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ABSTRACT

The density spectrum of extensive air shower:
particles was meesured using a proportionsl counter.,
Tt was found that the slope of the integral spectrum
changes from -l.5 to —2;0 at about 1,000 =2, Using
this sﬁectrum the primsry energy spectrum.ﬁf ¢o5mic rays
was derivede.

In messuring the density spectrum of extensive air
showers, the selection system consists of threé large
‘ liquid scintillators placed horizontally on the roof of
a large volume flassh tube chamber. In esch trigger the
passage of the penetrating component through the chamber
were photographed. The density spectrum of the penetrat-
~ing comporent of extensive sir showers was messured and
the resuits compared with the expected spectrum folding
the derived number spectrum, measuring the density spectrum
of extensive air showers, into the laterel distribution
of muons. |

The energy spectra of chargéd and neutral hadrons in
extensive air showers of medisn shower size of 2.7.105
particles havebeen measured. The résults have been relsted
to the energy spectra.of hadrons in shower range of 2.].OLF
to 4.105 particlese.

A search for cherged ©/3 particles (quarks) close to
the core of extensive air showers, of median size of 2.7.105
particles, has been carried out. In 5,420 hrs running time
no auark candidate has been observed. The upper limit on
the querk flux being 5.5.10“11 cm“gs‘lst'l st 90% confidence

level.
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PREFACE

This thesis describes the work performed by the
author in the Physics Department of the University of
Durham while he Qas a research student under the super--
vision of Dr. TF. Ashtoh.

A proportionsl counter in conjunction with a large
volume flash tube chambef has been used to study the
different components of exteﬁsive air showers selected
by the predetermined local electron densities,

The day-to-day running of the proportional coéunter
and the 2nalysis and interbretation of the data has been
the asuthor's sole responsibility. The author has shared
with his colleagues the collection of daﬁa obtained by
flash tube chamber, and has been responsible for the
calculations and data interpretstion described in the
thesis.

The preliminary results, described in this thesis,
on the density spectra of electron, muons and a quark

search have been reported by Ashton et al. (1973b,c,d).




CHAPTER 1

INTRODUCTION
1.1 Genersl

Among 20 cloud chamber photographs containing tracks
of cosmic ray particles, Skobel'tsyn (1929) observed three
photographs‘with two particles and one photograph with three
psrticles. This showed the ability of cosmic ray partiéles
in producing groups of simultaneous perticles. ~ The existence
of this kind of phenomena, called extensive oir showers (EAS),
encompsssing aresas amounting to & thousand square metres and
more was disclosed by Auéer (1638) and independently by
Kolhorster et al., (1938).

The discbvery of EAS coincided with the theory of electron-
photon cascades proposéd by Bhabha (1937) and thus led Euler
(1940) in suggesting that EAS as being electron-photon cascades
produced in the atmosphere by means of hign energy electromns.

Scheins et 8l. (1941) observed hard particles in cosmic
rays and found that ohly s few per cent of these particles
associated with EAS end thet the intensity of hard particles
in cosmic rays increasses as the height of observation incresses.
These observations led Schein et sl., to conclude that primary
cosmic rays are protons and thst soft component were second-
eries originsted by the primsry protons, probably through the
production of mesons that subsequently decay into electrons
(Carlson, 1941).

In 19,7, Lattes, Occhialini end Powell exposed nuclear
emulsion plates to-cosmic radiation at mountain altitudes,

which led to the discovery of pion . The pion was later
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associsted with the Yukawa pﬂrtiéle, the theoretical particle
proposed by Yukawa to explain the binding force of nucleons.
In the same year Rochester and Butler (1947) disqovered'strenge'.
perticles. | |
The discovery of mesons in cosmic rzdiation and other
experimentél observstions led Zatsepin (1949) and Hayskawa(1949)
to formulate the nature of EAS. According to their views:
EAS are genersted by primasry nucleons. These nucleons inter-
sét in tke atmosphere producing, soft, peneﬁrating and nuclear-
active compoﬁents of EAS, All this tsken as a whole transform-
ed cosmic ray perticles into a branch of nuclear physics, and
tte study of EAS turned out into s method to investigate the
properties of high energy nuclesr interections.
The energy region of EAS which one cen study high energy
physics is still far beyond the energy available in accelerstors,

i.e. far beyond the order of 107 ev (ISR energy région).

1.2 Density spectra of electrons snd muons

By flying balloons with nuclesr emulsion payloads to
" great heights, and more recently using satellites, it has
been possible to study the primery cosmic radistion directly
up to energies of 911012 eV/nucleon. Information at higher

12 eV/nucleon is not possible by means of

energies than = 10
direct messurements. Thus atove this energy indirect measure-
ments have been used. This includes the study of EAS for

) e’nergieé of 2 1014 ev,

Thedensity spectrum of EAS determines the size spectrum

which in turn could be related to the primery energy spectru.




An experiment hes been carried out to measure the
density spectrum of EAS, This is described in chépter 3
Another parameter of the EAS which could be related to
the primary spectrum is the nﬁmber spectrum of mﬁons. Using
the flash tube chamber, 2s a visual detector, the density
spectrum of muons of 2 0.2 GeV has béen méaéured which is
described in chapter L.
Méasuring the angular distribution of the muons observed
in thelchamber snd measuring the barometric coefficient of EAS
the attenuation length of the shower particles have been deduced.

The results have been expleined in chapter 5.

l.3 Energy spectra of hadrons

Measuring the burst width spectra of the hadrons observed
in the flash tube chamber below the lead and iron absorbers,
in showers of medisn size of 2.7.105 particles, the energy
spectrs of hadrons in showers'havé been determined.

Chapter 6 descrites the results obtsined, and in chaptef
7 the nucleer physical aspects of the results have been

considered.

1.4 Searcl for aquarks

Above = 1012 eV cosmic rays are the only accessible high
energy beam; they are, therefore, still contributing to the
field of high-energy physics, in perticular to sesrch for _
theoretically predicted psrticles such as querks, intermediate
bosons, monopoles and tachyonse. |

_A search for auerks close to the core of EAS of the

medisn size of 2.7.10° particles hes been conducted using
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the flash tube chamber. This is described in chapter 8.
A type of event showing the production of single

beckward moving éecondary has been observed in the flash

tute chamber. This is investigated in chapter 9 and a

possible explanstion of their production has been proposed.




REVIEY OF MEASUREMENTS ON EAS

261 Introduction

When g high energy cosmic ray psrticle, say of energy
Z'lolheV, arriving at the top of the atmo&phere collides
with a nucleon of an air nucleus, a large number of second-
aries are produced - pions, nucleons, antinucleons, ksons
and other strong interacting particles.. Charged mesons,
surviving nucleons and other produced strong interacting
particles suffer further collisions and generate more
seccndaries. The neutral pions decay immedistely into
two gamma rays which initiste electromagnetic cascades in
the stmosphere. As their energy becomes less the decay
- probability of charged pions and kaons becomes comparasble
to their interaction probability and muons are formed by
B N TPRY and K->l 4V . These proéesses give rise to
the penetfating component of air showers. This process
of hadronic and electromagnetic cascade genefation continues
deep down in the atmosphere and results in a large number of
secondary particles which spresd laterally to considerable
distances from the shower axis. The reasons for this are
as follows:
i) the finite transverse momentum of the produced strongly
interecting particles.
ii) the angular divergence of gemma rays and muons formed

in decay processes.




iii) the deflection of charged perticles due to the
earth's moagnetic field.

iv) the multiple scattering of charged particles in
traversiﬁg the atmosphere. " The resulting phenomenon is
called an extensive air shower (EAS).

The hadronic snd electromsgnetic cascades reach their
maximum at different depths in the earth's stmosphere dg?end-
ing on their primary energy and the details of the collision
pﬁdcessesJ

Since the majority of the electrons are relativistic
and have velociﬁies gfeater than the velocity of light in
the stmosphere, they give rise to Cerenkov redistion, a
significant proportion of which is in the visible part of
the electromagnetic spectrum. The electrons also give rise
to cohérent emission of radio waves in the frequency range
of 1 Miz to seversl hundreds of MHz. The energy radisted in
the form of radio waves is however 10-% timés less than the
energy'radiated by Cerenkov resdistion.

At the observation level, whether st mountain sltitudes
or at ses level most of the air shower particles arrive in
the form of thin discs a few meters in thicknesse.

Thus the following components are svailable for experi-
mental observstions, (i) the soft component, (ii) the
penetrating (muon)component, (iii) the hadronic component,
(iv) Cerenkov light and (Vv ) radio waves.

It is hoped that by studying different components of
EAS (both laterally and longtitudinally) and the relastionship

between them, one can derive primary energy spectrum beyond -

~ lOlheV, primory mass composition and directionsl distri-




bution of primsries, ss well as the charazcteristics of

high energy nuclear interactions.,

2.2 " The latersl distribution of electrons

The investigation of the latersl distribution of charged
perticles has made it possible to obtain a considerable amount
of information about the pattern of the formation and develop-
ment of EAS, as well as the latersl distribution of shower
perticles,which makes it possible to determine the total number
of perticles st the level of observation. This is the most'
~important parsmeter in the analysis of the experimental datas
on EAS, since knowing the longtitudinsl development of shower
it is possible to estimate the energy of the primery particle
producing the shower.

The léteral distribution function of charged particles
has been derived theoretically by Nishimura and Kasmata (1952,
1958) for pure electromagnetic cascades considering the .
multiple scattering of eiectrons due to the Coulomb field of
the medium. A simplified version-of the formula has been
suggested by Greisen (1956) snd is cslled Nishimura - Ksmata -

Greisen (NKG) formula given by

5-2 S"LMS
(B )= r. r.
f(Fi) c(s) (rl) (rly-l) where 1y
is called the Moliere or scattering unit and defines the
lateral distance through which an electron with critical
energy, E., is scattered in traversing one radiation length
(the vslue of ry is 79 m at ses level and about 120 m at

mountain altitude), r is the perpendicular distance from the

shower core, s is the cascade age parameter and indicates the




development stage of the shower and C(S) is a normalisation

factor such thst

co

z[ZT[f(X) xdx=1 where x = r
' r

1

Values of C(S) 2re ss follows (Greisen, 1956)

5 006 0.8 1.0 1.2 1ok 1e6 . 1.8
C(S)  0.22 0,31 O0.40 O.kk O.43 0.36 0.25

Thus assuming the lateral distribution function is
independent of shower size the electron density at distance
r, P( N,r),from the core in s shower of size N is simply

P(N,r) = —— £(L_)
: ry ry

Gfeisen (1960) has put forward the following empericsl
expreésion for the laieral electron density, based on experi-
mental'results which'cover a range of shower sizes #arying
fromz...lo3 £0 2107 perticles, atmospheric depths varying from

537 g cm™> 2
5 em t01,500 m, namely

01,800 g cm™, and 3t core distances running from

rl0-'75 - 3625

= OJN 1 r

(N ( ) ( — —_—

p "r ) rlf r I‘l+r (1 * 11 01+ r‘l )

Without the last factor on the right - hand side of
the sbove expression the equation is the same asthé NKG formula
with age parazmeter § = l.25. A simple cezlculation shows
thet in a shower of 2,000 particles,; at ses level, there is
only one particle within 10 cm of the core, only 17 within a
metre 2nd only one particle per 120 m? st 100 m far from the
core using the sbove mentioned equation.

Therefore the meassurements on the lateral structure




function nesr and far from the core needs more precision
and some discrepancies between different experimenters are
expected.

The measurements of Sydhey group at sea level (Hillss,
1970a) give a: much flatter distribution function compared
with the emperical formuls of Greisen. The flatness is
due to the observstion of a large proportion of multi core
shower§ for showers induced by primeriés of energy‘z-lolseQ.
The' function is expressed by

= N
P(N,r) = 2.12.10-3 71 exp(‘%g where r is in
: meters.

The Kiel group (Hillas, 1970z)measurements on the particle
‘densities (with neon tube hodoscopes) near shower axes at sea

level are represented by

1.5~ “
= 10-2 N . .
P(N,r) = 1.08+10 (rIifIflkgfefo‘%EO) where r is
in meters..

- The anslytic expressions mentioned sbove fér the lateral
structure of electrons due to Gréisen, Kiel group and Sydney
group are shown in figure 2.1. All three functions are
normaslised to unitye. |

As figure 2.1 shows that there is good agreement between
the messured lateral density distribution of electrons between
different experimenters in the region of r= 10 - 300 m from
the shower axis.

The observed discrepency between measurements at both
large and smsll core distances is partly due to the experimehtal
errors in core locstion.

It is interesting to note that while most of the measure-

ments of the latersl electron density distribution indicate
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Figure 2,1 Latera2l structure function of EAS particles. The
curves ar¢ due to emperic2l formuls given by Greisen:
(1960) and observetions of Kiel group 2nd Sydney
group Hillas (197Ca). The ordinate gives electron
density for s shower size of N = 1.
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that the function is independent of shower size (Greisen,

1960), there is some evidence which suggests that not only

does the function depend: on shower size, but for higher sizes

the average age parameter iﬁcreases s shower size increases

as shown in figure 2.2 (Miyszke et 2l. 1973, Vernov et al. 1970).
This is surprising becsuse as the shower size increasgs one would
expect the showers to be younger since there would be higher
energy nucleons. feeding into the electromsgnetic components.,

As figure 2.2 shows the incresse in average value of age para-
meter § (the age parsmeter fluctustes, see Vernov et al, 1968)
starts from the showers of sizes‘ze;107 (equivalent toc:qmloléev
primery) at 730 g cm"2 atmospheric depth és measured by Miyake

et al., and of sizeg?a;loé ét sea level (equivalent‘zaf,lol6 eVl
primsry) as reported by Vernov et 21, (to convert shower size
to primary energy 2 factor of 2 GeV per psrticle at mountain
altitude and 10 GeV per particle at sea level is assumed).

To account for this behavier; Miygke et ai., suggest ' 8
change in the characteristics of nuclesar interaction above

= 10:"7 eV,

" The increase in age parameter for large shower sizes has
been explained by Linsley (1973) to be due to the fact that
the age parameter measured atllarge distsnces should be larger
than average, andﬂthat measured at smsll distances, smaller
than average. Now since large showers typically have been
measured for from the core, the measured age parameter shows

an incresse.
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Shower size
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shower size messured by Vernov et al. (1970) at sea level
and by Miyake et 21. {(1973) st 2770 m. elevation. .
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2.3 The muon component

26361 General remarks

Tranﬁerse momentum acquired by mesons during their
genersation plays a decisive role in the deflection of the
muons from the $hower axis (Vavilov et 8le, 1957). Thus
thé.study of the lateral distribution function of muons gives
information about the transverse momentum of meéons.On the
other hand it should be noted that the latersl and energy
proverties of muons éssociated with air showers as a whole
are connected with the characteristics of nuclear interactions‘
at high'energy, and with peculsrities in the d evelopment of
the huclear cascade avalanche with depth;. They depend only
indirectly on the characteristic of the collision of the
primsry particle which has given rise to the EAS with the
nucleus of the air atom. The cheracteristics of the nuclesr

Olzew have been investigated in much more

inter:action at E<1
direct meassurements. The interesting feature of the measure-
ments of the lateral distribution function 6f muons st high
energy snd st la2rge distances from the core, is that it is
expected that they have originated high up in the stmosphere
in the first few collisions. Thus it is possible to geﬁ some
informétion:about the primary mass composition (Orford snd
Turver, 1970).

Linsley and Scarsi (1962) have pointed out the correlation
between primary mass composition and the total number of muons

in a shower of size N.

In genersl, measurements of the muon number spectrum at
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sea level ensbles one to calculate a rather more accurate
primary spectrum. This result follows from the long shower
attenustion length of the muons in the atmosphere compared to

electrons.

2.3.2 The latersl distribution of muons

The experimentsl data of Clark et al. (1958) with
E > 1.2 GeV in the range of N = 2105 - 2108 is given by

Greisen (1960) namely

, N 0,75 -0.75 ~2,5
N = - L
5( ,v) =18 10(,)_ r (1+320)

where P (N,r) is the density of muons m~2 falling at core
dlstenég r metres in a shower of size N,

The data of the Cornell group (Bennettet al., 1962)
with energy threshold of E GeV in the size range of N = 103 -
107 particles show sbout 20% reduction in sbsolute rate

compared to the results of Clark et al., and is represented

by
. 0.37
' 0.75 04 r
075
N.r.> E 164 ( ——— r
Al B - o

where p (N,r, > E) is the density of muons m™2, r is in meter
and E gs in GeV,

Subsequent messurements on the.lateral density of muons
at the low energy regibn (up to sbout 20 GeV) show a general
agreement with the above equation for r‘3-20 m, as shown in
figure 2.3, The latersl distribution function given by
Greisen, ss it is plotted in figure 2.3, is steeper than the

other meassurements. This could be explained as a result of
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the inaccuracy in core location, as well as the effect
of normalisation which has been introduced by Wdowczyk
(1973) to bring‘all the measured results into'harmony,
i.e., normslised to N -—-_2;107.

Murthy et al. (1968B),however, have compared the
predicted lateral distribution of muons (%1> 1l GeV) in a
shower of sigze 3107, assuming different models for core
distances r = 1 -%,000 m with Greisen's fit to the experi-
mental data. They find that 211 models predict a steéper

lateral distribution function than experimentsl measurements.

24343 Total number of muons

Integrating the lateral muon density over all core
distances gives the total number of muons, N , of energy
threshold E GeV in a shower size N, Table‘;.l shows o
representétive number of experimental results.

Using the relationship between ﬁl(>-E GeV) and Ng
at the level of observetion Suga et al. (1963) and Gewin et
al. (1963) adopted a method based on the expectstion that a
gamma ray induced shower will be cheracterised by practically
no muons or at best very few muons compared to hadron induced
showers, since the cross section for photo-meson production
is very low.

Kemata et al. (1968) cerried out an experiment st

2

en atmospheric depth of 530 g em™ .  The minimum size of

showers recorded for which the angular informstion has

also been availsble was equal to 10k, The muon component




Reference

Relationship between
ql and N

Range of
shower size

Greisen (1960)

N“ (=1 GeV)= 95000 X

N = 2105-2108

(N_ 10.75
106)

Vernov et al. N (>10 GeV) = e 109108
(1968) B ; N = 10--10
(LeO % 0.,7)10° X
A )0.78 + 0,025

10°
Barrett et al. N( (> 56 GeV)
(1952) N”(‘>.58 t 0.05 -
Earnshaw et al. N (=100 GeV)= 10% N = 2107
(1968) B
Chatterjee et al.| N (=220 GeV) = 50X N = 105-10°
(1565) u |
(N y0e47 % 0.1
106
Greisen (1960) | N (=560 Ge¥) = 75X | y,mgod

(X 0.7
lO6

Tris shows the relationship between the

obsertved number of muons N at a psrticulsr energy
p

threshold associsted with EAS of sizes N.

range of shower sizes are given.

The relsted




was detected by plastic scintillastors under 320 g em=?
of concrete and lead sbsorber. The results of Kamata
et al. showed that

(i) there is s distinct class of mu poor showers in
the range of N = 3.10% - 3.10° with ratio of 5.107%of
21l showers in the size range and there is no evidence

for their existence for N :»5.106.
(1) there is no msrked anisotropy for this size renge
which can be attributed to point gamma ray soufces;

The results of Catz et al. (1970, 1971) at sea level
using neon hodoscopes showed thst in the energy fange
1015 _ 1016 eV the relative number of showers which were
mu - poor showers wss 3.10-3 of all showers. They found
that the zenith angle-distribution of mu - poor showers
is considersbly different from normsl showers. The
median sngle of mu - poor shower is ~ 37° compared to
22° for proton induced showers and ~ 2L° of all shﬁwers.
This ruled out the possibility thst mu - poor showers
are dve to the fluctustions in the collision chsractera
istics of hadrons responsible for ncermal showerse.

However Catz et al. claimed that the muon content of the
mu - poor showers in their experiment is considerably higer

then what is expected on the btasis of the expected photo-

nuclear cross section st these energies,




2ely The hadron component

Relel General remarks

It is known-that nuclear cascade plays a basic role in
the devélopment of EAS in the atmosphere. Thus a knowledge
of the properties of hadronic component gives inférmation
about the characteristics of high energy interactions and
therefore determines the primary spectrum by studying them
at .different depths.

A sensitive parameter to the assumed model of high
energy interaction is the total number and energy spectrum
of hadrons of energy E in a shower initiated by a fixed
primary energy (Grieder, 1973a). Thus it is of gresast interest
to measure these parameters—in EAS3. This cen be achieved
in principle by measuring the latersal distribution of hadrons

in showers of fixed Ng,

2elhe? The lsteral distribution of hedrons

The lstersl distribution function of hadrons has been

measured for different hadron energies and different ranges

N

of slower size and at different altitudes.

The oversll experimental observation show an exponentisl
function in the form of exp( - e;%). A parameterised
expression is given by Ksmeda et al. (1963) in the form of

n(E,r,N)dE dr = 0,35 NO¢35 E=1e2 oyf (- %)dE dr

where r = 2.4 NO.32 7-0.25

In this formula n(E,r,N) represents the density of hadrons

m=? with energy between E and E + dE (in units of 100 GeV)
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that fall at core distances r m tor + dr m in a shower of N
perticles (in units of 1C5Zparticles). The experiment weas
carried out at sea level for showers of size b,,lOLF - b,,lO6
particles and hadrons of energy in the range of 100 -1X,000 GeV.

The experimentél results of Kameda et al.together with a
number of different measurements éarried out at different
atmospheric depths for hadrons with different energy thresholds
in different shower size ranges as defined in table 2.2 are

‘shown in figure 2.L.

Tsble 2.2 - The available information sbout the experimental

ohservations of the latersl density of hadrons plotted in

figure 2¢l+o

Reference Energy Range of Altitude of
threshold .shower sigze observstion
of hadrons (N) (g cm=?)

(GeV)
Kameds et al. 300 |L4e10% - 4.106 1030

(1965)

Chattergee et sl. 200 1080105_3020105 800

(1968)

Tanoka (1961) 100 =10% 1030
Van Stas et al. 200 10°°L _ 106¢5 730
(1973) '

The value of r, (the reciprocal‘of'the slope of the
lateral distribution of hadrons) es reported by Ksmeda et al.
and Chatterjee et al. increasses with shower size.

According to Chatterjee et al. s model in which'the p
(transverse momentum of hadrons) distribution and inelast;city_
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-and Van Stea et al end it is =rbitsry unit for the data
of Tanzke and Kemeda et al.
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are invsrisnt (Murthy et al. 1968c)could not explsin the
observed lateral distribution function, nor can it be

eﬁplained by any conceivable change in primary composition

0 wi+r .
with egergy since such modelsﬂpredict a-slight_steepness—in
Cogpegd e, ‘
theﬂlepe of, lateral distribution of hadrons with incresse

in shower size. A model with the fbllowing changes in
interaction characteristics sbove 105 GeV was more satisfactory
to fit the dats of Chatterjee et al. (i) incresse in elast-
icity, (ii) increase in average transverse momentum of
charged created particles, (iii) a faster incresse in
multiplicity of charged particles.

Van Stas et sl. found that the value of r, is virtually
independent of shower size. However, they found that the
mean distance of hadrons from the showeraxis.is larger (T = ZrD)
than the value obtsined from the Monte Carlo calculation
performed by Bradt and Rappaport (1967) by a factor of= % .
Since the calculation of Bradt and Rappaport is based on a mean
transverse momentum of By = 0.35 GeV/c, the velue of P, obteined
by Van Staa et al. is Py = 0.5 GeV/c assuming T is proportional
to Pge

It is interesting to note that there is some evidence
based on the observation on multicore showers, which suggests
» much higher value of P« Miyake et sl. (1970) suggest an
average transverse momentum of 6 GeV/c at an energy of3.lOlZGWo
Samorski et al. (1971) who find very few multicore events
are of the opinion that p, at air shower energies is not

different from what has been reported st lower energies.




2ele3 Flux _and energy spnectrum of hadrons

Chatterjee 2t al. (1968) have summerised the results
of & number of experimental observations obtained.on the
- flux 2nd energy spectrum of hadrons. This is shown in
table 2.3,

As the table indicates the integral energy spectrum of
hadrons of E>100 GeV follows a power law with slope of = -1
and.is spproximately proportional to éhower sizeo.

The slope of integral energy spectrum is in close agreement
with model calculations by the Monte Carlo method performed by
Bradt and Rappapoft (1967) and Thielheim and Beirsdorf (1969)
based on an E]'/lP law for multiplicity. These authors found
o value of -1.2 for the exponent of the integral energy spectrum
of hadrons in the range of E = 100 -2,000 GeV.

An sttempt has been made by Grieder (1973a)to compsre
the experimental results of Tahahasﬁi (1965) at sea level
with different sssumed models for high energy interactions.

He finds that the model called SFﬁk(single fire ball model)
when the probability of excitation of the projectile to an

isobaric stste is unity gives satisfactory results. The

SFﬁtmodel, however, follows a multiplicity in the form of
<Ng>CX 81/2 (Grieder, 1970 private communication) where S is
the square of the avasilable energy in centre of msss system
(CMS) for the creation of secondary perticles.

Tanaka (1961) gives the following expression for the

total number of hadrons with energy threshold of Ey GeV in a

shower of sigze N,
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Thus for showers of sizes 103, 10%, 105 respectively
'there is only one hadron with energy threshold of 31010eV3
hplollev.andS;lOlzth Tensks then srgues that though it is
not yet assured that thefe.is alwsys one and only one such
high energy psrticle in esch shower, those hadrons of more
than Ey could be tentatively assumed to be surviving primary
particles. Therefore Tanake suggests that primary psrticles
still hold on the average more than 0.3 - 0.5% of their initial
energies a2t sea level. Assuming the collision mean free psth

-? . s
to be equal to 100 g cm™ thus the geometric mean of inelasticity

is aspproximstely 0.4 = 0.5,

2.5 The messured electron number spectrum

The standard procedure to derive the pfimary energy
spectrum for Ep;3 10M%ev is to measure the number spectrum end
relate it to primsry energy spectrum assuming s model for the
development of showers through the atmosphere.

Since the majority of secondary charged particles of EAS
are electrons (about 90%) and the primsry energy spectrum can
not be derived with sn accuracy better than 10%, an estimate
of electron number spectrum at the level of observetion cculd
be relsted to the nrimery energy spectrum with reliasble accuracy. 

