations between the

tracks are given in Table VI,4,

TABLE VI.4

MULTIPLE TRACKS EVENTS

—_“—_—————-————ll——-ﬂt—————;—.l———-‘”—-—_——t—.—.—I’-——:—---——-—““—_—-—‘-m_—m——w'»

Nature Projected ’ Separations between the tracks
angle - o
1l &2 2 &3 3&4 485
Three _ o
Parallel 34~S . 46 Cm 35 Cm, —_ -
Particles o
16 S 5 n 23 ] . -
28%s 7 v 54 W — _—
30°s 74 40 —— _—
23%g 76 N0 3 m o L
25°g 20 32 _— —
Five o.
Parallel 30°s 37 5 v 2 cm 2 cm

Particles

_.._.-.-..._.-..........-.._...-....-—-.-—---—_-..---._..-.-....__.u.—._.—..._..__..--.-......__..‘.-n_—-z.—m-,._.._.—_——-—-—.q__.—.m
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Four of the particles in the five-particles cvent
are close to each other, the fifth one being separated
quite a bit from this group., In the present sample of

the data events contalnlng four-particles were not seen,

If the parallel particles, observed in the data,
afe produced in air as part of the E/S then the observed
numbers in various categories appear to suggest a very
steep number-density épéctrum for these particles in EAS.
However, any further conclusions about the nature of the
spectrum of these particles, in EAS, must await the

availability of a much larger sample of the data,

VI.5 Electromagnetic interactions of the high enerqgy muons

From a study of the particles accomoanylng the muons,
detected underground one may hope to derive information
about the interactions of the muons with matter. In the
present case where the muons, of energy > 150 Gev associ-
vated with EfS, are being studied the interactions will
correspond to interactions of muons having an average

~

eénergy .. 500 Gev., This estimate of +he average energy

is based on the energy spectrum of muons in EAS, of the

~1.3

[
Chowdhuri and Saxena (1971) gave an estimate of 330 Gev

type E” (Chapter IV), It is to be noted here that

for the average cnergy of the muons for the present

experiment on the basis of the muon spectrum Exxfl'S.
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With a better estimate of ?igl,B the averége energy
is found to be larger.
The particles accompanying the muons have been

classified in different categories as shown in

Table VI.S.
TABLE VI.5
Nature Number Percentage Proba-

: bility

a) Showers produced in rock 30 0,040 + 0,008

b) Showers produced in lead 40 0.055 + 0,009

¢) Knock-on Electrons produced 19 0,026 + 0,006
in rock

'd) Knock-on Electrons produced 30 0.040 + 0.008
in lead :

e) Knock-on Electrons produced 6 ——
in surrounding material

f) Electrons incident from rock 36 ot

g) Electrons incident from lead 35 _——

h) g ~rays in upper tray 13 o e

i) 3 -rays in lower tray 13 e

o n St v peRE o STt marm T G APt m R i Gm W e Y e ki P S0k et 4 S B K e O e SR ST R b e a7 T T e ey Y et T3 S63 SN i b £ (T e et e B i e

The events listed in category f) and g) correspond
to the "Miscellaneous® category of Table VI.1 and for

these events penetrating particles were not seen., In
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addition to the events listed above there were 7 cases:
where eléctrons showers, incident from rock and hence seen
only in upper tray, were not accompanied by a penetrating
particle, Similar cases for showeré incident from the
lead numbered five. One event showing the electron-
showers in both the upper and the lowér tray was also
recorded, The probability for such a double-process can

then be written as ( 0.0013 + 0.0013),

The results given in table VI, may be compared
with those of Creed et al., (1965), Creed et él. (1965)
have studied the probabilities of a2 muon accompanied by
electrons from the rock or generating them in the lead
absorber, at three different depths at Kolar Gold Mines
viz 816, 1812 and 4160 m.w,e. The mean encrgies of the
muons observed at these depths were 130 Gev, 220 Gev and
300 Gev respectively. The probability of electrons
accbmpanying a muon from the rock was found to increase
with increasing depth as expected from the increasing
average energy. The probabilities obtained in present .
experiment for various catcgories turn out to be greater
than those observed by Creed et al. (1965) for muons of
average energy 300 Gev. This is aeonsistent with the fact
that the average energy in the present experiment is
greétcr than the average muon energieé in the experi-