To construct the number spectrum one can use both direct
data on the freauency of occurrenceof showers at a particular
number of particles with a given location of the shower axis,
and indirect measurements of the'"density spectrum". In the

latter case 3 knowledge of the latersl structure function of
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electrons and its dependecne on shower size is esseﬁtial.

Over the years very many measurements of the electron size
svectrum (direct method) have been made with a variety of
detectors and with varying degrees of precision. The aveilable
data on the integral size spectrum both at sea level and at
mountain &l titudes is summarised by Hillas (1970%) and is

1¢5 28 » function of shower size

plotted as integral rate x N

(N) in figure 2.5.

' Inspection of figure 2.5 indicates the following fesatures.
(1) There appesrs to be s transition from s region of

virtually constant slope to another of grester exponent at

about N = 5-105 at sea level and N<=z.1o6 at mountain sltitudes.
(1i) The trensition region is father short, i.e., there is

a sharp change of slope,

The experimental results shown in figure 2.5, at sea level,

parametdrises as follows:

R (=N) =52 N15 p?g1ge-l for N< 5107

R (=N) =36,920 N0 =2 =1 gt~ ror 5105%< N< 3207
15 ) '

R (=N) = 6.76 N8 m=? s~ st~ for N> 3107

where R(=N) is the intégral rate of showers containing
more than N prrticles at sea level. ‘

The slope of integral number spectrum for N ;:3;107 has
not yet been clearly determined. It is shown recently by
Khristiansen et al.(1974) that the slope of the integrsl number
spectrum for N_>-1O7 is about é.h - 2.5. The tendency of the
flattening in the slope for N‘2-107 is also suggested by

Khiristisnsen et sl. considering the muon number spectrum as

it is shown in figure 2.6, Accordirg to figure 2.6 the integrel
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muon number spectrum at ses level (E >5 GeV) is represented

by
R(=ZN , =50CeV) = 1.0520~2 N0 for 7.10°< N < 2.5.10%
W ' T
> > £ G = -2.8 L 5
RE=N , = 5 GeV) = 31.5 N for 2.5.10%< N < 4.10
K il
) 2
R(=N , = 58eV) = 1.320°3 N0 for 4,105 £ N < 3.10°
K U
whére R( = N , =5 GeV) is the integrsl muon number spectrum
u ) .
of energy =5 GeV in units of em=2s~lgt-1,
Converting muon number ,qi, to electron number,Ng, using

the relation between them as given by Greisen (1960) indicates
that there is a tendency in the flattening of the slope of the
number spectrum for Ng = 107 to about - l.5. However the
date of Cornell group, as indicasted in figure 2.5, shows that
the slope of integral number spectrum st ssa level for N = 107
remains constant at about - 2.

The experimental data on the number spectrum, however,
suggests a change in the slope around 5.105 at sea level and
2.106 at mountain sltitudes which could be attributed to a

change in the primery energy spectrum around 1015 - 1016 ov,

2.6 Relation between the electron number spectrum and

eiectronAdensity spectrume.

The integral density spectrum H(>A ) is defined as the
freguency with which the charged particle density a2t a fixed

point in space exceeds the value A . As mentioned earlier
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one can derive the number spectrum, indirectly by messuring
density spectrume

The density spectrum has been messured quite often and
is found that it follows & power lsw in the form of H6>A)=K&B

Let us assume that all showers have the seme lateral

distribution function, thus

Ar) = -N-é“- £ ( %) where A (r) is the density of particles
T,
1 .

in 'a shower of size N at core distsnce r, r. is the Moliere

1 v
r
unit and f(ﬁz) is the latersl distribution function of electrons.

Now assuming the integral number spectrum is expressed

o - ¥
by R( >N) = C N one may e¢alculate the density spectrum by

/2“ r dr R(>N)
‘0
y ® . e
~2% = arya.
21 C r A ‘L‘; iij(rl)‘( dr

H(>A )

Thus the exponents of the number spectrum and density

spectrum are exactly the ssme assuming the following conditionss

(i) The slope of the number spectrum is independent of
shower size.
(ii) The latersl distribution of electrons is independent
of shower size. |
Therefore a measurement of the density spectrum gives
indirectly the number spectrum and consequently the primary
'energy spectrum assuming the relation between the latersl

structure function of electrons and shower size is knowne.




2.7 Primoary energy spectrum

The primery energy spectrum has been obtained by two
distinct procedures, (3) the direct method and (b) the indirect

method.

2.7.1 Direct method

The direct measurements have'been carried out using
ionization cslorimeters ih satellifes (Grigorov et al., 1G71)
and also using an ionization spectrometer flown at balloon
altitudes (Ryan et al., 1972). The measurements have been
extended to about 10126% per nucleus. One of the advanteges
in messuring the primsry spectrum by the direct method is thst
it is possible to obtain the primary energy spectrum per nucleon,
i.es, to distinguish between different elements and thus to
obtain the primesry mass composition.

The results of R yan et al. indicate that the slope of
differential energy spectrum of protons in the range of 50 to

3,000 GeV is - 2.75 £ 0,03 and for helium nuclei is - 2.77 %
0.05. They find thet the ratio of proton to helium primaries
is 26 £ 3 at LO GeV/nucleon and is constant within errors up
to LOO GeV/nucleon.,

Grigorov et al. found that the slope of proton spectrunm

steepens at 1012

for E

eV and suggest = heavy primaries predominate
D >-1012ev.

Webber (1973) has summarised the measured differential
primary spectra in the ranpge of = 109 - 101%eV obtained by
The Mex Plank Institute group and The Goddard group (both of
these exneriments use the total energy Calorimeters). The

result is shown in figure 2.7.
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Figure 2.7 Differentiasl energy spectra of verious groups of

nuclei obtsined by The MaX Plank Institute group
and The Goddard group. Both of these experiments
use totel energy calorimeters. (After Yebber, 1973).




The different Z ranges in the primary spectra given by
Webher are VH, M; LH corresponding to Z2=23, 6<72=<9 and
10=72=< 1. respectively. Using the primary composition
(Wolfendale, 1973) the primary energy spectrum per nucleon
of each group has been converted to the energy spectrum per
nucleus and the results asre shown in figure 2.8 (the proton
and helium spectrum have slso converted to integral spectra
per nucleus). The broken spectra for proton and helium and
the solid spectre for M, LH and VH group were tasken from
figure 2.7 to derive the integral energy spectrs per nucleus
shown in figure 2.8 and is plotted as R(:>Ep) Ep as a function
of energy (Ep) ver nucleus. The spéctrum called A in figure

2.8 is the addi tion of sll primaries.

2e7 62 Indirect method

Since the primesry spectrum falls off very rspidly, indirect
measurements above aboutBQlolgem<take ovér.

Tﬁé procedure up to about 10 e¥ is to .measure the energy
spécﬁrum of muons and hadrons st different levels of observation
in the stmosphere and assume a model for nucleonic development
of primaries to derive the primsry spectrum. Brookeet al,
(1964 ) heve derived the primary spectrum over the range of
10lo -3,1013ew /nucleon from the measured se= level spectrum of
protons sand muons. Together with geomasgnetic data.on fhe
primary spectrum they have expressed their results by

R(=E) = 0.87 ig'g g-1e58 opRg-lg¢-1 where R{E) is the

integral energy spectrum with E=FE GeV,

The derivation of the primery spectrum beyond. Eplg-lolheV'

has been carried out by messuring different components of EAS
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Figure 2.8

Integral energy spectrum of primery
cosmic rays in the range 1010.1020
eV, LH, M, VH, He end P are calcul-
ated integrating the differential

~spectra of various components given

by Webber (1973), as mentioned in

the text, and A is obtained summing

the spectra of these components.

The experimental dats are from Kempa

et 81.(197k). G is from Greisen(1955).
S is the Sydney experiment (Bell et al.,
1974), H is the Haversh Park experiment
(Edge et 21.,1973) and Y is the Yakutsk
experiment (Krasilnikov, 1973).
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particles as follows.

Messurements of EAS are made largely on the electron
éomponent at ses level and mountain altitudes to derive the
primary spectrum. Although there are some indications thst
the maximum sccuracy occurs when the experimental location is
near the level of maximum development (Bradt and Rappaport,

1967) the primery spectrum derived from the meesured ses level
spectrum gives close agreement with measurements carried out

at mountain sltitudes, where showers initiated by primsries in
the range of E = 1014 - 1017 eV are at their maximum development.
For exsample, the primsry spectrum obtained by Saxena (1973),

measuring the size spectrum at 920 g cm?z, expressed by

CE 263010
Ri= E) 4374202011070 | = ) e’ §

10
is in ressonable agreement with the results of Clark et al.(1963)

1

-1 14 16
st™ for S0 < E<2.0 eV

measuring the size spectrum at 530 g cw? and 630 £ cm=2.
Clark et al. express their results for the integrsl primary

spectrum as

%W E -22:045 2.1 1 " . 7
RE=E)sl 2.0:04)10° ‘"'Ff’ em S stt for 6.0 <E< 4.0 eV
; 10

Studies of the muon component at sea level, in genersl
give rather more sccurate primary spectrum measurementis due to
the long shower attenuation of the muons in the atmosphere and
consequently smaller sensitivity to zenith angle (and other
factors). The energy spectrum of primery cosmic rays has been
derived messuring the muon number spectrum by the Sydney group
for energies of 2:1017 eV (Bell et al., (197L4).

Another method has been used by the Haversh Park group
to derive the primery spectrum. This group have relsted the
measured response of EAS particles at sbout 600 m distance

from the core in deep water Cerenkov detectors (mixture of
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electrons and muons) at sea level to the primary energy.
This quantity has been shbwn by Hillas (L970b) to be a useful
parameter to relate to primery energy a2nd has less sénsitivity
to primery mass composition -and the assumed model for high
energy interactions,

Although there is close agreement between different

17

experiments up to about 10 'eV in deriving the primarylspectrum
the situation is not very cleer beyond 1017 eVie

Greisen (1965) has summerised the availsble dsta on the
primary spectrum and given the following expression for the

integral energy spectrum of primary cosmic rays.

R(>E) = 1074 ((10Mh)1e6 1 -25=1op-1 por 1010« B <105y

7

R(>E) = 21010 (_3:_%_{2)2«2 i2s~lst=! for 10%0< B< 1018 %er
_ 20 1. 21 - .

E(>E) = L1C 16 (-:-L-g—; )l 6 m‘“zs lst ! for E>lO18 5ev»

Subsecuent derivatioms:.on the primzry energy spectrum
for B 2:1Ol7ev by mesns of more reliable models for high
energy interactions and other parasmeters, indicate that the
slope of integral spectrum beyond 1017ev continues to be
around =2, Different groups dealing with the primsry spectrum,

for E‘3-10173V3 give the following expressions:

RISE) = (4.5£0.5)16°° (—%)‘2“7*0'03 m2 < st! for 3102E<10 ey,
10 '

due to Edge et al. (1973), messuring the response of deep

water Cerenkov detectors at 600 m from the core at sea level,
1 -193:007 o 4 :
R{>E) = {3.5205] 10 (;5;51 M §! sf" for1(1)7<E<1ageV:

obteined by Krasilnikov (1973) from measurements of the
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Cerenkov light flux density st the core distance LOO m and
measuring the number spectrum of electrons in the reonge of

1017 -~ 1018 &V ana 1018 - 1019 ev respectively; end finally,

nd - 4 '» 5
12.03¢ 0.01 ( E y 196x0.02 2 s.1 st'1 for 10‘17':3< E<10202 eV

18 .
10
representing the primsry spectrum of Bell et zl.(1974) obtained

RI>E)=10

from messuring the muon number spectrum at sez level. In
81l the above expressions R( >-E)-is‘the measured integral
primary spectrum and E is expressed in eV,

The integrel spectrum given by Greisen for E < 1017 ev
.and the measured spectra obtained by thé Sydney group, Haverah
Park group and Yekutsk group for E > 1017 are shown in figure
2.8 in the form of integral rate x E in units of (eV em=2s=1lst-1)
and are specified by letters G, S, H and Y respectively.

The date from a variety of -experiments have been re-examined
by Kempa et al.(1974) for E >101% eV, The experimental points

shown in figure 2.8 are from Kempa et al.

2.8 Conclusion

Some of the experimental results on EAS reviewed in this
chapter suggest thoat on.average showers develop faster than
expected, a.fact that appeérs to indicate that the multiplicity
in extremely high energy interactions incresses even faster
than given by an El/h law (Ksne ko et 81.,1971). This is
very importasnt since various theoretical models require a
logarithmic incresse (Feynmen, 1969). According to the
scaling model (the logsrithmic incresse in multiplicity against
primsry energy is called the scaling model) thé mean transverse
momentum of secondary produced psrticles is slmost independent
of primary energy while EAS data shows a slow increase in the

mean transverse momentum as the primsry energy increases.




CHAPTER 3

MEASUREMENTS OF THE DENSITY SPECTRUM

OF EAS AT SEA LEVEL

3.1 Introduction

Measurements of the ses level density spectrum gives
information about the ses level size spectrum assuming the
lateral distribution of particles about the shower axis and
its size dependence are known. ﬁsing availsble knowledge
" sbout the physics of high energy particle interactions and
available experimental dsta on shower development the relation-
ship between sea level size and primery energy can be estab-
lished. In this way the measured sea level density spectrum
can be used to make an accurate estimate of the primsry cosmic
ray spectrum for energies >-1013 eV where direct measurements
using balloons and satellites have not yet been carried oute.
The spectrum has been measured quite often with a variety of
detectors asnd slthough all measurements are consistent with

2, there are

each other up to densities of about A =1,000 m”
some discrepsncies for higher density regions.
These were the main motivations to measure the density
spectrume. Thé experiment was performed using a proportional
counter. Before descrihing the present experiment a number
of previous works of density spectrum of EAS, carried out at

‘sea level and mountain altitudes, using different types of

detectors will be explained in the next section.
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3.2 Previous measurements of the electron density spectrum

30 2.1 Rede Norman (195@1

The integrsl density spectrum of EAS in the'range of
A= 20 - 1000 m"g has been measured by Normsn with a proport-

ionsl counter. Theiexperimental arrangement comprised three
~ proportional counters of the control grid type (Norman, 1955)
each 0,05 m2 in'afea, arranged in a horizontal plane at the
three corners of a 5 metre equilateral triasngle at 60 m eleva-
tion sbove sea level. A three fold coincidence was used as a
method of EAS selection.» ' The pulSé,height distribution of
observed densities recorded by a single countér were photographed
on an oscilloscope and converted to a density spectrum, assuming -
the most probable pulse height of single muons observed in a
calibration run is equivalent to one particle. Norman expressed
his results by

R(>A) = 540 A=1e39 % 0.0k p=l oor 20<A< 500 m~2

with evidence of an incresse of the slope to -2.2 at A = 1000 m<.

Consequently he predicted a number spectrum in the form of

b -l.4 * 0.1 2

R(> N) =2.3.10" bl w2 N < 105

N
( 106)
with evidence of a rapid increase in the exponent above N = 106.
To derive a number spectrum mentioned above, Norman assumed

an age'dependence on shower size given by

S = 1.4 -‘O.lﬁlquga where S is the age parameter and
N is the shower size.
~ However the integral primery energy spectrum derived by
Normsn, from the measured integral density spectrum at sea level,

follows as




-1l.5

R(>E) = 0.32 ( —E_) m~2 hr=! st1 where E is in eV,

10%k

for 1013< E<<1015 eV, sbove which the exponent increases rapidly
reaching about =3 st E = 1017 eV,

30202 JeRe Pregcott (1956l

Cylindrical ionisstion chambers 57.6 cm long and 8.8 cm
in diemeter filled to 39 stmosphere with nitrogen were employed
by Prescott to measure the density spectrum of EAS. The
apparatus was made up of two ionization chambers at.Bm and 5m
from the master group. The master group consisted of three
G = M tubes in coincidences located immediately sbove one of
the chambers to identify EAS.

The experimental data for coincidence bursts greater than
a given size in both chambers at a separation of 5m obtsined
in 725.8 hr running time indicated that there is 7% prObability
that a single line of slope =1l.45 fits all the observed data
in the range of A = 400 = 4500 m?, Prescott, however,
measuréd the distribution of burst sizes in a single ionisation
chamber 5m spart from the master group. In 627.9 hr running
time 115 bursts were observed. At density of XZ&;; 1000 m”2
the slope of spectrum was found to be the same as it was
obtained previously, though its absolute rate was greater by
a factor of two compared to the former one. The probability
that the experimental results obtained, analysing the‘results
of a single ionisation chember, fit a single line in the whole
range of measured densities with slope of = 1l.45 was found to
be 4%+ The observation based on the second method showed
that the slope of integral density speétrum is = 1.5, % 0.1,
in region of A = 500 - 1000 m? for integral density spectrum




‘at ses level.

3023 Red. Reid et al, (1961, 1962)

The differential densiﬁy spectrum of EAS was measured
by Reid et al.using a counter controlled éloud chamber., The
experiment was carried out at three different Stétions, Jamsica,
Irelsand asnd Sydney. _At_each station two cloud chambers were
employed with theirvaxes at right sngles to each other, but
only the number of tracks through one of the chambers counted
and related to the density spectrum. The illuminaﬁed areas
of the chambers at Jamaicé,_Dublin and Sydney were 540 cmz,
360 cm? smd 0,11 m° respectively. A considerable number of
triggering criteria were used to trigger the éloud chambers.

Though they found some discrepancy in the observed slope
of the density spectrum due to the difference in triggering
eriteria, the oversll results corrected for Poissonisn fluct-
uations of the number of particles crossing the chambers, and
elso corrected for the triggering probability of the chamber
system showed that the slope of differential density spectrum
is -2.5 in the region of A = 50 - 500 m™ and - 3.9 % 0.5 for

A = 1100 mw=.

Further observations were made at the Jamaica station
(Reid et 21,,1962) and it was concluded that the slope of
density sbectrum in differential form is - 2.6 X 0.3 for

densities in the range of A = 200 = 3000 m= and - 4.0 % 0,5
for A = 3000 -5,000 mfz with a chi - square probsbility,

P = 0,72,
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3264 Jo_Gemesy et 2l.(196L)

Gemesy et al.emplcyed a cloud chamber to investigate
the density spectrﬁm of EAS. A coincidence pulse of four
G - M counters (of an area of 320 cm? each) placed at the
corners of a.(lOEx 9) m? rectangle enclosing the chamber.
The chamber was a multiplate one,.whefe only the volume sbove
the upper plate in the chamberwss scanned when counting the
number of tracks shown on the photographs. The illuminated
ares of the uppermost plste of the chamber was 150 em®s  The
ocbservation was carried out at LiO m elevation.

A total of 3274 coincidences were recorded in the region
of A =.70 - 13000 m~2.  They found that there is no signifi-
cant change in the slope of density spectrum and their results

are summarised in table 3.1l.

Table 3.1 The exponents of integrel density spectrum
obtained by Gemesy et al.

Rangg of :
denglty 70 - 200 300 - 700 800 - 13000 | 70 - 13000
(m=<) :

Exponent - _
of integral + + + +

density -1.49 = 0.08 | -1.83 = 0,12 | -1.63 - 0.13| =1.57= QQOB
spectrum

3¢2¢5 J.B.T. McCaughan et g;.(1965a)

The differential density spectrum was measured at sea
level by means of a controlled cloud chamber.  The chamber
was 30 cm in dismeter and illuminsted to a depth of 17 cm.

EAS were selected by the coincidence of three G = M trays
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(each of area 6l cm?) located at the spices of a triangle
(24 x 204 x 1.2 metre) just above the chamber.

The experimental results showed that the differential
density sbectrum could be represented by two power laws of
exponents = 2.491 % 0,036 and - 3.42 * 0.32 respectively,
joining at A = 560 * 180 m~? (McCaughan et 21,51965b).

3:2,6 Messured density spectrum st mountezin altitudes

~ The density spectrum of EAS has been messured using

proportional counters and cloud chambers at mountain elevations.

The experimental results of the messured integral density
spectrum obtained by McCaughan et al.(1955b), Swinson and
Prescott (1965 - 1968) showed £hat the slope of spectrum is
about = l.4 for lower densities and incresses continuously.

The trensition region, i.e. the region where before it
the slope of spectrum is fairly constant (sbout = 1l.4) depends
on the altitude of observation.

| Swinson and Prescott (1965) have shown that at all altitudes

the spectra are essentially the same shape and that, apsrt from
absolute rates, the spectra can be superimposed by a density
scale - change in the approximete proportions, 1 : 7.5 : 22 for
sea level, 2285 m and 3260 m respectively (densities are

“2). This was done in the

expressed in units of particles m
first instance by a trisl and error fit of the sea level
spectrum to those at the higher altitudes, in which the density
spectrum was displeced in steps until the ordinstes of the two
curves bore the ssme ratio to each other st six pointse They
applied & similar technique to the cloud chamber data of

McCaughen et al.(1965b) and found s ratio of about seven between

‘sea level and 2285 m, in good agreement with the proportional



counter data. Swinson and Prescott (1968) slso investigated
the density spectrum at 1575 m elevation using proportional
counters. They however showed that the transition region
increases as sltitude of observation increases and found a
ratio of 1 : 5 : 7.5 : 22 for sea level, 1575 m, 2285m and
3260 m elevstion respectively. These values were obtained
using proportionsl counters for the density spectrum measure-
menfs. If densities are expressed per square lateral scatter-
ing unit, the above proportions become 1 : 7 : 13.5 : L7 for
sea level, 1575 m, 3285 m and 3260 m respectively as shown in
figure 3.1. ‘

3027 Discussion of the previous measured density spectrum

The integral densiﬁy spectra (explsined in this section)
measured at sez level snd mountain altitudes are shown in
figures 3.2 and 3.3 respectively;

Greisen (1960) gives the following expression for the
integrsl density spectrum based on summarised experimental -

results,
R(>A) “ROA-(&'F Oosb IOQA) for 1<A<10L; m-2

1

where Ro = 0.15 877, a = le3 and b & 0,11 at sea level and

Ro = 1.6 s'l, a = 1¢25 and b = 0,13 a8t 3260 m (705 g cm"z);

The sbsolute intensities of the messured integral density
spectra have not been reported in all experiments, thus for
ease of comparison each measured density spectrum, shown in
figure 3.2, has been normslised so that the rate st A =4,
be identicsl to the rate given by Creisen at ses level { A is

the minimum density measured in esch experimenb). Gemesy et
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al, (1964 ) have reported their measuréd spectrum in the form
of R(>N) as a function of N where N is the number of tracks
observed in their cloud chamber. To convert the}number of
tracks, N, to densities in ﬁnits of m'z, it is assumed that
A= —%—u -2 where S is the area of their chamber, i.e..

S = 0,015 m?. It is obvious that the absolute rate of the

density spectrum is a function of the level of obsérvation.
Absolute rates sre assumed to be correct at 705 g cm‘2
atmbspheric depth as given by Greisen; for the other altitudes
they were derived from the normalised data assuming a 140 g cm=?2
absorption length for the rate at lower dehsities, as found in
earlier experimentse. The available information about the
running time or the total number of observed events greater

than the minimum measured electron density asre summarised in
tatle 3.72.

Inspection of figures 3.2 and 3.3 indicate the following
festures (i) On average it is likely that the slbpe of density
spectrum does not remain constant throughout the measured density
ranges (1 = 6,000 m™2).

(1ii) The transition region of the spectrum is rather short
st ses level but the change in the slope occurs graduslly at
~ mountsin altitudes.

(1ii) The trensition region occurs st lower densities using
cloud chambers thsn proportionsl counters or ionisation
chambers.

(iv) The trasnsition region has a strong dependence to the

level of observation as it is shown in figure 3.1,




Reference Running time Total number of Altitude
(hr observed events of observ-
' ation.
Freg- Minimum
uency density
(m"2)
Prescott 627.9(Curve
(1956) B in fig.?2) 115 1,00 Sea level
' 725.8 (Curve 70 500
A in fig.?)
Gemesy
et sl - 3300 70 L10 m
(1964) 4 .
McCaughan
et al-_
(1965k)(at - 2087 200 Sea level
Sydney
station)
McCsughan
et al. 6979 20000 200 - 2285 m
(1965b)
Swinson & 3150 - - 2285 m
Prescott '
(1965) 7000 - - 3R60 m
Swinson & _
Prescott 3012 1500 800 1575 m
(1968) ‘ _
Table 3.2 Available informstion about running time and

the total number of observed events obtained by various
experimenters (mentioned in section 2) and the altitude

of observation.
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The importance of the measured density spectrum is
clear considering the featuresmentioned above. In genersal
the change in the slope of spectrum has been interpreted due
to (a) a change in the characteristic of nuclesr interaction
or (b) as a result of a cut-off in the primsry energy per nucleon
Specﬁrum. k

As mentioned esrlier Swinson and Prescott found that the
various spectra (measuréd at different altitudes) have the |
same shape and could be superim@osed, spart from observed rates,
by a change in the density - scale, for exasmple by a factor
of 13.5 from 2285 m elevation to sea level, and that these
proportions, as shown in figure 3.1, matched the rate st which
a nucleon would on average lose energy, its energy E after
depth x m.f.p. being, for an elasticity ;3 in collisions,

E=E p¥

Swinson and Prescott calculsted the fractional energy, f,

retsined by primary, feee £ = O as a function of atmos-
o
pheric depth X g em™? assuming an elasticity 0.45 and an

‘intersction length of 75 g em=2.  The solid line in figure

E
3¢l shows their calculated ratio f = Eg ¢

Swinson and Prescott thus suggest that the density spectrum
' réflects the energy per nucleon spectrum at some higher level

in the atmosphere and then the observed cut-off in the measured
density spectrum indicates a cut-off in the primery proton
spectrum, originally proposed by Peters (1952), Norman (1956)

and suggested by Bray et al.(1964) to interpret the observation
on the core structure of showers ot sea level, made with the

Sydney sir shower arraye.




363 Introduction to the present experinent

A proportional counter of rectsngular cross section
was employed in present expefiment to measure the density
spectrum of EAS. The counter is made up of aluminium walls
with externsl dimensions of (15 x 15 x 101) cm3. The central
wire of the counter is made of tungsten 7.610?'3 cm in diameter
stretched along the :central axis of the counter. The wall is
6 mm thick. The counter is filled with 90% srgon snd 10%
methane (to prevent photo production) to atmospheric pressure.
The central wire (snode) of the counter is shorter than the
length of the counter by L.5 cm st each end. .To minimise the
irregulsrities of the electric field at its ends each end is
enclosed by a glass cylinder. A scale diagram of the counter
and the electronic circuit diagram used as a head unit are
shown in figures 34b and 3.43 respectively.

To measure the densify spectrum-of EAS it is essential
to calibrate the counter and to be sure that the counter works
in the proportional region. What is measured in the proport-
ional counter is ionisation loss and before describing the
main experiment a knowledge of the properties of the counter
are necessarye. This is done by meassuring the response and gas

gain of the counter due to the passage of incoherent cosmic ray

particles and the results are explained in the following section.

3.4 Calibration of the proportionsl counter

| 3ol Most nrobable eneregy loss

" The perameter which is measurable b? the proportional
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counter iSs the energy.loss of ionisiﬁg particles in trsversing
the counters In a thin sbsorber like the proportional counter,
employed in the present experiment, what is measured is the
most probable energy loss which is due to the more frequenﬁ

low energy transfer collisions of charged particles. The
most probsble energy loss has been derived by Symon (1948) and

his results are summarised by Rossi (1952), namely,

2¢c my c2 X Le me2 clP X o
Ep= s (Ln ) 5 "’3 +J)
‘ 3 (1- 37) 1°(2)
2 2 -
where ¢ = 0,15 Z cm g —, X is the thickness of matter

(g cm“z), i3 is the velocity of psrticle relative to the velccity
of light, I(z) is the‘ionisation potential of the medium and |
J is given by Rossi in graphical form and takes its asymptotic
value of 0.37 for the present case.

The above formula is calculated for a track length of
13.8‘cm (internal thickness of the counter) of the gas of the
counter as a function of Lorentz factor and the result is shown

in figure 3.5.

3.4e2 The density effect

This effect was pointed out by Swan (1938) and causes a
reduction in most probsble energy loss and is more predbminant
in dense materisls. It has been investigated by Fermi (1940)
and Sternheimer (1952, 1956) theoretically. The analytic
expression for the density effect due to Fermi and Sternheimer
are given by Rossi (1952) and Hayakawe (1969) respectively by

C

: 2
2C mg : e ~1/2
Al3)= .....m.}?,,_...... Ln€ for B <€ /

z
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2C meC2

AB) = g (Ln iémlg,j 1 ws.{i). por B2

m

where € 1is the dielectric constant of the medium relative
to vacuum and the other terms have their usual meanings.
For the present case & =1 = 1.210-5,
The above expressions were due to Fermi. Sternheimer

gives the following expressions

Al B )= 14606y +c + a (yq - }r)b for h<¥< N

Al B )=14.606 v + ¢ for y > v,
where v = log E_ s P being the momentum of the

me
primery psrticle and m its mass. The values s, b, c, Y1 and

Yo are tebulated by Hayakawa for argon and methane.

The corrected value of the most probable energy loss,
after subtracting the density effect due to Fermi and Sternheimer,
for the proportional counter ss a function of the Lorentz fasctor
of primary particle is shown in figure 3.5, @ According to
figure 3.5 the ratio of minimum ionisation to platezu ionisation
is = 607¢. Remans Murthy (1968) measured most probable energy
loss in a proportionsl counter and found a retio of (45 : 5)%

at £ _ 2000 which is lower than the predicted rstio. This

me

ratio has been investigated for neon flash tubes and will be

described in Appendix A.

3ehe3  Statistical fluctustions in the energy loss by collision

Since the collisions which are responsible for energy loss
sre independent the amount of energy lost for perticles of a

given kind and incident energy ere not the sanme. This will
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cause a fluctustion in the most probéble energy loss and has
been investigated theoretically by Symon (1948). Rossi (1952)
has plotted Symon's results for thin absorbers. The dist-
ribution obtained is shown in figure 3.6a.

Blunck and Leisegang (1950) snd Blunck end Westfald (1951)
have modified the Lsundau theory, including the bindirng energy of
electrons. Their results are shown in figure 3.6b for differ-

ent velues of b2, where b? is defined by following expressicn

. = k3 o
b = k?O A _z _ 5 where A 1is the average
( CZx_ (me c? 2
0.3 4 (=5—-))
3"

2

energy loss in traversing x g cm™~ of matter and the other

terms have their usual meaningse.

2

For b™ << 3 the distribution is identical to the one

predicted by Landau.

3elely  Pulse height distribution of single particle

:To investigate the density spectrum of EAS one needs
to measure the response of the detector when a single perticle
passes through it. Inqéherent cosmic ray psrticles were
selected by the coincidence between two tréys of G.M. tubes,
placed sbove and below the counter for this purpose. Each
tray consits of three tubes placed beside esch other in s
horizontal__plane° The proportionsl counter is positioned
between twoAtrays. The distsnce between the central wire
of the counter and the anodes of the top tray is 25 cm and from
the snodes of the bottom tray is 19 cm » The whole spparstus
is mounted on sn aluminium frame. The G.M. tubes are cylind=-
rical (made of glass) with externsl and internal diameters of

3.6 cm and 3.26 cm respectively. The anode of each tube is
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Figure 3.6a
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The Lsndsu distributien in
energy lecss calculated using
the theory of Symon for the
proportionsl counter used.

Figure 3.6b
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The Blunck snd Westphsal distri-
3tion5 in energy loss for various
©, normalised to compare with
Landau digtribution. . The p~ = O
curve is -identicel to the Landau.
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26 cm long. A coincidence from both trsys shows that a
particle has traversed the proportional counter as shown in
figure 3.7a. The coincidénpe rate is a function of the
atmospheric pressure and was, on averasge, <= 10 min"1 for a

~ pressure of 76 cm Hg.  The pulse height distribution of single
particles was measuréd by an oscilloscope triggered externsally
from the coincidence pulse of the G - M trays at different
values of the voltsges V,, applied to the proportional counter.
An example is shown in figure 3.7b for Vg, = 2.40 KV. The
dsshed distribution is the expected one from Laundau theory.
The probability of the éxpected and the measured distributions
being identical is 0.57, using a Chi - square test.

3ehe5 The effects of other processes on the pulse height.
distribution.

The main effects which could brosden the messured pulse
height spectrum are as follows:

(1) Knock-on electrons from the wall of the counter
could broden the spectrum. Since the minimum energy of a
knock-on electron produced in the middle of the wall is 1.8
Mev, calculated using the range - energy relationship giVen by
Wilson (1951) for aluminium, the total probability of knock-on
production, in the wall of the counter by muons (which is the
main component in cosmic rays st sea level) is 3eLi%e This
value is calculated from ﬁhe Rutherford formula (Rossi,1952).

(i1) Taking the geometric intersction mesn free psth of
a proton in sluminium, Lg = 87. g cm~?, and thickness of the
wall,lx, the number of particles, N, that will interact for Ng

incident perticles is given by
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N No(exp(Lg) 1)

Substituting the values for x and Lg, one obtains a
value of 1.85% for the interaction probsbility.

(iii) The effect of the uncertasinty in the track length
distribution in the gas of the co&nﬁer is Investigated in the
following way:

The area of the G - M trays are divided into 16 small
areas and for each small srea of the top tray all possitle
tracks which meet the coincidence requirements have been
considered. The distribution in track length is found to
be very nerrow since the counter is of rectangular.shape.

Thus the imposed width in the pulse height spectrum due to the
uncertsinty in track length is negligible. Therefére the
megsured pulse height spectré for different.values of'high
voltages, Vo, applied to the proportiocnal counter represents
the single particle spectrum. The mean pulse height of each .
spectrum is assumed to represent the equivalent energy loss of
one perticle having traversed the gas of the counter at the
corresponding high voltage, V.. The results are shown in
figure 3.8, This graph shows that the counter operates in

the proportionsl region.

3.4.6 Gas gain of the proportionsl counter

Let us assume the capacitsncé of the counter plus the
head unit system is Cy. Suppose the amount of charge collected
by the centrsl wire of the counter when traversed by a charged
particle is Q. Then Q = CV, where V, is the output pulse

height from the counter.
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Suppose one includes in the head unit circuit an
additionsl capecitence, C, in parsllel with Cg,. The output

pulse height will decresse to a value v where V= —9. .
C+C
0

A
line with sn intercept on the ordinate equal to Co.

Therefore a plot of C against & is expected to be a straight

For a fixed value of applied voltage,; V_, to the counter

o
the distribution in pulse height from the counter was obtained
using the same procedure as described in thevsingle perticle
ceiibration.. The mesn of easch distribution, for different
values of C, was taken as the corresponding}value of voe

The experimentel results are shown in figure 3.9. From
figure 3.9 one obtains Cq = (54.3 * 8) Pf.

The median Lorentz factor for a single particle to meet
thé triggering recuirements is 29.5, as will be described in
section 3.6. The energy required to release one ion pair
in the gas of the counter is 26.9 eV, Rossi (1952). This
value refers to an electron of 17.4 KeV in argon (which is 90%
of the gas in the proportional couhtér) and is.assuméd to be
the same for the single particle in calibration run. Thus
the number of ion pasirs produced when a single particle traverses .
through the gss of the counter isl,017.5. This is derived
assuming 27.5 KeV energy loss (most probsble energy loss) for
a8 chsarged particle traversing the counter with. Y= 29.5, as
obtained from figure 3.5. Therefore the mean gas g@in of

the counter, M, is given by

M= (333.5 £ 4,9.1)V where v is the mean pulse height
measured in mV. A plot of the gas gain, M, as a function

of voltage, V,, is shown in figure 3.10.
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3¢5 Experimental arrsngement

3¢50l Genersl

qu measurements of»tﬂe density spectrum of EAS one
needs a system_consisting of several detectors spread a few
metres apart to identify the arrival of an EAS. | The sySpem
is celled a master trigger. In the present experiment the
master trigger is made of threé large ares liquid scintilletors |
piaced horizontally beside each other on the roof of a large
volume flash tube chamber. The proportionsl counter is
located on the top of thé middle scintillstor, M, under a
light roof 4 g cm’? in thickness). The counter is mounted
on an aluminium frame. The distance between the top layer
of the liquid scintillstor and the anode of the counter is
575 cm. '

When the electron density, A , measured‘by the liquid
scintillators exceeds & minimum vslue,the output pulse from
the counter is photographed on an oscilloscope. The
oscilloscope camerais triggered by the coincidence pulse from
the liquid scintillators through a cycling system. The
experiment was carried out in three runs called E, Fand G
corresponding to minimum EAS locsl electron densities of
10 m'z, 160 m"z and 511 m=? respectively. One scintillation
perticle is defined ss the mean of the measured pulse height |
spectrum obtained in a single particle calibration using the
same procedure as described for . the caslibration of the prope
ortional counter. In run E the pulse length and in runs

F and G the pulse height spectrum of EAS particles was measured.

The electronic circuit disgrsm used in run E, converting pulse




height to pulse length, is shown iﬁ figure 3.13s. Plste3.1
shows an exsmple of pulses obtained in run E and run F.
For each EAS trigger not only was the proportional
counter pulse height recorded but also the tracks of psrticles
in the flash tube chamber situated below the proportional counter
were photograsphed . The flash tube chamber is described in

the next section.

34562 The neon flgsh tube chamber

A scele diagram of the flash tube chamber is shown in
figure 3.11. The'chamber uses 10,7,8 flash tubes. | These
are cylindrical and made of soda glass filled with a gas
mixture of 98% neon gas and 2% of helium gas to a pfeSsure of
60 cm of mercury. Each tube is 2 m long with mean external
dismeter of 1l.78 cm and internsl dismeter of 1.58 cme = Esach
tube is covered with polythene sleeving to inhibit light '
passing to neighbouring tubes. The chamber contains 124 layers
of flssh tubes, alternate layers having 84 or 85 tubes placed
horizontally.

Above every second layer of tubes are aluminium electrodes,
0.122 cm in thickness, 3.3 cm apsrte In the sections F2 and
F3 (figure 3.11) the ares of the electrodes is 2.95 m2, while
in F1 and Fl4 the electrodes are shorter in depth by 30 cm,
and cover an area of 2.48 .

Between Fla and Flb there is 15 cm of steel which allows
one to study the cascade showers produced in the steel, znd to
identify the psrent psrticles in Fla as being charged or
neutral.

Directly below the iron, and also below Fha, there are




PLATE 3.1

A example of a pulse obtained in
the F series, from the proportionsl
counter. o

Ay = 3,125 m~

M example of s pulse obtained in
the E series, from the proportional
counter.

Aezz 175 m"'2
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two plestic scintillstors A znd B, bf area 1l.05 m2 and
thickness 5 cm, each viewed by five 53 AVP photomultiplier'
tubes and one 56 AVP tube. These two plastié scintillators,
in coincidence, were used to select single particles (muons)
traversing the chamber and ishcalled the single psrticle
selection sYstem.

The steel plates, flash tubes and plsstic scintillators
are contained in an inner framework of steel girders, while
around the chamber itself is a lasrger enclosure consisting of
30 c¢m thick wall of barytes concrete and & roof of 15 c¢cm of
lead supported by steel plates of thickness 1.3 cm. This
sbsorber cuts out the soft components of EAS while allowing
penetrating particles to pass through the chamber.

Above the lead there are three:large liguid scintillators
which form an EAS selection system. These scintillators are
each of ares 1.2, m2, depth 15 cm, and are each viewed by'two
EMI 9583B photomultiplier tubes. The performance of these
liquid secintillators are described in detail by Ashton et al.
(1965, .

The whole chamber is light-tight, allowing the use of a
camera without a shutter. This means that the camera is
continuously sensitive, the film being wound by one frame after
each event.

When a trigger occﬁrs a8 high voltage pulse is spplied
to the electrodes, creating the necessary electric field across
the neon flash tube sucb that in tubes containing ibnisation
due to recent passage of a charged particle, the neon gas will
~bresk down and a visible diséharge will occur in the tube.

This high voltage pulse is produced in the following way:
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The master 5 volt trigger pulse triggers a thyristor, prdd-
ucing an output pulse of + 300 V magnitude. This pulse is
vfed to a high voltage pulse transformer, the output of which
produces a trigger pulse for the "Trigatron" spark gape

A voltage of 1B KV is supplied across the msin spaerk
gepe The pulse applied to the electrodes is approximately
rectangular of height 8 KV and length of 10Us .

A block disgram of the electronic circuits used in the
EAS selection system (liquid scintillators) snd the flash
tube chamber calibration telescope (plastic scintillators) is

shown in figure 3.12,

3.6 Response of the proportional counter to EAS particles

In single particle csalibration runs for the proportional
counter the minimum energy for muons and electrons to meet
the triggering requirements are 2, MeV and 7.8 MeV respectively.
" These sre cslculated using the energy range relation of muons

1 cm? energy loss

given by Serre (1967) and sssuming 2 MeV g~
due to electrons, the amount of matter in the vertical beam
being 3.9 g em™? of equivalent water.

Thus the expected integral rate of muons and electrons
in cslibration runs are 7.5&0“3 cm"'2 s"'1 st'l and 3.&&0‘3 cm"2
s"l st'l respectively, integrating the measured differential
rate of these components given by Fizzini et al.(1968), at
sea level.

Therefore the medisn Lorentz factor for a Single particle
in & celibration run is 29.5. Mitra and Rosser (Galbraith,

1958) have measured the energy spectrum of electrons in EAS

at ses level as
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Figure 3.1°2 Block disgrams of the electronics used in the

: BAS salection system (licuid scintillstors)
and the flash tube chamber cslibration
telescope (plostic scintillatcrs).
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N(>E) = K(E + Bo)” with S = 1.1 % 0,3 and E_ the

c
criticsal energy of electrons being 114 MeV.

Taking S = 1.1 and B, = 114 MeV one finds the medium
energy of EAS particles (electrons) being 100 MeV corresponding
to s medisn Lorentz factor equsl to = 200,

From figure 3.5 one can derive the most probable energy
‘loss due to 3 singlé particle ( Y= 29.5) and EAS particles
(Y =200). This indicates that EAS particles deposit more
energy than single particles in traversing the proportional
counter with a ratio equal to 1l.27.

REAS = 1,27 RS where REAS and RS are the response of

the proportional counter to an EAS particle (electron) or
single particle respectively.

Thus to obtain the density spectrum from the meésured
pulse height spectrum in the EAS experimént, the observed
pulse heights have been divided by 1.27 Rq, where Rq is the
mean pulse height at the working voltage of the proportionsl
counter as measurgd in a single psrticle cslibration run
(shown in figure 3.8). -~ This then divided by the internal
area of the counter, i.e. divided by 0,14 m?‘(assuming a
uniform distribution of particles over the ares of the counter)e

Since in run E, as mentioned earlier, pulse length
. distributions were measured it was necessary to measure the
pulse height - pulse length distribution.‘ The measurement
was carried out using the fecllowing procedure:

Every time s cosmic ray particle (irrespective of
direction) having traversed the counter produces a pulse
which was messured through a fan out by an oscilloscope and
at the same time the corresponding pulse length was. measured -

using enother oscilloscope. A scatter plot of pulse length
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against pulse height was p}otted and is shown in figure
3.13be Figure 3.13a shows tﬁe electronic circuit disgram
used to convert pulse height to pulse length.

The effective range in the EAS experiment was limited
“to 20us ; equal to the de@@y time between the passage of -
EAS particies through the master trigger scintillstion
counters and the applicstion of the high voltage pulse to
the chamber. It was found that the rise time of the pulse
due to EAS particles is longer than the single particle rise
time, obtained from the proportionsal counter. Thus it was

decided to measure the pulse height distribution of the

proportional counter directly in the F and G series. This
prevents uncertainties in deriving the density'spectrum due
to the width of scstter plot.as can be seen in figure 3.13b.

The pulse length distribution obtained in the E series
was converted to a pulse height distribution using the solid
line draswn in figure 3.13b. This was done after correcting
for the difference in rise rime between single particles and
EAS psrticles. The corrected pulse height distribution was
converted to the measured density spectrum of EAS by dividing

the distribution by the area of the proportionsl counter.
3.7 Results

The-experiment was carried out in the period of March
1972 to January 197L. As mentioned earlier the experimental
data obtained in the three different runs were called the E,

F and G seriese.

The data of the E series covers the density rasnge of

A= 40 - 700 m=2. The data of F and G series covers the
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density ranges of A= 300 - 5,000 m? and A= 500 = 5,000 m~?

respectively. Figure 3.1l4 demonstrates the differentisl

density spectnum obtained in all three series. As can be

seen from this figure,'the results obtained in the E series

is shown sepsarately. The data of the F series and G series

were sdded to each other in the range of A>500 m=<.

Figure 3.1L shows that the experimentsl data of all three

series are consistent with each other, | A total number of

92 events with A >1,000 m? (in F series and G series) was

obser\}ed. This was obtained in a sensitive time of 6870.7 hrs.
The slope Yd of the observed differential spectrum was

calculated using a chi-square test. It was found that

0.0 . :
Yd == 2,45 2 0.065) for the density range of A = 4O - 800 m=2.

The value of the slope of the spectrum was found as Y, =—3.15

+ 0437 in the range of 1,000< A < 5,000 m?.  The chi-square

- 0.60

probsbilities st these values are 20% and 75% respectively.

The errors give 5% points. The probsbility that the whole
spectrum in the density range of A= L0 -5,000 m=? fits s
single power law with the slope of =2.50 was calculated to be
0.8%.

The solid lines in figure 3.14 are drawn with slopes of
-2.45 for L0 < A <800 m~?® and =3.15 for A >1,000 u?.

The Poissonian fluctuations were unfolded from the
observed density spectrum for the region of A >300 m™%.
The results are shown in figure 3.1k, It can be seen that
the effects of accounting for Poisson fluctustion neither
effects the slope of the spectrum, the position of the change

in the slope st A= 1,000 m"2 nor the absolute intensity of
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the observed spectrum.

The measured integral density Spectfum of EAS-is shown
in figure 3.15. This shows the overall results obtained in
81l the three series E, Fvénd Ge The solid spectrum drawn
in figure 3.15 is the best fit through the experimental points

and follows as:

-1.50 £ 0.05 3 =2
R(>A)= 411.0 A hr™~ in the range of LO<AS800 m
. L =240 % 0.38 2
R(>A)= 1.210% A 0.28 i

hr=1 in the range of 1000$A<5000m™

These. results indicate that the integral density spectrum
of EAS at ses level has a slope of =1.50 in the density rangeA
A= LO = 800 m=2, This is spproximately consistent with
most.-of the experimental dats obtained previously in this
range of density. The slope of the spectrum was found to

be = 2.0 in the range of A > 1000 m~2. |
Greisen (1960)gives the following expression for the
integral density spectrum of EAS st sea level in the renge

of A = 1-10% m=2,

R(>A) = 5,0 A =-(1e3+ 0.055 log 4 ) hr-1

This suggests a gradual change in the slope of the
density spectrum starting from Y = 1.30 at A =1 m? to
Y = - 1.6 5t A =1,000 m?. The sbsolute rate given by
Greisen, is higher compared with the present experiment with
a ratio of 2.0 st A = 100 m~2.
Cocconi (1949) and Cocconi and Tongiorgi (1949), using G-

M tubes, give the following expression for the sea level density

spectrum as given by Nerman (1656).
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R(>A) = L60 A"l'“ hr'l

This is in better agreement with the present results both

in absolute rate snd slope. The rate of the spectrum at

A= 100 mfz as given by this expression is higher than the
present results by a factogy of 1l.4. Thus if one takes the
average measured rate between the present results and those

of Greisen it approximately agrees with the absolute rzte as
given by Cocconi and Cocconi and Tongiorgi in the range of
L0 <A < 1000 m™%.  The difference in the messured absolute
rates of the spectrum could be sttributed to instrumental
effects (see Appendix C
ing system of EAS (see Prescott, 1G56).

3.8 Derivetion of the number spectrum from the measured
density spectrun

3.8,1 The predicted electron density spectrum

The relationship between the messured density spectrum
and number spectrum was pointed out in chapter 2. Thus it
is of great interest to find out what peculiarity in showers
is required to produce the observed density spectrum.

Assuming the lsteral structure function of EAS particles

is independent of shower sigze thus
w

R (>A) =[ 2T r dr R(>5%-)—) where N '“'ﬁ(ér')— , R{ > A) is

the integrel density spectrum of EAS, R ) is the

(>-Jé~

prr)
integrel number spectrum and r is the core distance.

Measurements of the integresl number spectrum have been

summarised by Hillas (1970b). The results of the summsry can

in the density renge A =1-1C00 m”

) and also to the trigger-

p
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be paremeterised in the following expressions, i.e. case (a)

and case (b).

Case -(a)

R(>N) = 52.0 N30 2 o=l gl por < 5,10
R(>N) = 36920.0 20w ? st T for 5,10< N< 3.107
R(>N) = 6.76 N"l"s0 m-2 s-lAst-l for N > 3.107
Cése_(b)

R(> Ni = 52,0 N0 w2 el stfl for N < 5,10°

2,0 -
R(>N) = 369200 N-*° ™2

51 st~} for ¥ > 5,107
For both cases in the number spectrum it is assumed that
R(>‘5.109) = 0,0, This assumption does not change the

results for densities of A < 10,000 m’z.

For esse of calculation it is assumed in the above
expressions, that the kinks in the number spectrum are
absolutely sharp. A wider transition region for the change
in slope of the number spectrum does not change significantly-
the results of the present calculations.

The integral Was calculated numerically for both cases
(a) and (b) of the number spectrum. For each case, three
latersl structure functions of electrons were assumed.

These are giYen by Greisen (1960), Kiel group (Hillas, 1970a)
and Sydney group (Hillas, 1970a)énd are called pG, PK and
pS respectively. The analyticalvexpressions for these

functions sre ss followse




0975 r-l 3'25

pf" (r) I ’-v--—-\ S he " .’ 7C
a o —] (r+r1 ) ‘1 T = ) where r1=79m at
sea level.
-2 -1.5
py(r) = 1.08,207° (r + 1.1) - exp ( - )
’ - : 120
Py(r) = 2,12.1073 (r + )70 exp (- L)

75

The lower limit of the integral is taken to be r = Ol m
instesd of r = 0.0, It will be shown in section 3.8.2 that
this assumption doss nﬁt change the results (see figure 3.17).
The upper limit of the integral, rg .., veries with the assunmed
form of the structure function and the value of the minimum

electron density A . This variastion is such thst p(rmax) =

A

——p Where P(rp.x) is the sssumed lsteral structure at

5,109

o rmax end 5.109 is the meximum value for shower size.

The results of integration is expressed in units of s“lst'l.

Tt is assumed that the effective solid angle of EAS particles
is 0.75 st corresponding ton =9 in I = 20 Cos™ .. The fesult
n =9 is obteined in a sepoarate experiment and will be described
in chapter 5.

The calculated values of the integrel density spectrum of
EAS were multiplied by (3600 x 0.57) = 2052. This gives the
integral rate of EAS st sea level expressed in units of hrel,
Figure 3.16 shows the results of the 6 predicted density spectrae
The integral rates are plotted as R(> A)Yyx A *1e5, The
‘results of the present experiment is shown in figure 3.16 to be
compared with the predicted spectra.

It can be seen thet none of the 6 predicted spectra fit

the observed spectrum in the present experiment.  This

comparison suggests that a chenge in the shape of the lateral
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distribution function with shower size seems to be required
to fit the messurementse.

A chi-square test was carried out between NKG formula
(Greisen, 1956) and each of the three selected structure
functions in order to find out the best values for the age
parameters of each of the assumed functionse. The results
show that the best vslues of S are 1.25, 1,20 and 1l.40 for
Greisén, Kiel énd Sydney functions respectively.

Higher densities sre produced by larger showers. Thus
according to the observed density spectrum, the larger showers
observed at ses level tend to be older (larger value of age
parameters) to see at what core distsnces and at what shower
size this occurs, the distributions of the shower sizes and
the distribution of the core distances of EAS for a particular
observed density were calculatede The procedure of the
calculations snd the results of the cslculstions will be
explsined in the following section.

3e862 Distribution of the core distence and size of EAS
producing - a given electron density

The rfate of triggers for which the local electron density

exceeds AE and whose core falls at distsnce > r is given by:

rmaX
/
R(>r,>Ae)=] 2T r I >___§7_) dr’
. £(r")

The rate of triggers of electron size > N producing a
locsl electron density is given by:

r .
max

R (>N, SA)‘/ 27 r’ T( > D )  ar’
€ £(r”)

Tmin
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-

where N = o) snd £(r”) is the structure function

of electrons.