ment of Creed et al.
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The probabilities of electron-showers accompanyihg
a  muon. from the rock and for the electron-showers
producéd by muons in 10 cm, lead absorber have been
calculated for muon energy E = 500 Gev. The cross ..
sections f o knock-on, Bremsstrabluhg and Pair-production
proccsses, as given by Bhabha (1938), Christy and Kusaka
(1941) and Bhabha (1935) respectively, have been used.
The probabilities in the rock and the lead turn out to
be 4,5% and 6.7% respectively. The calculated proba-
bility for lead is in reasonable agreement with the
observed value, However the observed probability in lead

appears to be slightly smaller than the predicted one.

VI,6 Large Size Bursts:

Besides ‘the evehts discussed in proceeding section
we have observed some céses.of rather large number of
particles (Bursts) triggering either the upper-tray or
the léwer tray or both the trays of the neon flash tube
hodoscope. Some examples of such events are shown in-

Fig,VI.5 - Fig. VI, 10,

Out of these threc categories, bursts which are
detected simultaneously.in both upper and lower n.f,t,
frays, (separated by 10 cm, lead absorber) are most
interesting. Number of the particios detected in the

lower tray varies from 4 to 7, However, in some cases
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the bursts are.very dense, These.bursts could be
generated-ih the rock by a highly energetic Bremsstrahlung
process or in some other different tYpe of interaction

in the cores of EAS. Further investigation will be

able to give more definite explanation about. this
phenomenon. We have not included detailed analysis of
these events here as further investigation is being |

continued,

VI,7 Conclusion_and Summary:

Distribution of zenith angles of single penet-
rating particles at 580 m.,w.e associated with EAS, is

found to be of the form

I @ ) = I cos" @

with n = 7,6 + 1.4, This is a steeper distribution
than obtained for all cosmic ray muons at 816 m.w.e by
fichar et al, (1965), Howéver, the distribution obtained.
in present experiment gives the angular distribution of
EAS core. Other experiments indicate an exponent ~ 8-9,
The discrepency betwecen these results and the result

from present experiments can be explained on the basis

of the difference in the recording systems, - In the
present experiment the E/S are recorded only when

accbmpanied by a guon at underground level, Thus &he-
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the present recording system has a natural bias

for larger angle showers.

The probebilities of small shower production
by muons in rock and in the lead are found to be
(4.0 +.0.8)% and (5.5 + 0.9)% respectively. These
'valuesvare in good agreement with the expected proba-
bilities, for muons of averagé energy = 500 Gev,
calculated on the basis of the cross-sections given

by Bhabha and Christy and Kusaka,

The rate of double parallel penetrating particles,
associated with EAS, is found to be of the order of
(2.02 + 0.32) x 107° per sec. The value, expected on
the basis of the assumption that these particles are
produced in atmosphere as a part of the E/AS, is found to
be 107° Sec“l. The observed value thus appears to be
larger than expected value, Since it has not beén
possible from the present data to classify the events
in various EAS size groups, and further as fhe informl
mation is limited to the projected zenith angles of
these tracks; the difference bétween the observed and
expected valucs is not unreasonable, We, thus, conclude
that the parallel pairs are particles produced in the

atmosphere in the E/S cores.
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A fewvcases of convergent pairs have also been
observed, It ig felt that these pairs are'prodnced
by the interaction of the incident muon in the rock
through photo-nuclear interaction, Apart from fhose
double penetrating particlés a few multiple particle

events have also been observed,

Some cases of very large bursﬁs detected simuln
taneously in both the n.f,t, trays are reported. Spih

events are being investigated further,

VI.8 Suggestions for further investiqatiggi

The large bursts observed in the present.expori»
ment represent a phenomenon which ig hard to understand
on the basis of present quantity and quality of the data,
It is, therefore, desirable to look for these type of
events in an improved way. /At present the information
about the spread of the bursts ig available only in +the
projected planc, Use of a crossed-tray N.F.T. hodoscope
can provide further information which may be useful in
a better understanding of these events, Another tray
of neon flash tubes under the lower tray separated by
at least 5 cm of lead absorber will also be useful in

understanding the nature of the detected pariicle.