The sbove integrals were evalusted numerically for
different values of Aé‘ Fér each value ofAe, the _functions
were calculated for all six cases. These are two cases a
and b for the assumed number spectrum given by Hillas (1970b)
‘and three forms of the latersl structure functions given by
Greiéen (1960), Kiel group and Sydney group (Hillass, 1970a).
The analytic expressions for these functions are the same as
given in the previous section. Figure 3.17 shbws the rate
of EAS producing a givén electron density and whose core falls
8t core distance > r metere. This is calculsted taking the
Greisen latersl structure function for both cases (a) and (b)
of the number spectrum.

Figure 3.18 demonstrates the rate of EAS of size > N
producing a given electron density. The cslculation is based
on the Greisen lateral structure function and casesl(a)_and (b)
of the number spectrum.

To see the effect of the sssumed latersl structure function
on medisn core distances and medisn shower sizes of triggers
producing sn electron density A see tables 3.3 and 3.4
respectively. Minimum shower sizes shown in table 3.4 have

been cslculsted st r = 0.1 m.

3.8.3 Derived number spectrum

It was mentioned in section 3.8.1 that according to the
measured density spectrum & change in the slope of the latersl

distribution function with shower size would seem to be required,
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Minimum Medien Core distances (m)
observed
dengity
(m=<) Greisen Kiel Sydney
case(a) case(b) | case(a) case(b)| case(z) case(b)
10 12 12 7 7 16 16
L0 9.5 9.5 565 5¢5 13 13
80 8. 8. bo5 LeS 10 10
160 6.5 6.5 o3 Le3 8e2 8,2
180 5.5 545 3.2 3.2 745 7.5
1000 L5 Leb 2.5 235 8. 7.
1,000 5.5 L 2. 2. 13. 7.
10000 8.5 Le5 3.5 2 14 . 7
Table 3.3 The medizn core distances (m) calculated for

structure functions given by Greisen, Kiel group and

Sydney group assuming number spectrum given by Hillas

for both cases (a) snd (b) (seeAthe'bext) ss a function

of minimum electron density (m‘z).




Minimum Median shower sizes
observed (the minimum sizes are shown. in
den§1cy brackets)
(m™
Greisen Kiel Sydney
case(a) case(b) [case(a) case(b) icase(a) case(b)
10 J6.10%  6.10% 2.0 20100 | 1.1.10° 1.1.10°
(103)  (103) {(1.2.103)(1.2.10°)(5.103) (5.103)
40 |1.2.205 1.2.16°] 7.0.10% 7.0.10%] 3.105  3.10%
(3,2.103)(3.2.103) (4.8.10°) (4.8.103) (2.10%) (2.10%)
80 |2.7.10° 2.7.10°| 10° 109 5,10° 5,107
(8.8,103) (8,8.103(5.5.103) (9450103 ) (502410 (4 2.10%)
160 |5.0.10° 5.2.10%| 2,10°  2.10° | 8.5.105 8,5.105
(1070105 ) (1o7.20%) (1.8.104) (1.7.10%) (8.2.108 (8. 2. 20"
180, 11.3.10°% 1.3.10°| 4.2.105 £.2.10%| 3.5.100 3.5.106
(5.206)  (5.10%) | (5.6.10%) (5.6.10%) (4+2.109(4.2.105)
1000 |2.3.10° 2.2.100| 9.8.105 9.2.105| 5.10® 1.3.100
(10° ) (105) |(1.2.10°) (1.2.105)(5.2.10%(5.2.10°)
L000 |1.1.107 9.5.10°| 3.5.106 3.106 | 3.3.107 1.8.107
(4.105)  (4.105) | (4.6.205) (4.6.107](2.10%) (2.100)
10000 |4.107  1.9.107| 7.5.10°% 6.5.108| 108  4.107
(16%) (0% | (1.2.10%) (1.2.20%)(5.2.109(5.2.10%)
Table 3.4 The median and minimum shower sizes producing a given

electron density (m=2) calculsted for structure functions
by Greisen , Kiel group end S"onuy group For eithe

snd (b)) 1

The numbers

n number soe

weitten in brackeis ah

given
Y ta)

25 cases

ctrum given by Hillas (see thetext).
ow the m;n;mum showar

(]
53 Z\-So




Such s méasurement has in fact been made by Vernov et al.(1970)
as shown in figure 3.19. According to the results of Vernov
et al.the age parameter is found to have a value of about 1.2
in the size range 105 - 10% with evidence for S increaéing to

Z1.3 in the size f;nge'loé.u 10’y In extrapolating S to
lower shower sizes asymtotic values of l.k (curve 1 of figure
3.19) snd 1.2 (curve 2 of figure 3.19) at N = 10> hsve been
assumed. See figure 3.16 for justificstion for meking this
assumption.

Assuming an age dependence, as given by the smooth curves

1l and 2 in figure 3.19, the integral density spectrum weas
calculated. This was done using the NKG formula (see chaﬁter
2) and s modified number spectrum to that given below to get
a fit to messurements over the renge 1= 5,000 m~?.  Since the
density spectrum has not been measured for A< 40 m=? in the
present work the spectrum was extrapolated to A =1 m? such
that the résulting spectrum was approximately perallel to the
formula given by Greisen (1960) in the derisity range A = 1 - 500
m=2,

- The resulting best estimate of the ses level number

spectrum is shown in figure 3.20.

3.0 13 g 2s~Lleel n <7100

R{(>N) =
R(>N) = 36920.0 N"°°0 nRs-Lst- 7,105 < n< 3.107
R(>1N) = 6.76 yie3 m“'gs"lst“l N > 3,107

This is of the same ‘form ss that given by Hillss (1970b)

for_N > 7.105. The difference for N < 7.105 increases as N
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decreasess For N = 10% the difference is a factor of 2.8
Figure 3.20 shows the predicted number spectrum and the results
of direct mesgsurements of the number spectrum as given by
Hillss (1$70b).. '

‘The resulting predicted density spectrum is shown in
figure 3.21 where it is seen that the result is not senéitive
to the asymtotic values of S in the range l.3 = l.4 at smsll
and large shower sizes, as shown in figure 3.19.

Taking the derived number spectrum; as given above, and
the age parameter dependence (see curve 2 of figure 3.19) the
medisn core distaﬁces, the medisn Shower sizes and the minimum
shower sizes producing a given electron density were calculated.
The results of the calculation: sre shown in table 3.5,

The experimentsl data shown in figure 3.20 are the median
shower sizes (table 3.5) capable of producing the measuréd
densities. The errors sre relatively the same as given in

figure 3.21,

369 Primary energy snectrum derived from measured density

3.9.1 Relationship between primary energy and shower size

In order to compute the primary energy spectrum from
the messured size spectrum one must know the relation between
shower size N and primsry energy'Ep. The problem hes been

approached in different ways, some of which are now discussed:

(1) The track-length inteersl

A semi experimentsl solution of the problem has been

given by Greisen (1956), utilizing the dtitude variation of

the shower counting rates and the concept of track lengthe.
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Minimum

observed Median core  Median shower Minimum shower
%;ﬁg%ty distance(m)_ size size
1 30 3. 5104 8102
10 15 1.510° 1.7103
10 11 2.110° 5.5103
300 6 7105 3104
1000 3.5 1,500 810k
3000 3.5 1 .8iL0° 2.1,10°
5000 5 | 1.2207 1107
10000 7.8 1107 7105

Table 3.5 The median core distences (m) and median

shower sizes producing s given electron density (m

-2)

calculated for an NKG structure function with age

dependences as shown in figure 3.19 (curve 2) teaking

derived number spectrum from measured density spectrum.

The minimum shower sizes calculated for showers falling

a8t core distances of > Q.1 m.




59

Greilsen calculates the track length integrsl, Eo‘[N dt, which
yields the totsal energy dissipsated in ionization by the charged
particles in EAS. (E; is the critical energy, t is measured

in radiation lengths, and N.is the shower size observed at the
level of observation; it is assumed that Eg, represents.accur-
ately the average energy dissipation per radisztion length for
all charged particles). The above integral gives 11l.5 GeV per
electron st sea level, with an uncertainty of the ordeq# of 25%.
Adding the energy dissipation due to muons, nuclesr excitstions
and low energy nuéleons, neutrinos and evaluating the integral
below ses level, Greisen obtains 1, £ 3 GeV per electron at ses
lével for N = 10° and N= 5,107, The altitude variation was
based on measurements of the frequency of showers with density
exceeding = 50 m‘z, eouivalent to N = 105. Coccon%d'(1961)'

obtains 12 GeV per particle at sea level for N = 3.5.1050

(ii) Model Calculation

- The relation between Ep and N has been investigated
assuming a model for shower development throuth the atmosphere.
This has been obtained solving the diffusion eaustions (Ueda,
1960) or by Monte-Carlo éélculations (de Beer et al.1966,
Bradt and Rappaport 1967). In model calculations one faces
serious problems due to the lack of precise knowledge of the
characteristics of high energy interactions as well as the
primery mass composition.

Bradt et al,(1965) have.me;sured the integrel size spectra
of EAS as a funstion of zenith angle,or effective atmospheric

- depths at Mt. Chacsltays (530 g cmfz). Cutting the spectra at

constant intensities they produce the 1ongtitudinal development




- 60,

of EAS as shown in figure 3.22,. The smooth curves are
drawn by Bradt et al.to fit the dats points. | Ls Pointe et
al.(1968) have extraspolated the messured longtitudinal develop-
ment of EAS for higher primary energy and they produce the
longtitudinal development of EAS at a constant intensity cut of
1015 2 g=1 st-;. ‘The dsts of La Pointe et al.st this
intensity are plotted in figure 3.22 and an approximate curve
to fit this dasts is drawn through them.  All the smooth curves
have been extrépolated down to the dépth 0f1,030 g em=2 (ses
level) and are shown in figure 3.22. The number in the right
rox of the graph shows the constant intensity cut as given by
Bradt et sl.and La Pointe et al.in units ofjcm"'2 s=1 s¢-1,
The values attsched to each curve iﬁdicate the primsry energy
in (eV) obtsined by mesns of figures-3.23 and 3.25 as will be
described. - | |

Bradt et 2l, slso produced the integral intensity as a
function of shower size at the meximum in the longtitudinal
development; This is shown in figure 3.23. "It can be seen

that the maximum of showers st constant rates of lO"9 cm™2 s"1

-1 2 _
st and 10"10 cm 2 s 1

st~1 have an errors This is due to
the lack of informstion on the longtitudinal development at
these two rates for stmospheric depths of less than about

L50 g cm‘g, 8s it is seen from figure 3.22. The experimental

15 cm"'2 s"1 st“l.in'figgre 3.23.is taken

point at a rate of 10
from the longtitudinal development of EAS, a2t this rate, as
given by La Pointe et al.

Figure 3.24 demonstrates the relationship between shower
moximum and the size at sea level. This graph'has been

produced using figure 3.22 (which gives the intensity of EAS

at sea level) .and figure 3.23 (which gives the intensity at
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shower meximum).

The next step is to know the relationship between Ep
and Npoxe La Pointe et al.have calculated the Ep = Npax
relationship and their results are shown in figure 3.25.
Nikolski (Hayakawz, 1969) measuresthe energy flow of different
compénents of EAS at 650 ¢ em=? depthe He finds that 3.5105
perticles sre produced by (6 I %:% ) 10 oy primsry.

Using the shower development of Bradt et al.this size cofresn
ponds to 7.510% particle at maximum . This is shown

in figure 3.25. Given the relation between N ., and Ng 71,
(see figure 3.24) 2nd the relation between Ny, and E, as
given in figure 3.25 the size at sea level as a function of
primary energy Ep were derived and the results are shown in'
figure 3.26. The results of the Monte-Carlo calculation of
Bradt and Rappaport (1967) snd the semi-experimental results
of Greisen (1956) and Cocconi (1961) sre given in figure 3.26.

As figure 3.26 shows all the data are not consistant
with each other. This is due to the different assumptions
for the model of high energy nuclesr intersction and also the
effect of inherent fluctuations in the shower development.

Kemps et al,(197h) have produced sn Ep - Ngz, relation-
ship. Their results indicate that a discrepancy exists in
the Ep - Ng.1, convertion'depending on the procedure by which
this convertion is obtained. For example at Ep = 1016 eV
the ratio of Ey/Ng, p, varies between 4.8 GeV to 12 GeV. Curve
(b) of figure 3.26 is taken from Kempas et al. This is
produced by Kempa et al.tsking the shower development of

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

for Ep/Npayx retio. It can be seen that this is approximately
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_perallel to the dashed curve drawn through the data of
figure 3.26. The difference in absolute ratio of Ep/Nmsx
is because La Pointe et al.have assumed 1.7 GeV/particlé.at
shower meximum. Cufve (2) of figure 3.26 is due to Kempa et
ale This is based on a model calculstion with en El/h

multiplicity law.
36902 Results

Taking.the derived number spectrum from the measured
density spectrum as given in figure 3.20 and the»Ep - Ns.L
relationship as given by the dashed curve in figure 3.26,
the integral priméry energy of cosmic rays has been calculated
and is shown in figure 3.27. 4Assuﬁing the Ep - NS.L relation
‘as given by curves (a) and (b) of the figure 3.26, the primsry
energy was derived. This is shown in figure 3.27 and gives
upper and lower limits to the derived energy spectrum,

Table 3.5 shows the medisn shower sizes that produce
- local electron densities of A >1 m"2 and A > 5,-000 m"2.
These median sizes were converted to primsry energieé using
figure 3.26. These are taken as the lower and upper limits
of the energy in energy spectrum of cosmic rays as shown in
figure 3.27. The primsry energy séectrum plotted in figure
3.28 is the same as the one which is plotted in figure 3.27.
The ordinate of the graph shows R( > E) E in units of
eV a::m"‘2 s"l st"l and is compared with the survey of Kemps et

alo (197!¥).

3.10 Conclusion

The density spectrum of EAS at sea level was messured
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using a single proportional counter, using three liquid
scintillation counters as an EA3 trigger. The results of

the messured spectrum cen be described by

2

R(>A) =411 A™Le5 hrt L0 < A < 800m

A—zao .-1

| -2
hr™ 1,000< A < 5000 m

R(>4A ) = 1.3.10%

This result shows that the slope of the density spectrum
chenges from =1.5 to-2.0 at A = 1,000 m"2‘. Toking the
measured size spectrum, by direct methods, as given by Hilles
(1970b) and sssuming three forms of the latersl structure
functions, as given by Greisen (1960), Kiel group (Hillss,
1970a)and'Sydney group (Hillas, 1970a),the predicted density
spectrum was calculated. Since the situation of the number
spectrum at ses level for N 2 107 is not clear two cases
(a) and (b) were assumed for the size spectrum. The analyticai
expressions for cases (a) snd (b) of the number spectrum are
as follows:

Case (3)

R(> N) = 52.0 N‘1‘5 =2 s"l st"l N < 5.105

R( > N) = 36920.0 w20 2 ol gl s.10°< W < 3,107

—105 “2 "'l -1

R( > N) 6.76 N m< 8™ st N> 3.107

and Case (b)

1. 2 . -
R(> N) « 52,0 N 5 e sl gpt N< 5.10°

[4/]

0 -2 =1

s N
R( > N) 36920.0 N 2 m°> s st N> 5.105

ft

Thug 6 different forms of the density spectra were calcule
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ateds It was concluded that none of these 6 predicted
spectra could fit the measured density spectrum; This
result showed that a change in the shape of the lateral
structure function with shoWef size Would seem to be required.
Taking the age dependence of the s tructure function as given
by Vernov ét 81.(1970) and extrapolaiing the measured age
parameter to S = 1.3 and S = l.4 at'sﬁall and large shower
.sizes the best number spectrum was derived. The d erived
number épectrum from the measured density spectrum can be

expressed by

1.3 =2 21 -
R( >N) = 3.0 N 1.3 m s 1 st 1 for N < 7.105
R(> N) = 36920.0 20 m? g1 gt7t por 7,105 < n< 3.107
215 -2 -1 -1
R( > N) = 1.5

6.76 N m s st for N > 3.107

Taking this number spectrum and assuming the NKG formuls
as the structure function of electrons with.age parameter
verying as given by Vernov et al.the density spectrum was
calculéted. This spectrum fits the messured spectrum in the
density range A = 1 - 5,000 m=?,

The derived number spectrum was converted to the primary
energy spectrum using an Ep - Ng 1 relationship. It is
noticed that the absolute rate, slope and the position of
the kink in the primary spectrunm depénds on the assumed
reletionship between Ep and Ng. 1. This is partly due to
the inherent fluctuation in the EAS development and partly
due ﬁo the lack of precise knowledge of the psrameters of
nuélear interaction.

The primary spectrum, however, indicetes a change of

slope in the energy range (4 = 10) 1015 eV, The slope



7

chang,es from =« 1.7 for Ep < l,.l()l5 to

energy ronge of 1016 = 1017 ev,

~

= = 2.3 in the
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THE MUON COMPONENT CLOSE TQ THE CORE OF EAS

Lol  Introduction

The smount of information sbout the primsry particles and
the properties of high energy collisions carried by the muon
component is much higher than the electronic ccmponeht. The
lateral density of muons and thus the total number of mons of
energy 2:%l are amongst the psrameters which have been measured
quite often. A comparison between the measured and predicted
lateral density of muons shows that the former is nsrrower than
the lstter assuming standsrd models (CKP) for high energy coll-
isions. The widening of the distributions could be due to en
incresse in the transverse momentum of produced pions, Pt’ or
an incresse in the height of production. The interesting fact
is that the width of the muon lateral distribution depénds on
the mezn value of Py of pions produced in the last inﬁeraction
and the height of the muon origin on the multiplicity in the
very first interactions in a shower. Thus the study of low
enérgy maons, coming from pions produced in interactions with
energy of = 1012 eV for which the transverse momentum is known,
makes it possible to gain information stout the multiplicity law
of high energy interactions.

In the present work the density spectrum of 1ow energy muons
has been messured using a flash tube chamber. These measurements
give informstion sbout the latersl distribution of muons and the

flux of muons in EAS.




Le2 Properties of the flash tube chamber

Le2.1 The sensitive time of flash-tubes

When a charged particle passes through the gas of a flash
tube it ionizes the gss. Thus if a high voltage is spplied to
the tube after an appropriéte.time delay tb any electron remain-
ing in the tube may initiate s discharge. The probability that
the tube flashes is obviously, a function of the time delay and
is called the efficiency - time delay (1 - tp) relstionship.

The relstionship between 7] and tp has been trested theoret-
ically by Lloyd (1960). Lloyd found it convenient to plot
as a function of tp for s parameter, a fQ, where a is the internal
tube radius in ¢m, f is the probability of one electron initiat-
ing the discharge and Q is the number of ion pasirs per centimetre
produced initiaslly in the tube. The values of a and f are deter- .
mined purely by tne dimensions and the gas filling of the tubes.

Incoherent cosmic'ray muons were selected by the single
particle selection system (see figure 3.12) to measure the?) - tp
relationship.'. The measurement was carried out for different
values of tp. In each trigger the passage of a muon through the
flash tube chamber was photographed and thus a series of events
were obtained for each value of tp. In each event the total
number of flsshes in F2 and F3 were counted, projecting the
negati&e-films onto & scanning tasble, for acceptable events.

An acceptable event was an event in which not only the track of
a8 single particle must tfaverse'the whole of F2 and F3, but must
also appesr in F1 and Fh. The second condition was applied,
since Ashton et al. (1971) heve shown that a tube msy flash with
lower N if it treverses the region of fringing field down the

front of back edges of the electrodes in F2 snd F3.
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The measured number of flashed tubes on a track divided by
the total number of layers in F2 and F3, i.e. divided by 96,
gives the layer efficiency?y . The internsl efficiency 7 is
defined as the ratio of theLséparetion of neighﬁouring flégh
tube axes to the flash tgbe internal diameter multiplied bYTL

= L8l y = 1,145

The'dependence of 7 on tp was measured by Saleh- (1973) for
the chamber snd is shownlin figure L.1l. He found that s value
of ofQ = 9% 1 is the best fit to the experimental points.

Thus afQ = 1.0 £ 0.1 is the best value for quarks of charge €/3
assuming the Lorentz factor of cuarks and single particles are
the same (see Ashton et al., 1971 for the variation of 1M ageinst

L
the momentum of ionizing particles).

Lo2e2 Resnonse of the chamber to sincle particles

Since one of the aims of the bresent work is to search for
quarks (éee chapterA8) it is necessary to choose a time delay
for which the passage of a quark with charge ©/3 through the chamber
could be recognisable. The optimum tj was found to be 20Us
which mskes it possible to distinguish the track of a charge 9/3
particle from that of a charge e particle. This gives an accep-
table efficiency for quark tracks and ensbles them to be disting-
uished from random alignments of spurious flashes in the chamber.
To obtain detailed information about the efficiency, 7., of
the flash tubes, for charge e particles a time delay of tp =
20 HS was selected and for eachlevent the total number of flashed
tubes in F2 + F3 fcr-acceptable events (an ecceptasble event has

the ssme criteria as described in section L.2.,1) were countede.
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The results of measurements forl,04L6 triggers is shown in
figure L.2. The mean number of flashed tubes is found to be
7h+77 L .0.14 with stenderd devistion (= 4.6. The 20 US time

delay was used for all EAS runs in the present worke.

Le3 The messured muon density spectra in EAS

Le3.)  Introduction , ;7

"With the locel electron density trigger determined by the
EA3 selection system (see figure 3,12)'the density spectra of
muons in the E snd F series were messured. The enalysis
procedure consisted of projecting the negative of the film onto
8 scanning sheet. This gives s reduced imsge of resl space in
the ratio 1 : 20,

In each event the number of acceptable muon tracks were
counted to obtain the ffequency'dispribution of muons having a
particular density as it is observed in the chamber.

An scceptable event was one which satisfied the following
criteris (i) The muons pass through an artitary level defined
to be the middle of F2.

(ii) The muons sre parallel to each other to within % 5° in
the projected plane.
(iii) The muons have a track leﬁgth of =60 cm in resl space.

The sbove criteris confirm that the measured perticles
are rmuons and thus exclude any bias produced by intersctions in
the scheilding when electronic detectors (eg. scintillators) are
used to megsure muon dénsities. Gvents in which the whole or
a part of the chsmber (in the middle of F2 and 6C cm on either

side of it) are obscured by bursts, such that it makes measurement,
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impossible or inaccurate, have been rejected in the anslysis

of the data. Figure 4.3 shows 3 scale diagram of the front
view of the chamber and gives an example of a typical event,
with four muons having traversed the middle of F2.

According to the criteris mentioned sbove the acceptable
muons have an enefgy threshold of 0.2 GeV.  This is calculated

using the range - energy relstionship as given by Serre (1967).
Io2.2 Results

A total number of 7137 triggers in the E series (films E23 -
E69) and 4,516 triggers in F series (films Fl - FLO) were analysed.
The basic experimental data are shown in table L.l. It can be
seen that the efficiency of detecting muons (defined as the
ratio of the number of measurable events to the total number of
triggers) is 82% snd 59% for the E series and the F series resp-
ectively.

The devistion of the efficiency from unity is mainly due
to the reasons mentioned earlier (see section 4.3.1). The
limitation of-the experimentai apparatus, however reduces the
efficiency since events with'N'l > 35 muons crossing the flash
tube ares (2.95 m?) have been rejected in the analysis. This
effect is not significant since the density spectrum of muons
falls off very rapidlye.

Since the electron density of the F series is higher than
the E series the mediasn core distence of the former is less than
the latter and therefore the reletive number of hedrons in the
F series is more than in the E series (see chapter 6). This
results in a decresse in the efficiency from 82% in‘the E series

to 59% in the F series.
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density spectra.

Film Totel Totsl Ratell Total Events| Events| Events
series| number | rumning | (hr™*)| number |with |with [with
of time of no one >1
triggere| (hrs) messure-| muons | muon | muon
' able
events
E 7,137 | 1,347.5| 503 | 5,857 | 1,442 | 1,500 | k,k15
F L,516 | 5,419.6| 0.82] 2,680 322 376 | 2,358
Table L.l Basic experimentsal data‘obtained in muon
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The measured freguency distribution of muon deﬁsity
obtained in the E series anﬂ the F series are shown in figures
Lely and L5 respectively.

The front view of the flash tube chamber and some examples -
~of the events observed in the analysis of t he muon density spectra

are shown in platés Lel to 3.

he3c3 The effect of background muons

.A possibility which could affect the messured frequency
distribution of the muons in EAS is the incoherent muon component
of cosmic rays. The integral rste of muons of E = 0.2 GeV is
8.310~> cm"zs"lst'l sccording to Haymsn and Wolfendale (1962).
The sperture of the chamber for aéceptable events ? 'ﬂ%§ﬁg—
where AL = A2 = 2.95 m® and d = 120 cm, thus § = 6.L10% cm? st.
‘Therefore the reste of single muons through the chamber is 506 s=1,

Simple calculations show that the total number of single
muons incident on the chamber in the 20Us peribd before the
épplication of the high voitage to the electrodes is 62 and 28
for the E series and the F series respectively. Thus the effect
of the incoherent muons in the measured distribution is negligible.
In perticulsr one should note thet muons in EAS are parallel to
each other.

The effect of the hadronic component of EAS and single
perticles are also insignificant ih simulating the messﬁred
spectra. Since on the one hand the rate of this component
compared with the muon component is very small and on the other

hand there is s lsrge probsbility that these psrticles interact

in the lesd snd iron sbsorbers of the chambere.




PLATE 4.1

Front view of the flssh
tube chamber







PLATE 4.2 Event E.66 - 35

An event showing three muons
having traversed the flssh
tube chamber
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PLATE 1.3

Event E67 - L2
An event showing seventeen mions
hsving traversed the flash
| tube chamber
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Fipure L.5  The differential density spectrum
of muons measured in the F series.
The solid curve ig celculated for
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Lol Prediction of mucn density spectra in EAS selected by
a locsl electiron density trigger

The calculastions were carried out numericslly. The sea
level number spectrum used is the same as was derived from

measuring the density spectrum of EAS (see chapter 3), i.e. of

the form

R(>N) = 3.0 n1e3 2s~lge=l for N = 7..105

R(SN) = 3,6020.0 820 m2elet™l for 7.105< N = 3.107
R(>N) = 6.76 N-Lle5 m'zs-lst'l for N >-3.107

‘The lateral distribution functions for electrons end muons
ot sea level that were used were those of Greisen (1960).

Namely, for electrons:

Ockn 0.75 ry 3.25 o
A = r___ _...,.;1:........._...._. =g
e (N,I‘) rlz ( 1"1 1"+1"l (l * llolq. 1”1 ) m

where r, is the cascade unit in air ( = 79 metres), and for

maons:

- 0.37

- 1’+_e’ N 0075 5_1_’_ Oolhr e,

Au(aEu, N, r) e ;2. : <106) (5255) (g2) -2
320

where N is the electron size, r is the core distance in metres
and B is the minimum energy threshold of muens in GeV.  The
value of T = 0.2 GeV was used in the present cslculationse.

The rate of triggers where the locel electron density
exceeds Ae, a.nd the muon density at the detector exceedsA

is given by:




max
A 1.33
RzB= A= [ 2mr T(z8s (a0 )
= e J p(r) V=70 ()
min
where N = -EA.(% y plr) isi’che latersl structure function
r e , ‘
e

for electrons snd pP(r) is the latersl structure function for
muons e N is relsted to the muon density by the formula:
Ay 1.

p(r)
TR

The integral was evalusted from r

=2
]

= 0s1l m to rm'a‘

min ax

The value of Tmax was defined such that Ae = 5‘1098(rmax)’

i.ese 8 cut-off of N = 5.109 is assumed for shower size., The
results of the calculations for a range of A, sre shown in
figure L.6.

The frequency distribution of triggers as a function of the
number of muons crossing 2.95 m2 (equal to the srea of the flash
tube chamber) for different electron density trigger are calcul-
ated. The results are shown in figure Le7.

It can be seen that the muon density (differential) specﬁga"

follow as

I(A ) dh = 1.77,107 A =322 5-l5=1/(2.95 m?) forA=(A)
VT M ot

where A is the number of muons crossing 2.95 m and ( A )i

H

depends on the triggering requirements and increases as the
local electron densiby Ae incresses (see figure L.6).

It is believed that selecting s latersl structure function
as was found in chapter 3, derived from the meagsured density

spectrum of ZAS, does not chenge the results of the present
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calculations significantly.

Leb Compoarison between the measured and predicted snectra

LeSel General remsrks

For comparing the predicted spectras with what is measured
in thel and F series of measurements one must know (1) the
total effective running time, (ii) the effective solid angle
and (iii) the locel electron density trigger.

(1) The totsl effective running time, tgpp, in each
series is defined as the totsl running time multiplied by the
efficiency ofscanning (see sec#ion be3:s2)e  Thus tgpe = 1,104.9
hrs and 3,197.6 hrs for the E snd F series respectively.
Accordingly it is assumed that the events discarded in the
analysis of the dsta do not introduce a chenge in the shape of
the measured muon dehsity spectrum. The effect however does
not chsnge significsntly the results of the E series since the
efficiency is close to unity. To exsmine the possible effect
the measured rate per hour in both series sre plotted in figure
L8 It can be §een there is good agreement between the two
series for AL.>-( Ah)t which indicates that the wey in which v ep
has been cslculsted is correct.

(ii) The effective solid angle is found to -be 0.628 st,
0.57 st and 0,52 st for the E, F and G series respectively, as
will be descriﬁed in chapter 5.  For the present calculations
the mean solid sngle of the three series, i.e. E} = 057 st
‘has been assuned. |

(iii) The shape of the muon density spectra is very
sensitive to the local électron density trigger for the low

denéity region, l.e. for Ap < (A )
= t
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It was mentioned in chapter 3 that the minimum electron
densities fecorded by'the EAS selection system are 40 m‘z,

160 M2 and 511 m"2 for the E series, F series and G series
respectively. For setting up the triggers the single particle
pulse height for relativistic chsrged particles were determined
in the E series and then the discriminstor threshold of EAS
selection system was set to correspond to 50 particles through
each scintillator, i.e. 'a density ﬁer scintillator of 4O m=?.
Simpéon (1964 ) has shown that the response of the liquid scinte
illators, ¥, is related to the high voltage applied'to the
scintillstor, V , by ‘ws= KV72, Thus the supply voltage of

the liquid scintillators were changed such that for the same
discriminstor threshold as set up in the E series, the triggering
level corresponded to densities of 160 m=? and 511 m"2 for the |
'F series and G series respectively.

The measured rate of triggers are 5.3 hr';, 0,83 hr=1 and
0.17 hr=! for the E, F and G series respectively. Table L.2
shows the expécted minimum electron density triggers for the
above series for the measured trigger rates to be consistent with
the density spectrum of EAS described in chapter 3 and obtained
using & proportional countere.

The minimum densities cslculated using the density spectrum
given by Cocconi and Cocconi and Tongiorgi (1949) and Greisen
(1960) are also shown in table L.2.

It can be seen from this table, that the minimum density
recorded by the ligquid scintillsators are higher than the vzlues
obtained if one uses the mezsured trigger rate ind puoblished
density spectrae. The difference is believed to be due. to the

interaction of photons in the scintillator as well as low energyf
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nuclear interactionse.

For the present work it is assumed that the data of
Cocconi and Cocconi and Tongiorgi are correcte Thus/the
minimum electron densities aré 20 m"z, 80 m"2 for the E series
and F series respectively. It is noted that using the absolute
rate of showers of a given density found by Cocconi et al.(1949)
corresponds to the average rate found from the proportional
counter measurements, described in chapter 3, and the survey

of Gfeisen (1960),

Le.5.2 The results of Comparison

The Poissonian fluctuations folded into the predicted
differential spectra (figure L4.7) and the results are shown in
figure 4.9

As' mentioned in section L4.5.1, the effective running times
of the E series 2nd F series are 1,104.9 hrs and 3,197.6 hrs
respectively. The spectra obta.ihed in figure L.9 for Ae = 20 m—?
and Ae?.%O m"‘z, corresponding to the E series and F series,
multiplied by the éffective running timeé'of the corresponding
series and by Q= 0.57 st. The resulting spectra sre demon-
strated in figure Lo and LeSe

It can be seen that there is good agreement between the
predicted and measured spectrs in the E series. The discrepency
between the predicted and messured spectra obtained in the F
series (figure L4.5), for low muon density region, is believed to
be due partly to the inefficiency of the chamber in detecting

muons produced by a high locsl electron density trigger.
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L6 Distribution of the sizes and core distsnces of ZEAS
producing a given muon density at the delector

It was seen in section 4.4 that there is a deficit in the
freaquency of low muon density events due to the characteristics
of the triggers To obtain more knowledge sbout the charscte
eristics of EAS selected by the detector the raté of triggers,
with local election density = A, 2 producing a minimum A m?

st the detector h as been calculated by evalusting the following

integrals, namely

Pmax 1.33
Rzr, zh,, 20 [ 2w 1Ly 2Bl ) wf end
: - e u
. ‘ Tax ' .
A - /1= A8 Ap (P
R(z=N,=A,, ?’Au ) f 2 (= e(r/)’a(%w)) dr
Tmin

where R(= r, =A, =A ) is the rate of triggers produced by

showers falling at a distsnce > r from the core. R(Z N, ZAe,

EA‘J ) is the rate of triggers produced by showers of size =N
and. other terms have the same meaning as described esrlier.

_ The functions are evalusted for local electron densities of
20 m"z, LO m"g, 80 m™? and 160 m“2. The results are shown in
figures 4.10 to 4.13. TFigure L.lL demonstrates the median
shower sizes and the median core distances. These are plotted
using figures 4.10 to L.13.

In deriving the functiocns mentioned sbove the calculations
are carried out teking the leterial density of muons as given by
Clerk et al. (1958) as given in chapter 2. The sea level number

spectrum is teken from Hillas' survey of 1970b%(for case e,
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see chapter 3). The lateral density of electrons is taken
from Greisen (1960). Using the number specﬁrum and lateral
structure function, as given in section L.4, does not change
the results of these cslculations significently. . In particuler
it does not change the calculated medisn shower sizes and median

core distsnces.

Le7 Comparison with other experiments and digcussion

he7.1  Higashi et sl. (1962)

Higashi et al. have messured the integral multiplicity
spectrum of muons in EAS 5f E >10 GeV by means of a cloud .
chamber situsted underground. The chamber triggers by means
of an EAS array on the ground. They"found that Y ==2.6 for
densities of >7 muon/m® in showers of size N = 2108,
Taking the integrsl slope of the number spectrum to bé =20 and
assuming the lateral structure of muons is independent of shower
size, as has been found by Clark et sl. (1958), Bennett et al. .
(1962) and Steubart et al. (1920) in a8 wide range of shower sizes,

one obtainsq = 0,77 in good sgreement with direct experimental

messurements. The value of @ = 0.77 is obtsined taking Nl_l o 1S
Now since R (> N) o¢ N2*C for N 22100 thus R IREs 2O
-2, | |
o‘N 6 ° This gives a= Oo77t

u .
Le7.2 Betey et al. (1270)

The integral density spectrum of muons at 2,925 m above
sea level has been messured by Betev et al. by means of an
apparatus consisting of four hodoscoped G-M counter sets (each

set conteining ten G-M counters) located on the corners of an
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(8 x 8) m2 square under 30 cn of lead (equivalent to E > 500
MeV). The corresponding mesn number Qf.muons in the shower wes
ﬁl > l.ZlOé. They found that different criteria for snslysirg
the date, depending on the nﬁmber of counters giVing no signal
in each set, give consistent results, except for one in which
the slope is significantly smeller ﬁhan the rest. Excluding
this class, which is essumed to be due to the effect of electron
multiplication in the lead shielding they found an aversge
Y ==2.35 & 0,05,

Tsking the slope of integral number spectrum equal to =2
one obtains‘cx = 0,85, a vslue which is very close.to what hes

been measured st sea level.

Le7.3 Firkowski et al. (1973)

These suthors have messured the muon density spectrum for

muons of E > 5.6 GeV in the density interval of 0.27 to 1.2

~y

particles m=?. - Their experimental device consists of a set of

electron component detectors, a ground level muon deﬁector with
energy threshold of® 0.5 GeV and sn underground muon detector

of energy threshold 5 GeVe A sample of 52,622 showers were
recorded by ccincidence of any of eight out of tﬁirty one detect-
ors (each of ares 1.36 m?) and the results were used to obtain
the muon density spectrum,

. They found Y =-2.1 % 0.05. ‘The showers correspohding

+ to the messured density ihtervsls are showers with primary

energy around lO16 eV, It is clear thsat they have found a

much fiatter spectrum compared with the expected’spéctrum assuming
a = 0.75. This could be due to the effect of multiplication

produced by bursts and § rays in the muon detector shielding.



Giler et al., (1970) find & value of <Y =-2.39 for an EAS

model with multiplicity law FgogEl/h and Y =-2.21 for a model
with n o¢ El/g. Thus Firkowski et al. explasined their measured
S : .

results assuming o fast increase of secondsry particle multipli-

citiese

L.8 Conclusion

The denéity speckra of muons selected by leccal electron
densities of A o = 20 m™? snd A = 80 m? were measured using
a flash tube chamber. Assuming the latersl density of muons
is independent of shower size ss given by Greisen, and taking
the number spectrum ss was found in_chapter 3 (derived from the
measured density spectrum of EAS) the muon density spectrs were
predicted. It was concluded that | |

(i). There is good asgreement between the measured snd
predicted épectra in pa_rticular for Ae > 20 m~%,

(ii) The shape of the predicted snd measured spectra of
muons for high muon density region are independent of the local
electron density requirement.

Some discrepancies were obtained for A“s 5 muons/2.95 m2
in the locel electron dnesity trigger of l%z: 80 m42, between
the messured and the predicted spectra. This could be sttrib-
uted partly ss a result of the bias imposed for low muon density
region in anslysing the data due to the obscurtion of thé events
by the bursts produced in the chambef. Thus one should operste
the experiment with the muon density detector underground so
that the nuclear particles would be abéorbed,in the overburden.

For the low electron density threshold and high muon density

region, however, one concludes that the derived number spectrum
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obtained in chapter 3 is resasonably accurate. The present
results also suggest that not only the lateral stfucture
function of muons is independent of shower size; but the form
given by Greisen (1960) is valid down to an energy threshold
of = 0.2 GeV. | |

Greisen (1960) gives the relstion between number of muons N

of E'p > 1 GeV in o8 shower of size N

- ~ L N ,0.75
%J (> 1GeV) = G.5.10%( 16 )

G

Murthy et al. (1968%)have calculated ﬁl -~ N relationship
assuming different models for nucleasr interactions. Their
calculations indicate that a model in which multiplicity follows
as ng“'r]l/lF with production of nucleon - antinucleon pasirs gives
satisfactory results with the above expression. One should note
that 2 model with multiplicity in the form of ”g°<El/2 as given
by Murthy et al. gives consistent results with the relationship
given by Greisen. A standard CKP model, however, produces too
low muons‘(by a factor of sbout 2) compasred with Greisen's

expression as found by Murthy et al.
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CHAPTER 5

The absorntion lencth of the el:ovﬁonnrhoton
comnonent of 243 as determined from both bare
omater coefficient and zenith muale Aistripiie-

tion messurenentg,

el Introduction

The measurement of the attenustion length of the shower
particles and its dependence on the shower size gives rather
important results sbout the development of EAS. This quantity
has been derived indirectly by measuring the zenith angle dist-
ribution of EAS snd by messuring the barometric coefficient.
'These methods give the asbsorption length of the EAS spectrum
rather than the sttenustion length of the electron-photon
compenent in showers of a given size. In the next section

the relationship between these two quantities is considered.

5.2 Theoreticsl Considerations

Assume that the primary energy Speétrum is given by
R( >E) = AR ! . The shower deveiopment curve, produced
by a primary of energy E, is shown experimentally (Bradt et al.
1965) and theoretically (Dixon et sl., 197h) to attenuste with
stmospheric depth (after the maximum of development), approxe-

imately, in sn exponentisl form, i.ec.

a ¢
= B E 6"‘{6' }\

where N(Z,x) is the size of shower rreduced by a primary enargy
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E ot depth x and )\ is the attenustion length of shower
particles. It is shown by model calculations (see Galbraith,
"Se) thaet N(E, 0) = B Ea , Wwhere ¢ 1is close to 1.0. |
Equsting the integral size spectrum to the primary energy

spectrum; one can write:

R(>N, x) R( > E)

A E-Y1

L}

- 1 - Y1
{[ __11:3.,.._)._._] }

B e“Y/
. ABY (0(E,x)) Y2 o ¥/A

where ¥, (=V¥;7Q& ) is the exponent of the integral numbef
spectrum at depth x. The absorption length of the ZAS
spectrum A is related to the attenustion length A of the

shower particles by

Thus a measurement of the barometric coefficient or
the index n of the anguler distribution of EAS (in the I =
Iy Cosn& relationship)of size > N measures A (see Galbraith,
1958). This in turn could be related to the attenuation
length of the shower particles (msinly electrons) by the sbove
eaquatione.

- It is noted that the messurement of the barometric
coefficient gives the absorption length of showers irres-
pective of the shower direction. Hodson (1953) and

Kroybill (1949} have measured the altitude vsristion of the
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rate of LAS. Greisen (1956) has calculated this veristion
for the vertical showers, using a Gross trensformation.

Using the measurements of Hodson ond Kraybill he comes to
the conclusion that A for verticel showers is nearly the same
ss the value of ‘A found from the sltitude dependence of 21l
showers irrespective of their zenith angle for stmospheric

depths close to sea level.

5.3 The method of zenith angle distribution

It was shown that muons observed in the chamber are
close to the core (see figure L.lhk)s Thus if one measures
the angular distribution of muons obsérved in the chamber
about the zenith one effectively determines the anguler dist-
ribution of the axis of EAS. For this purpose the frequency
distribution of the acceptsble mﬁon tracks as s function of
their angles with respect to the verticsl direction in the
front projected plane of the flash tube chember was measured.
An acceptable track wes one in which

(i) The track had crossed the top layer of F? snd the
layer positioned at one-third of the total depth of F2.

(1i) The trsck being psrsllel within * 5° with other muons
if they have been recorded by the chamber. Figure 5.1 shows
the geometry used for the scceptable tracks.

The events were projected on the scanning sheet such that
the reconstructed events had a demagnification'of 1:20 compsred
to real space. The angle between the direction of the accept-
able events and the vertical direction was measured.

The results of the measured anguler distributions for

the E, F #nd G series are shown in figure 5.2. These have
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been cbtained by snalysing 1,441 triggers in the E series
(films E39-EL6), 2,990 triggers in the F series (films Fl.F28)
and 1,217 triggers in G series (films G1-G21). The messure-
sble events were 949, 2,1&9 and 822 for the above mentioned
series respectively. |

The method introduced by Lovsti et al. (1954) has been
used to find the best n for each distribution, plotted in
figure 5.2, assuming the sngular distribution of EAS follows
as T = Tg Cos" ( The method will be described in Appendix
B). The result of applying s chi-square test between the

predicted distributions, with different n, and the observed

distributions, show that n = 8.0 2 %t%, n = Q. :%2% and
+1.9 - , ‘
n=10.0.0,9 for the E, F and G series respectively.,

Galbraith (1958) shows that A = Eg g cu? where Py is

' . 2 .
the stmospheric pressure (1,030 g cm™ in the present case)

and n is the index in the I = Ip Cos ™ relationship. _
+10
Thus A is eausl to 128 :%8 g cm~” for the E series, 109 _ 9.

g;cm'? for the F series and 103 i%g g cm™? for the G series.

If the rate of EAS varies with o as R( > h-;&,t) =

R( > Ng,t) Cos™ es shown in the present case, the solid

angle for which the showers sre detected is Q = _ZJ%_st,
T4

Therefore @ is eaual to 0.63 st., 0.56 st. and 0.52 st. for

the EyF and G series respectively. The averesge solid angle

for all series is § = 0.57 st.

5ol The method of berometric coefficisnt

A chenge in the estmospheric pressure corresponds to the

spparatus being sttusted at different atmospheric depths,
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and a varistion in the observed rate of EAS is expected.

The variation of the showers recorded by the chamber in
the F series has been determined ss 2 function of stmospheric
pressure. The result is shown in figqre 563 From this
figure the barometric coefficient [3 = -9.5 X 0,56 % (Cm Hg)"l.

Galbraith (1958) shows that A= 13@3 g cm=? ot sea

level. In this equétion J 1is the temperature coefficient
and is - 0.3%. Conl as given by Hodson (1951). This gives

'ﬁ\= 116 :%‘g cm™2 for the absorption length of the EAS
spectrum recorded in F series. Ssleh (1973) hss measured
the barometric coefficient for the E series as 3= -11.6 z
0.86 ¢ (cm Hgfﬁ? « Thus A =106 1 g g cm™? for this
series.

Bach series corresponds to a different locel electron
density trigger. Thus it is assumed that the measured values
of A correspond to the medisn shower sizes capsble of
producing the observed densities. These are 1.5.105, 2.7.10s
and 5.5.105 for the E, F 3nd G series. These values have
béen obtained by mesans of table 3.5. The results of the
measured A and the corresponding shower sizes for the above
mentioned series are shown in table 5.1.

Eeb5 Derivation of the_ fttenuation length of showsr
pg}." i 1&0} '

As mentionead in section 5.2, A =Y2 A where- Y2 is
the slope of the integral number spactrume. In the present
work the weighted value of %, appropriate to the distribu-
tion}of showver sizes that trigger the detector should be

used to correlate the measured A with the zttenustion
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length )\ 1in showers of 2 given size. The weighted velues
of Y2 forﬂeach series hns been calculéted\using table
3.5 and the number spectrum obtained from the messured
density spectrum, as described in chapter 3 The results
show that 7y, is equal to 1.38, 1.53 and 1.6} for the E, F
and G series respectively. The values thus obtained fdrk
are tabulated in table 5¢1. Figure S;A demonstrates the
derived )\ os a function of shower size for the asbove mentioned
series.

It should be noted that the reguirement of A =>1 muon/
2.95 m2 in determining the abscrption length of the EAS
spectruﬁ A s from zenitﬁ angle distribution measurements (see
section 5.3), does'nbt significantly change the median shower
sizes and the weighted velues of Y, given in table 5.1. Thié

can be seen from figure Lebe

5.6 Comparison with previous measurements

Tables 5.2 and 5.3 show the availsble experimental data:
on the messured sbsorption length of the EAS spectrum.
.These have been obtainad from méasurements of the zenith angle
distribution of EAS (by the method of fest timing) and by the
method of barometric coefficient. The l=zst columns of thecse
tables have been cslculasted by miltiplying the measured
absorption length /\'by the slope of the number spectrum at
the corresponding size. The slope of the number spectrunm is
token to be -1.3 for N < 7,105, -2,0 for 7.10°< N =< 3.107 snd
=15 for N >-3a107, These have been derived from a measure-

ment of the density spectrum of EAS (chapter 3). (The data

of Bennett etnal., 1962 quoted in tables 5.2 and 5.3 and
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Author Shower A Shower sttenue

size g cm ation length
A= Y2A
(g cm™)
Bennett et ” '
ale (1962) (1-3)10 11147 222%14 -
" (3-10)107 137413 206%20
/a8 2ok Sk . +51
" (1-6)10C .153..,:,3 230 3%
Rossi (1660) 1.2.106=1.8.107 113:9 226k18
KOZlOV ot 7 +
ale (1973) 2.5,10 126115 189222
Malos (1960) 3,10 12 5“_%2 163155
" 8.5.105 107412 214233

Tobles5.2 The measured absorption length of number

spectrum A deduced from zenith angle distribution.
The attenustion length of the shower particles \
has been czlculsted multiplying A by the exponent

- of the integral nunber spectrume
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shown in figure 5.4 were obtained atA260 m. above seez level).

Some of the dispersion of the experimentsl dsta of
figure 5.4 (in paerticulsr for.N > 106) cen be understood
since different points were measured with apparetus of
different geometry. Different experiments emphasize the
particle densities st different distences from the axis of
the shower. Now on the one hend the average age of.the
electronic component varies with radius (see section 2.2)
and on the other hand the proportion of the muons among the
particles recorded at lerge core distsnces increeses. Thus
one expects to over estimste the measured sbsorption length
of the EAS spectrun recorded at large core distancés. This
effect could be seen in the messured deta of Bennett et al.,
shown in figure 5.4, for N :-106, where the coincidence rate
of showers recorded by three or four scintillators, a few
hundred metres apsrt, have been measured as a function of
barometric pressure. _

The agreement obtained measuring A , by bath methods,
(zenith angle distribution and barometric coefficient) in the
present experiment is expected, since A has been measured in
showers which fall at medisn core distances vaerying from=10 wm.

to=5 me for the E, F and G series,

5e¢7 Discussion

Shower developmzsnt curves have been calculated theoreticelly
by means of model celculations. In genersl the calculsated
attenuastion length of shower particles \ based on the stend=
ard CKP model, predicts a higher value for A compared with the

experimental date. The czlculations also predict a rather
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stronger dependence of A\ on shower.si'ze then is indicated

by the expefiment.—sl data. Dixon et al. (1974) have calculsted

the sttenuatiocn length of shower particles under Approximetion B
for electromagnetic cascades using a stsndard CKP model.  They

show: tbﬂtl = 25,0 In N + 95,0 g em=2, This indicates that A
varies from 383 g cm=? at N = 105 to 55) g em=2 a2t N = ldé)?;\rhich
are much higher then the experimentsl results (see figure 5.4).

Their calculstions U..::lng Approximation A give even higher values
for A .

Kolmykov et sl. (1971) have investigated the problem in
more detsile. Their c.s;lcul'a.tions show thet a model in which
multiplicity varies as ng o (K ® )l/? for LBy > 107 GeV and
Ng o (K EO l/L* for K B, < 10" GeV predicts a velue of A= 220 g cr=?
fbr' showers in the renge of 3.9.102 - 8.1.10-5 at sec level QA
has been calculated using the detas in table 3 of Kalmykov et al.
(1971). This is in better agreement with the dats of figure
5., (slthough still too large) in this rasnge of shower sizes.

The calculstions of Kalmykov et 21. includes » mixed composition

of primary psarticles for Eé < 3.5 w.;Oé GeV per nucleon.

5.8 Conclusion

The absorption length A of the EAS number spectrum
producing local e-lectfon'densities of Ae > 20 m=?, Ae Z 80 m"2
and -Ae = ?33 m"? heve becn messurad. The messured zbsorption
length is related to the asttenustion length of shower particles

A using the weighted value of the exponents of the integrai

size snectrum czpsble of producing these density thresholds st

the detector. It is concluded that the 2ttenuation length




90

remains fairly constant at about 170 g cin=? for showers of
size N = 105 - 6.10° iasrticles at sea level. The results
are compared with other experimental date and reassonsble
sgreement is obtained. The model calculstions of Kalmykov
et al. (1971) which sssume 2 half lew multiplicity in shower
development for KE = 10° GeV predict A\ =220 g cm"? wheress
the present measurements show the attenuation length to be

170 g cu™? in the size renge 1.5.105 = 5.5.105,
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CHAPTER 6

LENERGY SPECTRA OF HADRONS TN EAS

6.1 Introduction

It was mentioned in chspter 4 that a good ffaction of
the events, obtained in the F series with AEE:SO m‘2, show
an interaction in the lead absorber sbove the chamber and in
the iron absorber inside the chamber. These interactions'are
due to the existence of high energy hadrons in the core of EAS.

In ﬁhe present ekperiment the lead and iron absdrbefs were
employed as thick targets for hadrons to interact and produce a
nuclear electromsgnetic csscade in the targets. . The width of
the produced bursts were measured in the flash tube layers below
the lead end iron sbsorberse. Neutral hédrons interacting in
the‘iron target were identified ss producing no track in Fla
(see figure 3.11).

In a separate experiment the reletionship between burst
width and burst size was determined. Thus the next step was
to estimate the primary energy from the measured burst size.

It is necessary therefore, in the analysis of the results of
the experiment to adopt some model for the interaction of the
hadrons in lead end iron absorbers so that a relisble estimate
of the berticle energy can be made. It is obvious that one
should know the mass of the primery hadrons. It is assumed
that charged perticle induced bursts are produced by pions and

neutral particle induced bursts sre produced by neutrons.
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6.2 Hadron-induced bursts

6.2,1 Electromagnetic cascade

The theoretical treatment of electromsgnetic cascade in
various medis hss been studied extensively by many workers.
Broadly spesking there have been two lines of approach namely,

(2) The Anslytical Method and (b) The Monte-Carlo Method.
(a) The Analyticasl Method

Mathemstically it is very difficult to derive the number
of electrons and photons at a given depth in a substance prod-
uced by » pfimary electron or photon of energy Eo.”