‘Burst’ Produced in Lead
Fig. V1. 5

‘Burst’ Produced in Lead
Fig. VI. 6



‘Burst’ Incident from Rock
Fig. V1. 7

‘Burst’ Incident from Rock
Fig. V1. 8
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These wvents have been obéerved for muons asso-~
ciated witﬁ the EAS. For a better understanding of
these events it 1s desirable to know the 1océtion of
‘the particles, observed in fhese eventé with respect to
the core of the associated E/S. One may, therefore,
Qse an E/S array which provided information about the

direction and inclination of the EAS core.

It will, also, be interesting to look for these
- types of events in the underground experiments where
association with the EAS is not a réquirement. I
comparison of the rates of these events in both these
types of experiments (associated with EAS, and without
EAS association requirement) will give useful clues

about the nature of the particles in these events.

Parallel double and multiple penetrating particles,
observed in present experiment, can give much important
information about the production process and about the
nature of primaries which generate the assoéiated ultra
high energy E/S. For this purpose it is necoésary to
know distances; of these particles from EAS cores, very
accurately, To get these information a future investi-
gation may be carried out fo measurc ﬁhe space angles
of these penetrating particles as well as arrival
directinns of the associated EAS. This will not only
yield the accurate core distances but also the proper sep-.

aration betwecen the tracks in the parallel multiple events,



CHAPTER VII

SUMMARY

A study on muons of energy % 150 Gev, associated
with EAS, has been made for showers in the size range

S 5.18 . The study was made using an air shower array

10
at the surfacé in coincidence with a muon detector placed
at a depth of 194 n underground in Kolar Gold Fields,
India, The investigation was carrled out in collabor-

ation vith TIFRy Bombay,

The results presented in the thesis are based
on the analysis offW~4QOO showers recorded in coincidence
with underground detector and ~10,000 showers recorded
without the requirement of coincidence with the under-
ground detectors‘ The results preéented in the thesis

ares

i) the dlfferentlal spectrum for the showers,
recorded in coincidence with a muon of energy > 150 Gev,
is a power law expressed as

)~ ~2.,30+0,09

& (N) av = (1,15 +0.28) 10713 M = dN

10
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1i) the differential spectrum for all the showers

recorded by the arﬁn%is given by
: |

F(N) dN = (1,01 + 0.10) 10~10 (__%;)—2.7810.04 -2

10

dN m Sec

. 1ii) the number of muons n (2 150 Gev) varies

with the shower size N as

0.47 + 0,05

n, (2 168 Gev) = (27 + 7) (-t
H : 10
5 6

in the size range 10° £ N < 5,10 y

iv) the energy spectrum of muons in the energy
region 150 < Ef&5640 Gev, may be expressed as a power

law (E&j(b ) with a power index F?i 1,30 + 0,16,

Number ofvmuons; with threshold energies
= 150 Gev, has been calculated on the basis of four
different models of the nuclear-interaction. The
calculations have been carried out both for the proton
primaries as well as for a mixed primary composition
which remains constant throughout the primary energy
range considered. The model calCuiations predict a

0.6 — 0.8, and

n"_L -Ne variation, which goes as Ne
the assumed models do not reproduce the observed

variation., Two possibilities for obtaining the
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obser&ed n)uﬁ- Ne variation are cOnsidgred. It is

shown that}if one assumed a primary composition, which
is varying with energy and is subjectéd to galactic
‘rigidity cut-off in the relevant energy range, it is
possible to reproduce the observed variation by selecting
a proper model, Howevér, the second possibility, viz,
that of a possible change in thevcharacterisitc of the

14

nuclear interactions at high energies ( = 10 ev),

cannot be ruled out.

Experimental data, on the particles detected at
underground level in aésociation with EAS, obtained by
means of a NFT hodoscope are presented, It is shown that
majority of the particles, recorded by the UG detector in
association with EAS, are located in the vicinities of the
respective cores. The distribution of the muon direct-

ions with the zenith is found to be of the type

I (@) o (Cogp)/-0x14
This distribution is indicative of é steep zenith angle
distribution for the recorded EAS. Order-of-magnitude
calculations are given to shdw that the pafallel-pair
particles detected in association with EAS form part of
EAS and are produced in the atmosphere. The electromagnetic
interactions of the muons with matter are found to be consi-
stent with the theoretical predictions. Some cases of large
bursts, of high energy particles, recorded during the

investigation have been presented.
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