Roési (1952) hss discussed the problem in deteil consider-
ing the various processes such_as peir production and Compton
scattering for photons and bremsstrshlung and ionisstion loss
for electrons which occur during the development of the cascade.
He introduces the following equations which are celled diffusion

equations, nsmely

() poo E
___L)_bg Ed) fv( £t )9 (E,E)dE’ f TC(E,E) @ (E', E-E)aE - f TC(E,HQ (EEdE
vtk E : 0 -
DTTIE,
OE

- E(E)

@ E

E, A 1 ! /]

_______O?)/( t)Jﬂ(h,t)w (E,E)dE'- [Y(E,t)tp (E,E)dE
t | E | .

where, _
TM(E,t) dE and Y (E,t) are the numbers of electrons and

photons between E and E + dE at depth t respectively.
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P(E, E ) is the differential probability per radiation
length for an electron (photon) of energy E to produce a photon
(electron) of energy E .

To solve these diffusioﬁ equstions certein simplifying
assumptions have to be made. Two methods which introduce two
different sets of assumptions are known as Approximatibns A and
B respectively have been discussed by Rossi.

In Approximetion A only the loss of energy due to pair-
prodﬁction for photons and bremsstfahlung for electrons have
been considered, i.e. it is applicéble to those energies large
compsred to the criticsl energy. Furthermore the radiation
phenomens and pair - production have been described by their
asymptotic formulse for complete screening.

- Under Approximation B it is sssumed that electrons lose
their energy by collisions, tsking a constent energy dissipstion
equal to the criticel energy of an electron per radiastion length.
The Compton effect, however, is neglected and the asymptotic
formulase for radistion and paii production are used.

It is interesting to note. thst under both Approximstions A
and B the cascade curves yield identicsl results for all msterisls
provided thicknesses are measured in radistion lengths and energies:
in terms of the criticsl energy.

| The methods of Approximstions A and B which utilise what
are known as functionel transformations to solve the diffusion
equations give é fairly complete solution to the problem in light
elements. These methods, however; break down in light elements
when the energy of the primary photon or electron is éomparable
to the critical energy. The method is a1s0 invalid for high 2

materials since in heavy elements (i} the scattering of shower
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paerticles is very.lafge and (ii) thé totsal photon sbsorption
is strongly energy dependent.

The method applicable to high Z elements has been described =
by Ivesnenkov (1957) and is known as the method of moments.
Ivanenkov and Ssamasudov (1967a, 1967b) have produced aAseries of
shower curves which apply to copper, iron, aluminium, lead and
graphite absorbers. The curves cover a wide range of primary
energies with different cut-off energies of‘produced perticles.
The curves have been calculated taking into sccount the energy
dependence of the total photon absorption coefficient snd also
includes the effect of the increased track length due to multiple
scattering of the shower particles.

The curves give 5 - 10% accuracy. The degree of accuracy
obtezined by the method of moments depends on the order to which
the moments are calculsted (Ivanenkov and Ssmasudov have calcule-
ated the first four moments to obtsin the transition curve).

The results of shower curves (transition curyes) calculated
by Ivenenkov snd Samosudov (1967s, 1967b) for photoh initiated
- showers are plotted in figuresG,l'and 6.2 for lead and iron
absorbers respectively. The energy cut-off for both curves are
about 1 MeV.

Coats (1667) has surveyed the experimental results on
electron-photon cascade shavers and finds thet experimental
. measurements of Mnréin et ale (1G63) and Tskboev et al. (1965),
normalised to 100 GeV incident on an iron sbsorber, agree quite
well with the theoretical curves due to Ivanenkov and Samosudov,

‘as shown in figure g.32.

(b} The Monte~Cerlo Method

This method gives fairly sccuraste results for shower
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Figure 6.3b

4 6 8 10 12 14

Depth (rl)

Comparison of theoretical curve of Ivanenkov
and Samusodov (1967a) withk the Monte-Carlo
calculations of Messel and Crawford (1970),
shown by sclid circles. The comparison

has been made for s 1 GeV photon incident

on the lesd absorber. The cut-off energy E,
is 10 MeV, : ’




development since one can follow the primary electrén or
photon continuously through the sbsorber. This mesns that
one is sble to use exact interaction probsbilities.

Many groups have calculéted the development of shower
curves‘through 8 variety of targets which contain detailed
informetion about the cascade, i;ef longtitudinal and lateral
distribution of produced psrticles (Messel snd Crewford, 1970).

Figure 6.3b shows 8 compsrison between the Monte-Carlo
simulation of Messel and Crawford, for a 1 GeV primsry photon
induced shower in lead, with the calculations of Ivahenkov and
Samosudov, with energy cut-off of 10 MeV. As figures 6.33 and
6.3b indicate there is ressonable sgreement between the trans-
ition curves calculated by Ivanenkov and Semusodov and Monte-Carlo
“simulation and experimental observation. Thus the calculation
of Ivanenkov and Ssmusodov are assumed to be correct for cascade

calculations.

: 60202 Nuclesr Model

An sversge treatment was introduced to follow the nuclear
cescade produced by a primary charged pion incident vertically
on the top of the lead and iron absorber. The properties of
the model introduced for nuclesr interaction can be summarised
as follows.

(a) Energy loss of hadrons between successive nuclear
interections is negligible.

(b) In each interaction pions lose sll their energy, i.e.
‘the inelasticitf of pions is taken to be equal to unity.

(c) The sverage multiplicity, ng, is given by ng = 3 AC.19 Eol/h

where A is the stomic weight of the 2bsorber and Eo is the primary
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pion energy in GeV.
(d) The secondary produced psrticles are pions, these
being equsl numbers of T*, 1", and Tt ° mesons produced.
(e) The produced pions have on average equal energies and

the energy distribution in the laboratory system is given by

,' .
S(E) dE = %, e-n/E dE, where S(E) dE is the differ-

ential probability of a secondary pion having energy E to
(Z + dE) and E is the averasge energy of the produced pions,
i.eo E = —gg o |

The above mentioned properties of nuclear interactions
are nearly the same as has been summsrised by Cocconi (1965).
The mass dependence of the multiplicity law (item c) is taken
from 3 survey made by Jones et sl. (1970). The distribution
in energy of produced pions is the same as given by de Beer et
8l., (1966) for the forward direction in the laborstory systém.
The result is based on the CKP model (Cocconi, Koester and
Perkins, 1961).
| Knowing'the properties of nuclear interactions, the
nuclesr csscade in the lead and iron absorber of the chamber
has been determined by the following procedure.

The block of absorber was divided into four layers A, B,
C and D each having equal thickness. The primary pion was
allowed to interact in each of these layers with corresponding
probabilities crlculated from

P(x) ='[ 1 - EXP(- x/ Xn ),] where P(x) is the total
probability that a pion interacts in a thickness x and )&[is‘
the interaction length of pionse.

After the first interaction the total number 6f produéed

secondary charged pions with energies grester than 1 GeV snd
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the total number of produced secondary neutral pions of

E = 0.2 GeV were calculated (see item e of the nuclear model).
Thus the mean energy of chafged pions with 1 GeV cut-off energy
is (1 + E() and the mesn energy of neutral pions with 0.2 GeV
cut-off energy is (0.2 + E ) where E is the average energy

of produced pions in GeV (see item e of the nuclear model).

It was assumed that produced neutrsl pions decay immedistely
to two photons of equel energies and the produced charged pions
are allowed to interact more in the absorber. The average
depth of successive interactions was calculated from the
following ratip -

exp (= x/7\,“) x d x

“p (- %/ N) d x

X =

or

x
kT[” where x is the remsining

exp (- x/?\T[) -1

4!
i

thickness of the absorber after the first interaction (the
first interaction is assumed to occur at the middle of layers
A, B, C and D) and XWT is the interaction 1ength of pions.
The nuclear cascadé was terminated when the number of produced
neutral pions with energy grester than 0.2 GeV fell below one.
The energy cut-off of 1 GeV for charged pions is based on
the fact that the inelastic cross section of interaction of
pions falls off rapidly for energies less than one GeV (Hayakawa,
1969). The energy cut-off of 0.2 GeV wss introduced for
nevtral pions since photons, produced from the decsy of 1r°
almost st rest would not contribute significently to the

electromagnetic cascade.
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For primary protons the calculation wss also carried
out for the iron sbsorber. The same model for nuclesr |
intersction, described above was adopted for the proton
induced cascade except that the ineiasticity of protons in
iron was assumed to be 0.63, i.e. the multiplicity law for
protons follows as,

ng = 3 A%19 (x g/t

where K = 0,63 and primary protbn recoils with 37% of its
primary energy. The uncertsinty srises in the average
value of K for protons. Bradt and Rappaport (1967) take
the inelasticity of protons to be a flat distribution ranging
from 0.25 to 0.75 for protons interacting with air nuclei.
Jones (1969) tekes a bets distribution for the inelasticity of
protons. Jones et al. (1970) suggest that the inelasticity
depends on the mass number of the target and they measure the
inelasticity of protons interacting with iron nuclei to be |
K = 0.63, a value which is adopted for the present calculations.

6.2.3 One dimensional calculation of the nuclearnelectro-
msgnetic cascade

The nuclezr - electromasgnetic cascade has been invest-
igated intensively in the past, longtitudinally and laterélly,
and the results of caslculation has been compared with experi-
ments to draw conclusions about.the validity of the assumed
models for nuclear interactions at high energies (Jones, 1969
and._ Pinkau snd Thompson 1966).

Theﬁaverage behaviour of the nuclesr cascade mentioned in
6.2.2 determines the spectrum of produced neutral pions with
energy E as s function of depth, for & hadron incident'on the

top of the absorber with energy Fqe  Toking this calculsation
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and the transition curves of Ivanenkov 2nd Samusodov (19673,
1967b), for photon initiasted showers in lead and iron absorbers
(see figures 6.1 and 6.2), one can derive the expected number
of particles below lead and iron absorbers as a function of
primary energye. The results of cslculations for charged pions
incident on the top of lead and iron absorbers and fqr proton
initisted bursts in the iron are plotted in figure Gek.

The calculation was carried out for 10, 50, 500 and 5,000 GeV
hadron energies. Using the same procedure mentioned sabove,
Saleh (private communication) has calculated burst energy
relationship for proton incident on the top of lead absorber

(15 cm depth)s His results are slso shown in figure 6.4.

6.2.L, Probsbility distributions

The average trestment introduced for the nuclesr electro-
magnetic cascade also gives information sbout the probsbility
of observing ) particular burst size below the lead and iron
sbsorbers for different primary hadron energiés Ege

The voristion of the produced burst size below the lead
and iron ébsorbers as a function of the depth of the first
interacdtion are shown in figures 6.5 snd 6.6 respectively
for different pion energies. As figure 6.6 shows there is
no maximum for high energy primsry pions, a fact which indicates
that high energy pions incident on the top of the iron produce
casca2des which do not develop fully in the absorber. The
flattening of burst size - energy relstionship which occurs
. 8t high energy for the iron absorber slso indicates that the
shower c¢sn not develop fully (see figure 6.L). The integral

‘probability of observing =N particles below the lead and iron
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100

absorbers are shown in figures 657 and 6.8 respectively, for
pion induced showers. To derive these curves the calculated
probabilities are corrected for the probability of pions which
do not interact in the lead and iron absorbers.

The numericsl constants adopted for the present cslcul-

ations, mentioned sbove, are shown in table 6.1,

6.3 Burst width - burst size reélstionship

\ 6{3.1 Introduction

The problem of the nuclesr - electromsgnetic cascade
discussed so far has been treated in one dimension. The
produced secondary psrticles, however, deviste from the
direction of the primsry perticle and thus the cascade develops
laterally as well as longtitudinally. The procedure is the
same 38 mentioned in chapter 2 for the development of EAS in
the atmosphere. Thus one expects to be able to measure the
width of the produced bursts below the ﬁargét if one employs
a visual detector to étudy the burst phenomena,

The burst width is the psrameter measured in the present
experiment to derive the energy spectra of hadrons in EAS in
the F series. The widths of the bursts produced, in the
lead snd iron absorbers of the flash tube chamber, were measured
~in the top layers of Fla and Flb respectively (see figure 3.11).
This measured parameter was then converted to burst size which
was used to determine the energy spectra of hadrons in EAS.

Thus it is essential to obtain the relstionship between burst

width and burst size below the lesd and iron sbserbers. The

results of the relationship between burst width and burst size
are t sken from Ssleh (private tomaunication) and will be -

described in the next sectione
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Substance Densitg Radi2tion Pion Proton
' (g em=3) | length interaction | interac-
Xo(g cm=?) length tion
length
Lead lloBh 605 31+05lp xo 33008 xo
Iron 76 14.1 11.60 x, 9.94 Xg.
AL uminium 2,70 25 5437 %, he25 %,
Glass 2.50 26.3 5.01 x, 3.95 X,
Table 6.1 A list of numerical constsnts used in

the present calculstions.
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6.3.2 Experimental srrangement

Tre flash tube chamber was modified such that the burst
size produced in the lead absorber could be measured. This
was done by positioning a plastic scintillator (celled scint-
illator ¢) below the lead absorber. Since there waslenough
space between the lead snd Fla (see figure 3.1l) there was
no need to change the dimensions of the chamber. The flash
tube layer Fla was also broﬁght‘forward by 15 cm so as to
coﬁpletely cover the iron absorber in order to facilitate the
identification of neutral hedrons producing bursts in the iron.
A scale diagram of the modified chamber is shown in figure 6.9
The plastic scintillatofs A and C were first caslibrated by
means of a G-M telescope using the ssme procedure as described
in chapter 3 for the'cslibration of the proportional counter.
The mean pulse height of the single psrticle distribution was
used to determine the relative energy loss of a single particle
in traversing scintillators A and C.

The triggéring requirement was a burst 6f particles
recorded by'either plastic scintillators A or C with s minimum
sizee. For each triggér the pulse heights due to the paésage
of the burst through the plastic scintillators A and C was
photographed by sn open camera lobking at an oscilloscope.

At the same time the pulse height due to the passage of »a
hadron or EAS particle-through‘scintillator M was also recorded
on the same film. In each trigger the flash tubes were also
triggered after a2 time delay of 20HUS (the same as was used

in the EAS run for the F weries) and photographed. The logic

diasgram for the electronics used in the experiment is shown
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in figure 6.1C.
6.3.3 Results

The experiment was carried out for s minimum burst size
fanging from 20 particles up to a few thousand particles. .

Since for a certain burst size there is a bias towards
smaller widths> (&% correction was applied to the measured
burst widths.

An acceptable event is defined as sn event in which the
full width of the burst is messurable in the top laYers of
Fla and Flb for bursts produced in the lead snd iron sbsorbers
respectively. ‘The width of the burst is defined as the width
in which all the flash tubes are flashed. After plotting the
scatter plot of the measured bursts width - burst size for
.lead and iron absorbers, the experimental points were binned
and their means found. A correction was applied to the burst
width distribuﬁion as mentioned above to sccount for the
decressing probability of being able to record the burst width

as the latter incressed. The correction factor was (%fg) where

d is the messured width and D is the width of the flash tube
| chamber., The r esults of the burst size - burst width relztion-

ship are shown in figure 6.1l for the lesd and iron absorbers.

6.4 Measured energy spectra of hadrons in EAS

6elhol Basic data

The F series films were scanned using an enlarger which

gave an image size of 1:20 compared to resal space. The

criteria for =zccepted events was the same as menticned in section
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{on scanning sheet)
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Figure 6,11

] | l'llllll' -1 1 llLl]ll 1
10 - 10

Burst size (N)

The measured burst width - burst size relationship
below the 15 c¢cm. of lerd 2nd 15 cm. of iron
absorber. 1 ecm. on the scanning sheet corresponds
to 20 cm. in re=l space. Time delay = 20 s
between the occurrence cof the burst and the opplic-
etion of the hrigh voltage pulse to the flash tubes.
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6.3.3, for bursts produced in the lead and charged bursts
produced in the iron. Bursts in the iron were recognised as
being produced by neutrasl hadrons if the axis of the burst lay
within the dimensions of the chamber and showed no track in
'Fls (see figure 3.11).. For esch acceptable event a scale
disgram of the event was drewn on the scanning sheet (Scale

of 1:20) and the burst width of the event was measured.

The following types of burst were observed in the present

exXperiment.

(a) Bursts produced in lead, absorbed by iron.

(b) Bursts produced in lead; developing in iron.

(c) Charged bursts produced in iron

(d) Neutrs2l bursts produced in iron.

(e) Charged and neutrsl bursts produced in flash tubes.

(f) Bursts produced in the iron which miss Fla,‘since Fla
does not cover all the area of the iron absorber, and develop
from the top of F2 and do not sﬁow any width in Flb. This
type of burst simulstes neutral hadron - induced bursts but
they sre recognisable due to the peculiar shape they produce
in the chémber (a step shape of burst).

(g) Events with several primary hadrons.

Examples of bursts observed in the F series are shown
in plates 6.1 to 6.4,

A totsl nunmber of 4,40l events obtained in running time
of 5,256.8 hrs were scanned. Theresults of the measured
burst width spectra obtained in the lead, iron and the neutrsal
hndron - induced bursts in iron are shown in figure 6.12.

Table 6.2 shows a summary of the experimental data.




¢*ooeds Tesd UT °*wWO QZ O3
gpucdsoadoo 198ys JUTUUEDS 8Y3 UC *WO T *SJI9JJOSGE UCJIT pue pedT
©8yq JOpun PSAJSSqO S3sJang J0J BJ308ds yqpIM 4SJng paJnsesw ayg, AR REE A

, | ( W3) yptM  1sing
0's <7 07 st Ot gz 0z . Sl ot 60 0

T el —IL rt. L

0z

07

poe] u sisng v

09

Jog
(
e oo g | — O
0Z
uolj  up sisung  pabipby9 -
. . 4107
R . 4
— LS DN == M & ) Se———— 1°
© uwl Ul Ssng IDineN : 1¢

AON3NO 3¥4




PLATE 6,1

Event F35 - Q2

charged particle burst produced
in the lead

225 particles
180 GeV.

]
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PLATE 6.2 Event Fl15 - 31

A charged perticle burst
produced in the iron

N = 225 particles






file:///vava

PLATE ¢ .3 Event F30 - 190

A neutrsl burst produced in
the iron

N = 118 particles

108 GeV

=
"
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6.he?  Energy spectra of chérged and_neutral hadrons

The measured burst width spectra below the lead and iron,
plotted in figure 6.12, have been converted to burst size
spectra by means of the measured burst width - burst size

relationship shown in figure 6.11. From the derived burst

 size spectra, the energy spectrs of hadrons observed in EAS

for the F series were cslculsted. This was done using the
caelculated burst size - energy relationship for pion induced
bursts in the lead and iron absorbers and the burst size = |

energy relationship for proton induced bursts in the iron

absorber (séé-figure 6.4)s The former was used to estimate

the energy spectra of charged hadrons in EAS md the latter

to derive the energy spectrum of néutrons'in EAS. The

" results sre shown in figufes.é.lB and 6.1k, in differential

and integral form respectivélyo The spectra, shown in
figures 6.13 and 6.14, have been corrected for the aperture

of the chamber, i.e. the measured frequency of burst width,

- d, has been incréased by 523, where D is the full width of the

flash tube layer.

6.4+.3 The Corrected energy spectrum of neutrsl hadrons

The presence Qf'the penetrating component of EAS, in
layer Fla of the chamber, could simulate a neutrsl hadron

induced burst in iron, ss being a charged hadron. Thus the

megsured spectrum of neutrsl hsdrons shown in figures 6.13 and

6.1, (solid curves) should be corrected for this effect.

For this purpose the number of tracks, obseryed in Fls, which

could account for a hadron induced burst below iron (except

the main track) were counted, as 2 function of hadron energye.
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Figure 6.13

LR | l-ll.l'lll T 0 T Trerl

¢ Bursts in Lead
- § Charged bursts in _|
C : fron. 3
N $ Neutral bursts in ]
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Energy E(Gev)-

Differential energy spectra of 211 hadrons,
cherged h2drons and neutral hadrons measured
below lead and iron respectivelye. The dashed

-spectrum shows the corrected neutrsl spectrum

(see the text).
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Integral energy spectra of all hadrons,
charged hadrons and neutral hadrons meas

ured s

below lead end iron rsspectively. The dashed -
spectrumshows the corrected neutral spectrum

(see the text)s. TFor E =200 GeV the ch
hadron spectrum can be represented by LI~
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The results are shown in figure 6.15. It‘cah be seen, that

as the energy of hadrons increases, the resolution of the
chamber in identifying neutrsl hadrons decreases. The -

spectra of neutral hadrons were corrected, using figure 6.15.

The results of the corrected spectrum is shown in figures

6.13 and 6.1L (dashed curves).

6.5 Predicted rate of hadrons in region of EAS with a
given minimum local electron density

The energy spectra of hadrons in EAS, detected ﬁsing‘a
local electron density, could be derived usiﬁg the following
méasured parameters of EAS: |

(a) The latersl density of electrons,
(b) The latersal densit& of hadrbns of a given energy as
a function of shower size.
(c) Thé differentisl number spectrum of EAS.
The latersl electron density of EAS is taken from the

empirical formuls given by Greisen (1960), see section 2.2,

.The analyticsl formula of the integral number spectrum, derived

measuring the density spectrum (see section 3.8.3), was differ-

entisted, namely

R(N) dN = 4.50 N-2+3 aN w2 7! st~ W= 7,10
R(N) dN = 5056-10""’ N-'.B.O dN m"’) S-l Stﬁll 70105<N$30107
R(N) dN = 10.14 N2*0 aN m=2 671 g¢~1 N >3.107

and is assumed for the present cslculations. The calculstions
were also carried oubt using the differentisl number spectrum

in the form of

R(N) dN = 78.26 N"°°% aN m™? =l gt N=<5,10°
R(N) aN = 5.56 10% N30 aN m~? s=1 st=1 5,105< N=3.107
R(N) dN = 10,14 N=2e5 dN m=? s~1 st-1 N>3,107
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which is calculsted using the survey given by Hillas (1970b),

The lstersl density of hadrons, n(E,r,N)dE dr, of energy

(E,E+dE) st core distance of (r, r+dr) in a shower of size N

. was measured by Kemeda et ale (1965). They preseht their

results as

-1.2
n(E,r,N) dE dr = 0.35 nO0+35 g exp( - %3).dE dr

where ry = Roly Ne°32 E"0'25 with B in units of 100 GeV and

r in metres,
Integrating the above expression over all core distances

one obtains the number of hadrons of =100 GeV in s shower

size N, namely

Y

' - .0 20,15
n(N, = 100 GeV) = 4.2 {( N )1_0 15_
: 10

In their paper, Kameds et al. give the following express-
ion for the flux of hadrons of E = 100 GeV in a shower of

size N particles,

n(N, =100 GeV) = 7.2 ( M99
| 10°

Thus it.is necessary to modify the lateral.density of'hadrpns
given by Kameda et al. such that it gives 7.2 hadrons of
E = 100 GeV in a shower of 10°-particles. The modified
expression for the lateral density of hadrons has been calcul-
sted and the result is as follows .

n(E,r,N) = 6.26.1073 035 g1 (- -Eo) m2 Gev™t

0:32 §=0425 ith E in GeV snd N is the
shower size in units of single particlies.
Integrating the above expression over all core distances,

for a fixed shower sige, one obtains the energy spectrum of


http://partic3.es

107

hadrons in EAS.V The slope of the integral energy spectrum
of hadrons is found to be -0.75, as reported by Ksmeds et al.,
8 velue which is not consistent with the .results of most other

: . . : R
workers (see table 2.3)s 'This also is incog%tent with the

 predicted slope, obtained from the Monte-Carlo simulations-

performed by Bradt snd Reppaport (1967) and Grieder (1972),

‘giving =(1 - 1.2) for the 510pe of integral energy spectrum

of hadrons in EAS in the range of E = 100 - 1,000 GeV,

The expression given by Kemeds et al., however, gives a shower
dependence which is consistent with other workers.(seefable
2¢3) Thergfore it was assumed that the size d ependence, and
the expression given for - r,, in the lateral density of hadrons

given by Keameda et al., are correct and the following parametw

‘arised expressiOn was assumed to represent the lateral density

of hadronse.

Ah (E,r,N) = A N0« 35 E-aexp(- -:‘76-) m™? GeV L

0.25

where ry = 0.19 NQ'32 E™ with r in metres, E in GeV
and N.in units of single particle.

To derive the differential energy spectrum of hadrons
associated with a local electron density trigger A, , the
following integral was evaluated, numerically.

: max Nmax '
R(E, .__>_:Ae ) dE = 2TCr, Ah(E,r,N).R(N)dE dN dr

r=0 Nmin

where R(N) dN is the differentisl number spectrum, r ..

is
taken to be 100 m, i.e. the density of hadrons for r =100 m
becomes negligible, N.;,, is the minimum shower size at core

distance r capsble of producing an electron density
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(calculated from the lstersl density of electrons) and Npax
was. assumed to be 59109.
To fit the present messurements the value of ¢ was allowed

to vary from 1.5 to 2.2 in stages of 0.05 and for.eaCh value

of ¢ the constant A, in the parametarised latersl distribu-

tion of hadrons, was normslised such that one gets 7.2 hadrons

of =100 GeV in showers of N = lOs.particles. The results
of calculations for different values of local eiectron density

- trigger, for = l.75 which giveslthe best fit to the slope of
the messured spectrum for E =200 GeV, are plotted in figure
6,16. The integral energy spectra of hadrons for different
A@, for A = 1.75, are also plotted in figure 6.16.

The results of calculations shown in figure 6.16, have been

produced using the number spectrum derived from the measured

density spectrum of EAS. The same calculstions have also been

caerried out taking the number spectrum given by Hillss (19706);
Figure 6.17 shows the results. = These have been calculated:
for @ = 1.80 (which gives the best fit to the slope of the
méasured spectrum-for E = 200 GeV) in-the modified expression
of Kmeds et al.

Comparing thé calculated energy spectra of hadrons given
in figures 6.16 and 6.17, it cen be seen that the shape of the
predicted'Spectra are slmost the same. This is expected

since the number of hadrons of energy ZE is nearly independent'

of shower size (Kameds et ale). The absolute rate of hadrons

found using Hillas's number spectrum is higher compsred with

i
;
;
:
H
]
H
i

;  the one which is found using the number spectrum obtsined from

measuring the density spectrum. The ratio is ™ 1.7 for

Ae = 20 111'"2 and decresses to & 1.0 for Ae 2 1,80 m"z._

The function given by Kemeds et al. is vsalid for 100<E< 1,000
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Sea level number spactrum found

from-Hillas (1970b) summary assumed.
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GeV, thus the predicted spectra for E < 100 GeV and E >1,000
GeV have been shown as dashed lines in figures 6.16 and 6.17.
6.6 Distribution of the rate of EAS producing hadrons .

of energy =1 in regions of KAS with a given
minimum loc2l electron density.

Thé integral rste of-EAS; 8s a function of shower.size

and core distance, producing hadrons of energy = E GeV at

s detector, triggered by‘ a local électron density of A =80 ?
.are calculsted. The results of the caléulatiéns are shown in
figuresé.l8 and 6.19, 'The assumed functions fér the measured
parameters of'EAS; in these qélﬁulations, are the éamé_as .
giveh in section 6.6. .-

' It cah be seen from figure 6.18, that the median core

distence decreases to one metre, for showers producing hadrons

of E >2,000 GeV. This is.consistent with the fact that

. ! ,
energetic hadrons are coliminsted nesr the core of showers.

6.7 Comparison between the messured snd predicted spectra

The measured integrai spectra of hadrons (charged)indicate
that, the'spectra obtainéd under lead and iron sbsorbers are
parallel,'within experimentsl errors. _The measured integrél
spectrs have a slope of -1.15 Z 0.16 for ehergies of E & 200
GeV (see figure 6.14). Taking O = 1.75, in the modified
hadrbn latersl density function due to Kameds et al. (1965),
one obtains the -slope of integral energy spectra of hadrongi'
to be = -1.15 (see figure 6.;%), Thus according to pfesent
meaéurements, and assﬁming the lateral density of hadrons given

by Kemeds et al. is correct, it can be ssen that the slope of

the integral energy spectra of hadrons in a shower of size N
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characteristic of the trigger. Calculsted
using the Hilles (1970t) summary of the sea
level number spectrum. The deshed curves
are calculated using the sea level number
spectrum found from the measured density
speclirume. :



110
. is =1.25 (assuming the'lateral.denéity of hadrons follows
as Ah(E, r, #) et E"a ', it can easily be shown that the
energy spectrs of hadrons in.a shower of size N'fblloﬁs as
n(>E, N)oE (F=05)y,

Theoretical values of the exponent given by other authors
are -1.0 (Bradt and Rappaport, 1967), =l.21 (Thielheim and
Beiersdorf, 1969) and ;l.l (Murthy, 1967). Measurements
resulted in-1.08 to'-l.i9 (Chatterjee et als., 1968), -1.2
(Tanahashi, 1965), =0.8 to-leo3 (Vernov et al., 1960) and
-1.2 (Bohm et al., 1968)s These predictions and measurements
cover an energy'range of E > 100 GeV up to about 2 TeV,

At very high energies (>1TeV) the slope of energy spectrum,
hawever,}steepens‘as a consequence of finite'primary energy .

The present messurement indicate a steeper slope than
.most dther workers, being sbout 10% higher. | This could be
. due to the way in which the lateral density of hadrons, due
to Kemeda et ale., has been parametarised.

The measured spedtra show that the spectra fiattens
for E <200 GeV. The decresse in the slope for hadrons of
energy E T 100 GeV is shown in the prediction of Thielheim
and Beiersdorf and Griedér (1970) as well as in the méasufe-
ments of Tenshashi (1965) who attributed it tb the increasing
decay probability of pions,

According to figure 6.14 the total number of hadrons of
E = 200 GeV incident from the stmosphere on the detector is
353. This is calculsted by adding the numbers observed to
interact.in the lead and iron and then correcting this'number_
due to the probsbility of interaction (see table 6.1).

This is obteined in 5,258,8 hrs. The ares of the layer Fla

is 2.57 m* end the e ffective solid angle (to be-déscribed.in
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chapter 7) is 0.57 sﬁ. ‘Thus the rate of measured hadrons
of E = 200 GeV is 1.27.10"5 m~? s st™! in region of EAS
of local electron density = 80 m=?.,
According to figure 6.16, the integral rate of hadrons
of E 200 GeV, for Aea-80 m"2, is 8.10-0 m? s,"l st™L,
This is smoller thsn the messured rate. .The discrepancy
obtained could be partly due to the way in whiéh the expression
given by Ksmeda et al. has been normalised. | -

Thus the present measurements suggest that for E > 200 GeV
Ay (ByryN) = 0,22 N0°3% 57175 oxp (2 T/rg) w2 gevt

where r, = 0}19 O35 E"O”z5

with E in GeV and N in units
of single particles.
The total number of hadrons of E:E% GeV in a shower of
size N is o
oo . p® o _
n(= Eg » N')=/ [ Ah(E,r,N) 2Mr dr dE
Substituting the expression, given above, in this function

9 -l
0.99 B 1.25

o where N is

n(zE , N) = 0,04 N

~in units of single particles and Ey is in GeV,

-6.8. Conclusion

The energy spectra of hadrons in regiohs of EAS of local
-2 . '
electron density =80 m was derived. This was done by
measuring ‘the burst width distribution of hadron induced

cascades, in the lead and iron absorbers, of the flash tube

~ chamber. Tt wes found that the slope- of the integral spectra

of hadrons in regions of EAS of local electron density = 80 m™=2
is =1le1l5 = 0.16 for the energy renge E = 200 - 1,000 GeV.

The measured spectra have been related to the spectra
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in a shower of.fixed sizeo. For this purpose the lateral
density of hadrons, measured by»Mameda et al. (1965), was
'folded into the derived number spectrum, bbtained from measur-
ing the density spectrum of EAS as was'éxplained in Chapter 3.
The function given by Kameds et al. was modified such that. the
resulting spectrs fit the measurement for E Z200 GeV in the
present éxperiment. | Integrating the modified expression of
the lateral density of hadrons, over all core distances, it
wes found that

n('z_Eo, N) = 0.04 n©99 E;LZS where n(Z,EO, N)

is the total number of hadrons of ZE_ GeV (for E, in energy
range of =200 - 1,000 GeV). in a shower of size N particles
ot sea ievel. (It Was shown thet if the number spectrum,
obtained from the summsry of Hilles (1970s)is used in the
celculations then it does not change the above results signi-
ficantly). The expression given above is &aiid for
2,10% < Ng lp..lO5 using figure .6.19, w_hich shows’ that in.
regions of EAS of local density = 80 m“2, hadrons‘of energy
2 200 GeV accompany the electron-photon shower in 80% of

the triggers in this size range.
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CHAPTER 7

FURTHER DISCUSSION OF THE MEASUREMENTS ON

HADRONS IN EAS

7.1' Introduction

In deriving the energy spectrum of hadrons described .
in chepter 6, it was assumed that all charged particle induced
bursts sre produced by chsarged pions. In this chapter the
significance of muon - induced bursts on the measured_specﬁra
has been considered. Subtracting the muon cohmaminatidnfrom
the messured energy spectrs of charged particle induced bursts
one can determine the charge to neutrsl ratio.

762 Ratio of the freouencv of the bursts produced -in the
iron and lead absorbers

Taking_the conétant values for the intersction length of
pions in the lead and iron (see table 6.1), the relative
frequency of the expected bursts produced in the iron to lead
is 0.L5. Figure 7.1 shows the messured ratio as a furction
of energy. It can be seen that good agreement between the
messured and predicted ratio (dashed line) is obtained. |

One ekpects to see a different retio if the rate of muon--

induced bursts is significant.

73 Angular distribution_of hadrons in EAS

The angular distribution of charged particle induced
bursts in the iron has been measured. For measurement the
following criteria were adopted.

i)  The bursts have energies of E< 500 GeV (a pion with 500
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GeV energy interecting in iron-produces'a burst width of 2 cm;
below the iron as measured on the scaﬁning sheet, i.e. 4O cm.
(width.in real space).
ii) The core of the bursts do not pass within 1 cm. as
me2sured on the scanning sheet from elthor side of the chamber.
The progected ﬂngular distribution of hadrons uatlsfylng
the sbove: crltcrla were meqour@d and the TeSUItu are shown in
figure 7.2. _
Assuming the angular distribution of hadrons in EAS
follows as I = I Cos®y , in resl spsce, and adopting the
method due to Lovati et al. (1954), which pfedicts the angular
distribution in a giwven projected pléne (see Appendix B), the
best value for n from the measured sngular diétribution'was
calculated using a chi-square test, to be n = 9 &£ 2,
| It is interesting to note that messuring the angular
distribution of hadrons in EAShgives information ahout the
attenuation length of hadrons in EAS, From the presentﬂmeasuré—
ment the atLenuaLJon length, Xq 1, 030 g-c.*m"-2 y is calculeted to
be Ay = 14 ?8 g cm~? for showers of size N = 2,7.10° (equal
to the median shower size producing a local electron density
A, = 80 m=?) which is larger than the value of 85 "'1(5) g cm” 2
measured by Ksmeds et al. (1965). These authors measured the
angular distribution of hadrons in EAS and they gave n = 12 £ 2
for showers of size N = L.10% - 4,106, |
Assuming n = 9 the effective solid angle Q) , for hadrons

is Qa? n . or Q=0057 Sre
n+ 2 '

7ok Bursts in glass

A cless of bursts cbserved in the flash tube chsmber were

the bursts produced in the chamber as a2 result of interaction
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‘with the glass of the flash tubes and the sluminium electrodes.

It was possible to measure the interaction length of particle-

induced bursts in the chamber.. For this purpose all charged

particles producing s burst in F2 snd F3 indicating a trasck in

Fls and Flb, i.e. passing through the lead and iron absorbers,
were considered. The distance between the point'of'interaction

and the top of F2 was meaéured (on a scanning sheet). The

- measured frequency wss then corrected for the aperture of the

chamber, based on the measured angular distribution of hadrons
(see section 7.3) and using the method of Lowati et al.(1954).

A total of 57 bursts produced by charged particles (satis-

_fying the sbove criteria) in films F1-20 were observed. . The

results are Shbwn in figure 7.3, Tsking the best line through |

‘“the corrected experimentsl points the interaction length of

particle producing bursts in the chamber is A\ = 115 £ 50 g cm=<.
This value is not inconsistent With')T[; 131 g em™? which is
expected for pions interacting the chamber sssuming pion -
proton cross section q&s 22 mb (Alexsnder and Yekutieli,

1961). Thus the particle - induced bursts in the chamber are

~ hadrons and so the muon contamination is not significant. .

(A totsl of 15 bursts producediby neutral partiéles in the
chamber were observed, in films F1-F20).

It is interesting to note thst, however muons'have a very
low probability to produce bursts in light materisls and also
the total smount of motter (in the vertical direction) in F2
and F3 ih ql.5 g cm'2. On the other‘hand it is recslled thst
the probebility of-Hadrons traversing the lead snd iron absorbers -
and then interacting in the chember is only sbout 25% (see

tsble 6.1). Thus the latter could partly compensate the former
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75 Predicted rate of muon-induced bursts

The final attémpt was tb predict the rate of muons
producing bursts in the chamber (iron abSbrber) end compare
it with the obser#ed burst.spectrum.'

For this purpose the intégral energy spectrum of muons
in EAS with local electron density of Ae-a 80: m™? wes calcule
ated, taking the number spectrum given by Hillass (i970b),the

lateral electron denéity given by Greisen (1960) end the latersl

- muon density of energies = E due to Greisen (1960},

r

- N
R(= E , =80) = B ) >=E,r,N) R(N)dN
(= i ) f f T[rA“P' T ) R(N)AN dr

r=0.1 _Nmin '

max

where R(N) dN is the differentisl number spectrum, Al-l( E!ﬁr,l\l)‘
is the latersl density of muons of energy = E at core distance

i

r is s shower of size N. ,Nmax was taken to be 5.109, Npin

'is the minimum size capsble of producing a density of 80 m=? at

core distances r, calculated from the electron structure function,

' {8 ' T ; PR 9
end rp,y is the maximum core distsnce for a shower of size 5.10

particles capsble of producing 80 m=?.

‘The letersal density of muons of energy é E“is extrapolated
from about.zo GeV, where it is confirmed by experiméntal data,
up to the highest energies.- (The results of Monte-Carlo simu-
lations by Goorevich and Pesk (1973) show that the density of

muons of E =100 GeV st r = 10 m in a shower of size 2.107

particle is not inconsistent with the Greisen formula).

Hanson (Private Communication) has calculated the burst .

size spectrum below s thick iron absorber for an assumed muon
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energy speetfum incident en theltop of an absorbefo' Since
muons have a large,attenuation'length the produced burst
spectrum is independent of absorber thickness for thick absorb-
ers up to & limiting energy which is approximateiy equal to

the minimum energy cascade which can develop to shower maximum .
in the whole depth of the absorber, i.e. up to about 1,000 GeV .
for the iron absorber (see figure 6.2). | |

The celculeted differential muon spectrum was folded into

the calculation of Hanson snd thus the rate of muon-induced

bursts in the iron, were obtained. The fesults are shown

in figure 7.4. Comparing the predicted rate of muon-induced ’
bursts with the measured spectra of hadrons, shown.inlfigure
7.4, one can see that the former is smaller ( 104) then’the

latter for burst sizes > 30 particles,

7.6 Charge to neutral ratio

It wes shown that the rate of muon-induced bursts in
the measured ehergy‘spectra of hadrons is not significant
for the high energy region (see figure 7.A)." Thus using
figures 6,13 and 6.1, one can determine-the charges to neutral
retio, £, 2s a function of hadroﬁ energy. The results are
shswn in table 7.13. It can be seen that f decreases as
hadron energy increases for E >50 GeV, The results shown
in table 7.1 have been obtained using the corrected neutral
spectrum but stlll f is too large, compared w1th the exper1—
mental data of Kamede et al. (1965) and Vatchs end Sreekantmn
(1973). ~ The results obtained by these authors are given in
tables 7.1b and 7.lc.

The large value for f obtained in the present experiment

is possibly due to the lack of resolution of the chamber in
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(a)

Bnergy B Ratio of.charged to neutral
(GeV) hadrons f
- £(E) £f(= E)
30 15 * 25 17 Iy
50 | 20 I 19 17t 5
100 . 25 * o8 13 t 5
300 20 & 32 g8 £
500 11t 13 6 I
(b)
' E?grgg E Retio of charged to neutrsl
e hadrons £
For sll energies Le5 X 0.5
E < 500 6 = 1
E =500 - '+ 1.5
*) - 005
E 21000 1e5 -2 0.5
(c)
Energy E Ratio of charged to neutrsl
(GeV) hadrons f
observed, £ celculated, f
N< 310° N =310° [Without with
NN N N
25 6.2 5 1.3 3.0% 0.3 | 200 2.4
50 3.8 i 009 2.6 ¥ 0.3 130 ) 105—3
100 - 1.9% 0.6 1.8% 0., | 65 1.2-2.2
200 | L2%o8 12108 | 25 1.171.9

Table 7.1 Charge to neutral ratio measured (a) by present

experiment, (b) by Kameds et al.(1965) and (c) by Vatcha and

Sreekahtan (1973). The predicted ratio for the absence and

presence of N=N in EAS components are shown in (c) calculated

for 800 g cm~ -2 elevation by Vstchs and Sreeksntan (1973).

Since the rate of muon contamination is=10% for

hadrons of E =30 GeV thus the calculated charge to neutral
ratio shown in table (a} have not been corxected for muon
contaminationa
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identifying neutral hadrons sssociated with high locsl eiectron

density.

7.7 Discussion

The messured parameters of hédrons in EAS which are
more sensitive, to different sssumptions of high energy
collision, are (i) number of hadrons of energy>E and (ii) the
charge to.neutral ratio (see Grieder 1970-=1973). | !

(i)  The number of hadrons of energy = 200 GeV in the

| shower.of'size‘range N = 2.10% = 4.10° was derived (see

section 6.8)s This is shown in figure 7.5. The experimental'
dats of Kameda et s8l. (1965) snd Tanshashi (1965)_aré shown

in figure 7.5, It is seen thet while there is good agreement

. between the present results and those of Ksmeda et al.,:there

is some inconsistency for N;§ 100 betwéen'the present results

"and those of Tanahashi. This may be due to the analytic func-

tion given by Kameda et al. for the lateral density of hadrohs

being incorrect for the smaller shower sizes.

The Monte-Csrlo calculations of Grieder (1970), for two
of his models, and Bradt and Rappaport (1967) are shown in
figure 7.5. The results of Grieder are based on the so-called
SFB*and IDFB*models; The former model assumes a half law
multiplicity, i.e. ng o El/za The latter model assumes
that.ns a:E3/8. In both models the production of nucleon-

anti-nucleon psirs (N N) in high energy interactions hss been

~ossumed. It is seen from figure 7.5 that neither of these

models agree with the experimental data. One should note that
Grieder hss calculated the number of hadron in EAS produced by

8 fixed primary energy. To convert primsry energy to shower

size 10 GeV/particle is assumed. This assumption however, is
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believed to have a small effect in the size dependence of
the nuhber of hadronse.

The prediction of Bradt and Rappéport shown in figure
7¢ly does not include N ﬁ.éroducﬁion and represents tWo centre
and isobar production for protons and ifon nuclei. It can
' be seen that thé results sre not too sensitive to the mass of
primsry cosmic ray p2rticles.

(ii) The charge to neutral ratio, f, obtained in the .
pfesent experiment (see table 7.1la) indicates that f decreases
as- energy increases, This is consistent with_the eXperiMental
results of Ksmeda et al. snd Vatcha snd Sreekentsn -(1973) es
éhown in tsbles 7.1lb and 7.lc. Vaktcha and Sreekantan (1973)
have shown that the sbsence of N N moduction in high energy
interaction produces a larger.value for f compared with the

‘results of present work.

7.8 ° Conclusion

The rate of muon-induced bufst, in the measured energy
spectrum of hadrons, described in chapter 6, wass investigated.
It was shown ﬁhat the contamination of muons in the measured
spectra of hadrons of high énergy is not significent. The
number of hadrons of E = 200 GeV in shower of size N = 2.10% -
h.lO5 was détermined and the results compaired with model cal- -
culations. It was concluded thsat there.is little sensitivity
messuring - the energy spectra of hadrons, st sea level, with
the mass of primary cosmic rays. The charge to neutrsl ratio
obtsined in the present work gives a higher value than the
expefimentai deta of Kemeds et al, (1955) and Vatcha and
Sreekanten (1973). - This could be explained as a result of the
lack’ of resolution of the chamber in identifying neutral hedrons

associated with high local electrondensity. The ratio obtained,
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however, supports the production of N-N in high énergy inter-

. actionse.
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 CHAPTER 8

' SEARCH FOR QUARKS CLOSE TO THE

CORE OF EA3

8.1 The conceot of cusrk theory

8.1.1 Introduction

Ever since»the discovery of pion sttempts have béen made
to underéténd the'knowﬁ so-called élementary particles in.
terms of elementary sub-units. For doing this the investig-
ation has been directed into two mein branches,'hameiy;_

(i) To get advantage of the symmetry properties of the
stronglinteractions, which can lead to a grouping of particles
into_families with similar properties.

(ii) To develop the so-célled composite models of elementary
perticles, in which attempts have been made to reduce all the
diversities of psrticles to bound states of a minimum number
of fundamental particlesjor trugly elementary particles.

It was the second branch (ii) which led Fermi and Yang
(194,9) to assume that all pions sre the bound states of nucleon,

sntinucleon (N N) pairs. After the discovery of strange part-

~icles by Rochester and Butler (1947) in Cosmic radistion the

theory of Fermi and Yang was sbandonded since it could not
account for the strange particles.

Sakata (1956) proposed that sub-units were the triplet
proton, neutron and lambda zero together with théir anti-

particles.' According to the Sskats model one could get a

ond description of the structure of mesons in terms of unitsr
g .
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super multiple’cs but it failed to be consistent with the
observed octet and decimet multiple‘d_s of baryons as their
existance become firmly established experimentally. In the

Sakats model mesons are considered to be bound states of two

triplet particles and an anti~-triplet particle. - According

to group theory the direct product of triplets forming mesons

and baryons sare:
-MesQﬁs. 3Q® 3 .=_8®1
Baryons 3@ 3®3 = 1506®3®3

where @ mesns direct product, @ mesns direct sum and a
bar means anti-particle. |

Gell-Msnn (1964) and Zweig (1964, 1965) noticed that
althoxigh 3@ 3 ® 3 gives't'he wrong multiplet structure for
baryons the. reduction 3 ® 3. ® 3' =10080@801 sgreed with
the observations. Considering the Gell-Mann, Nishijima

relation which states Q = T3 + 5'215-"--- T'3 + -2Y- where Q =

char‘ge.,' T3 = third component of ‘isospin, S = s_tréngeness and
Y = hypercharge, then the fundsmentsl triplet particle the

so=called duarks (vaftler GellgMénn) esch carry baryon number

-1/3 s0 a3s to be consistent to the conservation of baryon number

and the Gell-Mann - Nishijims relation. 'fable 8.1 shows the
gusntum number of quarks. The fundsmentsl triplet pafticles' :
are called p fcyioe, n type and A ’cype. quarks.

The groups of eight and ten béryons (having spin l/zh
and 3/2h respeétively) are demonstrated inAfigure 8.1, On
the_ right hand side of figure 8.1 the way in which each term
is mede up of quarks are.shown. The lightest particlés .a.re

at the bottom of figure 8.1 (The particles have been established
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experimentally as given by the Particle Data Group, 1972).
Comparing the properties of elementary particles with their

expected guark compositions (figure 8.1) one can deduce the

mass difference and-decsy schemes of quarks. The results

are given in table 8.2,

8e1s2 The expected propérties of free guarks

The predicted prdperties.of a1 arks are; (a) The mass
of'quark, (b) The cross section of quark production and
(c) The quark nucleon inelastic cross section and inelasticity.

(2) The mass 6f the qusrk.

' vIn the non-relstivistic model, for which the greatest
number of interesting results have. been obtained, the quark
mass must be heavy. Morpurgo (1967) has obtained a rough
estimate of quark mass, considering mesons are fofmed by quark-
antiquark psirs of mass sbout 5 GeV/c2 to several tens of
GeV/CZ (The values obtained for the quafk méss depends onithe
square of the assumed rahge of the q 'q potential).

(b) The cross section of quark production

The possibe. interactions producing qﬁarks in high'energy

nuc leon-nucleon collisions are as follows (Ashtbn, 1973)
(1) N+ N~~~ N+ N+ g+ §
(2) N+ N — N+ 3 q

(3) N+ N — 3q+ 3

Nol |

Kol

(L) MW+ T T+ g +

(5) T+ T — 2(qg +:q)
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Figure'§;2 demonstrates the threshold kinetic energy for

quark pfoduction in N - N collisions and virtuél'ﬂ«Jt.
collisions as a function of quserk mass as given by Ashton
(1973). = 1In this figurelthe full horizontal line representé_ .
the energy equivélent'to.BO GeV colliding beams-énd.the broken
line is the approximate primarylcosmic rays energy.at'which |

the electron density at the core of EAS is 1 m? at sea level

or mountain altitude. It can be seen from figure 8.2, that

the ﬁpper limits of the quark mass are Mg < 4.8 GeV and

Mg = 2.7 GeV for 'proton.beams of 70 GeV energy (Serpukov) and
28 GeV energy (CERN) respectivei} if quarks are-produced :
according to prdcess (1)

(c) The quark-nucleon, inelastic cross section. and
inelasticity. ’

Comparing proton-proton and pion-proton scattering one
can see that there are nine possible q q interactions in the
former, whereas there are- 3(q g) and 3(q §) interactions in
the latter. Thus considefing q § and q q cross sections are
equal at high energies, so the rate of proton-proton to
pion-proton scettering cross sections is 9/6 = 1.5, The
experimental values for p - p and T~ p (p stends for proton
and T stands for pion) are = 33 mb and 222 mb>re8pectivel_y.
Thus one c¢an conclude that quark-nucleon grbss section is
~ 11 mb. |

It is shown that the measured attenustion length of cosmic

ray nucleons through the atmosphere is larger than their

| interaction length with atmosphefic nuclei (see Cocconi, 1961).

i

2 Mm of

This suggests that on average nucleons lose 0.3 T
’ N

their energy in nucleon-nucleon collisions. Assuming quarks
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Figure £.2 Threshold kinetic energy for quark producticn in
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are surrounded by a mesic field the relative energy loss of

8 quérk-nucleon interaction A.% ~ 2'MT[‘ ~ My x 0.3
. —""“M"""_"" [ ] [ ]
9. Mg

This suggests that the larger the quark mass the more maberial
it is likely to penetrate before being reduced to a non -

relativistic velocity.

- 8.1.3 Some of the achievements and difficulties in guark

theory

In sddition to the fact that quark theory gives a good
déscription of the structure of meson and baryon multiplets
it does explain the mass formula for the various isotopic |
spin fsmilies that constitute the multiplets. The theory
also gi#es the constant G,, whose square determines the rate
of disintegration of n —p + é +V o, as 9/3 = 1.67 to be
éomparéd with 1.26 ss has been obtained experimentally. The.
ratio of the magnetic moment of neutron to proton is found
experimentally as EE _=—O;685. The quark model suggests
that Eﬁ =-0,667 wh?ch shows an agreement'bétter than 2%.

The thegry of quark, slso, mskes it possible to derive a large
number of relations.among the cross sections for strong inter-
action, for instance the ratio of p-pto T~ pcross
sections as mentioned in section 8.1.2,

The moin difficulty which is considered in quark theory
is that fractionally charged particles have not yet been
observed. This, however, is énswereble if one suggests that
the mass of free quarks are higher than the power of present

accelerators. It is hoped that further experiments with

accelerstors and improvements in detection systems in cosmic



126

ray experiments will give the answer. The other seriousx -
difficulty of the model is suggested to be that of saturation,

that is to say why 9 § and q g q states produce the total mass

of mesons and bsryons respectively, while four quark-states
E | are pfesumably unstable, According to the theory of quanﬁum
“ electrodynamic the electron is a structureless pasrticle and
this has been confirmed experimentslly. The problem which
arises is that if fundamental partibles cerry fractional

éhérges then why does the electron carry integral charge?

If one considers A** one comes to_the conclusion that according
to the quark theory the'total wave function of }A+f is symmet- .
ric which is not consistent with the Pauli exclusion principle
(considering quarks sre fermions).

These difficulties of the theory of the quark {SU3) has

led theoreticians: to modify quark theory. One can-mention
Coloured qusrks (Naﬁbu, 1966), which consideres quérks having
: red, yellow or blue colours. Another is the Charm quafk in
2_ which an additional quantum number, the so-czlled charm, C, is to
I be added to the Gell-Mann - Nishijuma relationship (Tar janne et
al. 1963 and Bgorken and Glashow 196L) in which quarks cen
carry integral charge. Another theory is the ©Parton =

model due to Feynmen (1969) which has met some success in deep

lepton-hadron inelastic scattering. This model.assumes that
hadrons ére made up of fundemental triplet particles (constit-
uvent quarks or vslence quarks) end a sea of quarkaéntiquarks~
(curfent quarks). A1l of these models,_h6Wever, face sone
difficulties. = One should notice that more degrées of freedom

(like Coloured quarks) prodUCe more selection rules,

i



862 Previous search for gusrks

8.2.1 - Search by accelerators

The search for quarks has been carried out, in the -
produced particles in high energy collisions, by méans of .
accelerstors. The procedure is to measure the ionisation
loss of secondary particles either by means of_visuel-deteétors.
(mainly bubble chambers or stresmer chambers) or by -electronic

detectors (meinly scintillators).. This method ensables one

~to distinguish~betWeen-fractionally charged particles and

integral charged psrticles. This is due to the fact that

‘energy loss is proportional to Zz, Z being -the charge'of

particle. For instence typiéal bubble densities are 2.2/cm -

and 8.8/cm for charged particles of ©/3 and ?¢/3 respectively =

~to be compared with 20/cm for a unit cherged particle. In

the second method (using électronic detectors, say scintillators)

‘one needs to use several layers of scintillators in order to

minimise the fluctuations in enefgy loss and other factors.

- The next type of investigation has been to measure the mass

of the preduced particles (irrespectivé of being fractional

or integral charged particles) ét fixed momentum by means of

Cerenkov counters and by méasuring the time of flight. |
Since no evidence for the existence of fractionally charged

quarks has been obtained the experimenters give the upper |

bounds of the differéntial chSS section for quark production

in N - N éollisidns. ' The results of CERN (Alléby et al, 1969)

and -Serpukov . (Antopov et al.;1969) sre shown in tsble 8.3

(Landsberg, 197h)e A compsrison has been msde between the

-upper bounds on the'differéntial cross section for quark .
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«

production with the dzts on the yieids of heavy strong inter-
acting particles P, d and He3 for the same vslues of the
momenta and production angles at which quarksvseafches have

P} ] and N " oe M

been made. The effective numbers N"-) N"
. - a He3

p’
" quoted in table 8¢3 means that; if quarks hsd the same prod-
uction cross section es 5, d and 3”;3 then the number of quarks
that would be detected by the set-up during the search would

be equsl to N"B‘Q N "a“and N "§;3W' .

8.2.2 Search for gquarks in stsble matter

It was shown in'ﬁable 8.2 that, one of the quarks §ré
stable. Thus if quarks have been produced by cosmic radistion
during the life of the earth one expects thét quarks willvbe’
detectsble in the earth. ILet us assume that these qﬁarks
have been mixed through the top two kilometers of the earth's
cruste  Thus the density of Quarksvper nucleon is P = |

_ 7
(. T T/y N)JO where T = sge of the earth, (= 1.5.10% )

y =.depth in g em=2

corresponding to 2 kme, N = :number of
nuc leons per g 5, T comes from integratihg over the isotropic
incident flux snd Y is the quark flux from cosmic rays

012

em? ™1 st™l,  Correspondingly, PN = 2.4.10°@ . This

_ indicates that if i$'< 5.10‘ll cm™? s'l stfl therefore
p N < 120 quarks/g .

Seversl methods of searching for quarks have been tried
namelys (a2) Refined versions of the Millikan oil drop experi-
ment (b) Msgnetic levitometers and (¢) Mass and'Optidal
spectfosc0py.

(a) This method is essentially the same as was used by

Millikan (1910), to measure the charge of the electron, using
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different sources like sea water or graphite. The quark
concentratibn (in units of quarks per nucleon) has been méasured
by Rank et al. (1968), Gsllinaro et al. (1966) and Bfaginski

et al. ‘(1968) to be 10"‘17, :10"18, and = lO"l7 respectively.
Millikan (1910) has slso reported one event within hundred
events having a charge sbout 30% lower than the final value

of the charge of an electroﬁ. _

(b) In this metbod the test body is placed in a magnetic
pdiential well snd the charge of the body is measuredvby the
body's motion under the influence of electric field.

~ Morp urgo et al.'(1970) have examiﬁed 27 graphite grains
of an average mass of'5.10"'10 kg Their results show that
the concentration of duarks is <« lper 2. 1018 nucleons.

Hebbard and Fairbank (1971) have studied niobium pe]lets whlch

sppesred to have a charge of (-0.37 ¥ 0.03)e.

(c) A stable charged quark msy form a quark hydrogen

atom after capturing an electron of the hydrogen atom. The

-spectral series of such an atom should be detectable in a

spectrum. The different groups searching for quarks by this
method have been reported, in general, negative results -

(Skutnik 1970, Burbidge snd Burbidge 1967, Sinsnoglu et al.

1966). Rank (1969) has looked for spectral lines from quark-

hydrogen astoms in samples of sea water, ses weeds, oysters,

' sea plankton and lake water. His results indicates that the

‘upper limit of the concentration of 28/3 quarks is 1018 quarks

per nucleon in seé-water and lske water and 10‘17 quark/nucleon

in 1 kg samples of'oystérs,»Sea weed and plankton.
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8¢2.3 Search for quarks in cosmic rays

A search for quarks in cosmic rays has been conducted
at sea level, underground and mountsin altitudes ever since
the postulstion of quark theory by Gell-Mann (1964). This

covers searches for fractionally charged particles in unaccomp-

anied cosmic rays ss well as in EAS. The progress made has

" been reviewed by Sitte (1970) snd L. Jones (1971).

g (a) ~ Search for auarks in unaccompanied cosmic_rays

Mainly in theée experiments the scintillstion counters
P  have been employed to detecﬁ fractionally charged particles.
The scintillators select events where the energy deposited in
them is characteristic of that expected from incident pérticles

having fractional charges snd discriminate against events where

the energy deposit is grester or equsl to that expected-from

integral charge particles. These experiments, however, face

the problem of background effects due to electron photon showers

' 6r_the downward fluctuations in energy loss in the counter.

To redﬁce background effects different attempts has been made
such as selecting events which indicate the primsry psrticle
has traversed a straight line through sll lsyers of scintill-
“ators (Kssha et al. 1967) or incorporsting gas proportional
counters in their scintillator telescope (Garmire et al. 1968).

This has been done since proportionsl counters have a greater

sensitivity toY.-rays compared with scintillators. The most

successful technioue has been to use visusl detectors in |

conjunction with scintillators, for instance Ashton et al.(1968)
: haﬁe used flash tubes as visusl détector. The quafk limit

obtasined by this method is less than sbout 10-10 cm"2 5=t st-1,
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(b) Sesrch for ouérks as delayed particles in EAS

Let us assume that a detector is situated at a distance
H from a high energy nuclear interaction in which quarks are’
produceds  Thus the time difference, A t, between the arrival -

of particles travelling with the velocity of light and quarks

is _
CAe. H .. By .
At = B;C— -5 = -§ —ﬁq ) wherg Qq is the

relative velocity of quarks with respect to light. Taking
. . H - 1 1
By =1 thus At = £ 1 where YV = jp=Se—
2 H
_ ~ C qu : q l_|’3q2

If 2t the energy threshold for_duark-prbductioh (see section

8.1.2) the Lorentz factor of the c.m.s. of two colliding nucleons

. H o - _ .
is: 7y then At = = . y since if the quarks are produced
c C 2 vy2 -
c

st rest in the c.m.s. then their Lorentz factor in the laboratory

system is given by ‘Yq =\é.. Taking H= 16.8 Km above ses

level, table 8.4 demonstraﬁes the delay time expected at ses
level of heavy mass aquarks érriving behind the_shOWer front
for different processes of quark production. (Ashtbn 1973,
rivste communication).

Although most of the experimenters.give positive results
for detecting delayed parﬁicles but due to uncertéinpieS'of'
such experimenﬁs:they have used their data to quote limits on
the quark flux. Dardo et al. (1972) working at 70 MeWees
underground snd Tonwar et sl. (1971) at 2,150 m.above sea level

clsimed a definite signal at flux levels of 10~ 8 and 10~9

-2
cm™ g~1 gg-1 respectively.  These positive results sre much-

higher.than the uppef limit of the flux reported by Jones et al.
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(1967), Bjornboe et al. (1968) and White et al. (1970).

They carried out their experiments 2t3,230 m. above sea level,

16 to 36 mew.e. underground and sea level respectively. These

experimenters have given the upper limit for massive particles

-10 -10 -11 cm'2 s'l

sy 3610 and 4.10 st'l-respectively.
The positive results of Dardo et al. and Tonwar et al. have

been criticised by Ashton (private communication).

'(c) Search for cuarks in EAS

Since EAS are produced as a result of the interaction. of

_ primary cosmic rays of energy above =« 1014 eV thus are potent- |

islly important in the search for quarks. Some of the experi;

mentsl results obtained sofbr'ére shown in tsble 8.5. It

'can be seen thét apart from the result of the Sydney group the

‘rest give negative results ont he detection of quarks. The

positive results of the Sydney group have been criticised by

a number of suthors (Wilson-l970, Kiraly and Wolfendale, 1970,
Adsir and Kasha 1969, Rehm and Sternheimer 1969, Rshm and
Louttit 1970 and Frauenfelder et al. 1970). The main critic-
iém was that the Sydney group do not adéquately demonstrate
that the fi?e'events (quark candidates) were well separated

in ionisation density from the distribution due to plaeteau.or

minimum ionising cherged e particles.

843 Present exvperiment

8.3,1 Introduction

A quark search in the E series (A, = 40 m"2 as defined
by liouid scintillators above the chamber) eXperiment has
been carrled out and in a total number of 12,057 triggers

20 tracks w1th low efficiency, inthe reglon of €/3 fractlonally-
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chérged particles were observed (Ashton}et ai. 19734).

_From these 20 baékground tracks, sfter careful analysis, it
was found that two of the low efficiency tracks, out of 20
observed tracks, satisfy the appsrant criteria for being

genuine quarks. _Theée two candidates, however, could be the

result of incoherent muons having traversed the chamber prior
to the EAS trigger... It is supppsed.that the mass of quarks .
are very high, Thus if one looks st EAS of higher energies,
compared with the E series eiperiment, one hopes to detect
them if they sre free quarks close to the core of EAS,'arriving
‘st sea level. Besides it wss hoped that performing the experi-
ment uéing a higher electrdn density.trigger_one can compare
the number of low efficiéncy background tracks with the twenty

low efficiency tracks observed in the E series experiment,

This comparison ensbles one to have more-information’about'

i . the probability that the two quark céndidates, observed in |

B series, are genuine, . For this purposé the events observed
in F series (with an electren density trigger of four times
thst of E series) experiment was-inVeStiggted to search for -
fractionally ©/3 charged‘particles.> The median shower size
of the F series is larger than the median shower size of E |
series (see table 3.5), i.e. is L4.105, as has been recorded by .

liquid scintillators. The median shower size is-more'iikely -

to‘be 2.7.105, as mentioned in chapter‘h.

8.3,2 Basic dsts and snslysis

The experimental data were obtained during June, 1972 to
Msrch, 1973. The frequency distribution of the totsl numberﬁ
of flashed tubes in F2 + F3 (see figure 3.11) for acceptable

H
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tracks wasfobtained and the'results are shown in figﬁré 8,3;
An acceptable trsck is-defined'as one in which:

(a) The track must traverse F2 + F3 and produces st least
 one flash in the defiﬁing layers FL and Fl. )

(b)  The track béing psrallel within I 5° (in the projectéd- .
plene) with another track having a treck length =60 cm. (in |
_reai spéce). | This criterion was applied for tfacks in which
the total number of flashed tubes in F2 + F3 was = 60 fléﬁhes.

. These criteria ensure thats | _

() The possible observed low efficiency tracks have
passed through the chember, by demsnding that they have
travefsed defining layers Fl and Fi. This means that back-
ground tracks due to edge effects (Ashton et al. 1971) which
could simulste quérks havé been_eliminated. o

(v) Reduces the possibility that, the observed low
effiéienoy, trecks are due td the passage of incohereht.muons
preceding ﬁo the EAS trigger.

The négative of the films was first scanned and the events:
.satisfying the sbove criteria wére selected. Then the
negative of the films were projecﬁed having a scale 1l:k.5
comparéd with réal space and the totasl number of flashed tubes
in F2' + F3 were counted. For each acceptable event a scale
disgram of the event was plotted. Table 8.6 compares the
yield of measursble tracks obtained in the E series and F
séfies. It is seen that the percentsge of photographs showing
at least one measuresable prack are about the samé in both ..

"series. Table 8.7 demonstrates the frequency of observing

more than one measurable track in an event obtained in the

F series. One of the low efficiency trecks obtained in the
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Figure 8,3

1’00 -

FREQUENCY

E .

26

EY, 5 58 66 % 8 0 98
N(F2+F3) |

Freguency distribution of the observed
number of flashes in FR + F3, The arrows
indicate the exrected number of flashes in
F2 + F3 for charge e, %e/3 end ©/3 particles.
The small bars indicate the uncertainty in
the position of the srrow and the large
bars the expected stondard devistion of the

distributione. Mean number of flashes in

F2 + F3 is 79.92 + 0,19, The standard
deviation of the distribution is L.66.
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F series ié shown in plste 8,1 and one of the two candidatesi'
for quark, observed in the E series is shown in plate 8.2.
A single low efficiency track (event F24-6) is observed which -
does not pass through'Fh and thus was excluded in being a
duark candidate. The event'isla multiple-séatter one and

is shown in plate 8.3.

8.3.3  The resolving power of the chamber as a auerk detector

It is essential to see whether the chamber differentiate
between charged e pafticles compared with the hypothetical
fractional charged particles.

For'single parficles_the median momentum of muons-producing
éalibration trigegers is 2.1 GeV/c using the data of Hayman
and Wolfendale (1962). Crispin and Fowler (1970) . give the
most probable ionisstion loss, I, in neon for'primary-muons;
This shows that I/Ip = 1.14 and /I, = 1.43, where I_ and I,
are minimum and plateau ionisation losses. According to
figure h@lthe_overall best fit to 1]I - Ty measurements is
afy @ =9%1, Thus the expected a £y Q for I, ‘and I

P

charge e particles are (ETET%— =) 79 1_0.9 and((7.9 £ 0.9) x

'l.h3 =) 11.3 ¥ 1.3 respectively. Teble 8.8 shows the expected

number of flashes for 96 layers (F2 + F3) of flash tubes.
The results of the calculetions shown in tsble 8.8, are demon-

strated in figure 8.3. It can be seen thet the flash tube

- chamber resolves /3 charged particles from e cherged particles.

Figure 8.3 indicstes that fractionsl e/3 chargéd particles
should have 28.50 flashes in F2 + F3. To convert the calcul=-
sted velues of a f; Q (see table 8.8) to internal efficiency,

N1s» first the variation—of'ﬂI against time delay Ty fpr differ%



" PLATE 8.1 Fvent Fl4 - 122

A low efficiency track
CN(F2 + F3) = 4






PIATE 8.2

Evént El9 -~ 45

A gquark candidate obtained
. in the E series

N(F2 + F3) = 28






PLATE 8.3

Event F2% - 6

The low efficiency multiple-
" scatter event.
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ent a f,Q, were calculsted (Lloyd, 1960).  Then the variation
of T]I against a lel at the-fixed value of_TD = 20g wa§
obtained. From this variation the expected values of a lel,
shown in table 8.8, were converted to'nI. Ashton et al (1973d) ?
have measured frequency distribution of the number of flashes

in F2 + F3 for different values of Tp, from.which the standard

% devistion of the distribution of flashes about the mean were

j  deduced (seventh'colﬁmn of table 8.8).

8¢3.4  The expected number of knock-on electrons

To -exclude the low efficiency background tracks from -
genuine quarks in the chsmber one must consider the follbwing
points: |

(a) The track traverses Fl and F (to eliminate edge

effect ).

(b) The time elapsed between the observed low efficiency

tracks and the occurrence of the last trigger should be more
than about 3 min (Ashton et al. 1971, Saleh 1973). This

. is approximately equal to the recovery time of flash tubes,

% in which the tubes become efficient (at normal level) for

detecting ionising particles. -

(c) The track being psrallel with other shower penetrating
particles, _
In the present experiment all the three observed low

efficiency tracks, in the range of quark candidates (28 - 50

flashes in F2 + F3), satisfy conditions (a) and (b), mentioned
above. None of them, however satisfy condition (c¢) and thus

all could be sttributed to background tracks.

There is, however, a further tést to differentiste between

charge e and charge ©/3 particles. This is the rate of knock=.
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on's (K.0's) per track. The probability of‘K,O; production
is propor£ional to Zz, whefe Z is the charge of the primary
particle. Thus it is expected that the rate of K.O'é prod-
uced by a charged ©/3 particle would be equel to 1/9‘of that
produced by a charged e particle. |

A K.O, is defined as (at least) & psir of adjecent flasshes
on the track in F2 + F3, For three observed low efficienéy
tracks the frequency of the observed K.Q.'s were determined
arid the results sre shown in the fifth column of table 8.9.
One should notice that the single random background flashes
(in F2 + F3), which are attributed to radio ectivity.in the
'glass, could simulate the observed number of7K.0;‘s per track.

The total number of these spurious flashes in F2 + F3 were

~counted, for events shown in table 8.9, The results of which

sre indicated in tsble 8.9 (sixth column of table 8.9).

Ashton et al.-(1973d)have demonstrated that the total number

of the observed spurious flashes are independent of time

delay. Thus the total number of simulated K.0O.'s for each
event was calculated and then substradted from the total
observed K.O.'s, the results are shown in the seventh column
of table 8.9. This was done by the following procedure:

Total number of genuine K.O.'s = Total number of the
2 xN(s.p)x N(F2+F3)
L85 x T 96 -

the observed flashed tubes in F2+F3 for the querk cendidate,

observed K.0.'s = where N(F2+F3) is

N (5.p) is the observed number of random spﬁrious flashes in

F2+F3 and the factor 8L4.5 is the average number of flash tubes

- in each layer of the chamber. On the other hand the expected

number of K.O.'s (according to the sbove definition) for a

muon;having traversed the chamber is 1.6 per tracke. (This
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muons through the chamber is 104.2 s
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s

is equivalent to K.O.'s with energy B =>4 MeV, which is

equivélent;to.the renée 6f two flashed tubes as will be
described in chapter 9). Thus the expected numbér of K.0.'s/
track for a-quark:of charge ©/3 is = 0.18/track. Therefore

one concludes that only the event F10-67land F14-122 (see

tabie 8.9) could be sccounted ss background tracks simulsting
guarkse. (It should he noted that the ekpécted number of K.O.'s/

track for long time delay decresses due to the decrease in the

detection efficiency of the chamber snd is O.4 ~ 0.8 K.O.'s/

track for time delsys ranging between 144-103p s, Askton ét al.
1973 a). |

A sanmple of the e&ents; obtsined in the F series was
scanned and it was found that 9.1% of all photographs have
only backgrqund flashes. Figure 4.1 sﬁggeéts that incoherent

muons traversing the chember in the period of 103‘lsito lhhus

" (4lpgwidth) prior to the EAS trigger would produce 28-50

flashed tubes in F2+F3., The mean expected rate of incoherent
| -1

This is equsl to the

‘rate of muons with energy = 0.78 GeV multiplied by the aperture of

ﬁhéﬁdﬁmmer. The rate of muons of E 20,78 GeV is 6.3.'10"‘3 cmf?'

s“lst'l as given by Hayman and Wolfendale (1962). This

suggests that the expected rate of the incoherent muons simul-

ating quarks for k4,516 events (films F1-FLe) is (4,516 x zég X
=5 .

51.10™° &'x 104.2 s~1 =) 1.8. This result is sufficiently
close to the two observed background events to conclude that
the events F10.67 and F14,-122 were produced by background muons.

It is noted that if 9.1% of events showing only background

flashes are czlculsted to be 1.8 background muons simulating

quarks then the 25% (see table 8.6) showing measurable tracks
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should contsin 4.9 background muons, simulating quarks.
None is observed which could te as a result of fluctuation

as well as the effect of the obscuration of the chamber due

- to electron photon showers. These sre produced in the chamber

as 8 result of nuclesar interaction of hadrons (in EAS), nainly

- with lead snd iron absorbers.

8.3.5 The iipper limit of the gquark flux

As no genuine é/} auark tracks have been found it is
concluded thet the upper limit of qusrks through the chamber
'(1.57.m2 st aperture) is 0,89.10'11 cm"zs"'l-st"l at the 90%
confidence level. This limit accounts for the possible loss

~0.
of 164 (= 1 = ¢~ Ot

89 genuine quarks which would produce side
by side K.O.'s flsshes on their tracks. Tsking the inelsstic
cross-section of qusrks to be 11 mb (see section 8.1.2) the -
upper limit of qusrks incident on the top of the chamber is

‘5.‘5.1-0"11 crn"zs"ls'cf'1

at the 90% confidence level. Table
8.10 summarises the results obteined in the F series. The
results of the E series is shown in tsble 8.10 to be compsred

with the present experiment.

8.4 Conclusion

The results of the present experiment indicates that

‘tke chember is capable of detecting ©/3 particles. jy-genuine

querks with charge ©/3 have been observed. The upper limit
for quarks in BAS of medisn shower size &.7.105 (capable of
producing > 80 m=2 local electron density) is found to be

5.,5.10"11 cm“2 s"l st“l st the 90% confidence level, Compering

the observed number of 3 low efficiency background tracks with
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20, as has been observed in the E series, indicates that the
lstter yielded a lorger number per trigger than the former
although this difference could be due to fluctuation.
Accordingly it is suggested that further experiments should

be carried out with the same or less electron density trigger

8s the E series. For further experiments, with the present

flash tube chamber, one needs to modify the chamber such that
the effect of background will be minimised. For this purpose
it is suggested thet one should increase the ares of the

plastic scintillators A and B so that the resulting telescope

- spérture covers the chamber sensitive volume. In this way

one is enable to monitor the muons, and other penetrating
particles, having traversed the chamber in the time period

0 - 200y g preceding the EAS trigger by means of a single

‘particle indicator.



CHAPTER 9

PRODUCTION OF FORWARD AND BACKWARD MQVING

SECONDARIES BY PENETRATING PARTICLES

9.1 Introduction

The importence of K.O.'s as a test to identify genuine
quarksjfrom the background partiqles was discussed in
" chapter 8. In this chapter the asbility of the chamber in
recording K.C.'s, produced by the muon component of the cosmic
' rays,.has been consideredg For this purpose the energy spectrum
of K.O;'s in wide range of energy haé'been.measured. |

An interesting type of events showing'backward moving
secondaries, produced by penetrating component of cosmic rad-
iation has been observed. =~ A possible explanation for this

type of event is given.

Q02 The method of the analysis of data

Using the single psrticle selection system (see figure3.12)
L,237 events were obtained. The negative of the films thus
obtasined (films C2.C22) were projected such that the constracted
events hsving a ratio of 1l:45 compared to the real space. A
K.0. defined as a recoiled track off the main primsry track.
"The range of K.O.'s setisfying the following criteria were
measured:

(i) The K.O. have an apparent range of =3 flashed tubes.
(ii) The apparent point of the K.O. production ley within
F2 or F3,
To measure the range of K.0.'s (in the present experiment

the range of K.0.'s in verticel plane have been measured) the
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‘totsl number of flashed tubes and aiuminium electrodes, along

the K.O. track, were counted. (The position of the electrodes
were drawn on the.scanning table and thus ensbles one to count
the number of electfodes).' The range of K.O.'s passing‘through
Fha and F4b (see figure-B.ll) were measured up-to the'fourth

layer of FLDb. For these cases 10 MeV energy lossAwas-QSSumed,_

for K.O.'s having traversed scintillator B.

For each measurable K.0. the projected recoiled angle
of K.O0.'s were measured. The measurement carried out for
K.O.'s in which the first thrée flashed tubes were in straight
line. A scale diagram of all the ﬁeasured K;O.'s were drawn.

The analysis cerried out for 4,237 events of KeOo's with
range E:é'flashed tubes. A total nqmber of 554 K.0O.'s were
observed. Out of thesé 55l KoeQau's, the angular distribution.
of 359 K.0.'s were messured. The measurements of K.O.'s

with range between 3-5 flashed tubes cerried out for 574

- triggers and 69 KsOst's with this range were obtained. This

messured frequency normalised to h,237_triggers.to be comparable
with K.O.'s of range = 6 flashed tu‘bes. -Tab.le 9.1 shows the
results of the measured range distribution of the observed
KeO.'se  An example of an observed K.0. is given in plate 9.1,
The messured range distribution of KeOo's converted to o
the energy spectrum of K.O.'s using the range-energy relationn .

ship of electrons as will .be described in the following section. .

9.3 Range-cnergy rélationship

’

The rfigge R of & particle travelling in a particular

asbaorber defines as tle distance in which the particle csan

 traverse before it stops. This range is, obviously, a



PLATE 9.1 Event C5 - 29

An example of a K.0. observed
"~ in the chamber

E = 55 MeV.






Range of K.O. _ Frequency
(Number of flashed

tubes)
. .. o -
6 - 115
72
5k
9 - 6L
10 : 59
11 o | 30
12 | . 34
13 . 9
1, ) 14
15-17 27
17-19 | o 11
19-21 B 16
21-23 o 8
. 23.25 13
25427 3
27-29 b
29-31 b
31-33 5
33-35 5
35-41 1
blek?7 2
4756 3
5662 b
Table 9.1 Frequency distribution of the measured K.0u's

obtained, in anaslysing 4,237 triggers.
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function of the primery energy of the perticle and depends

on the way in which it loses its energy and follows as:

R = jf dE where dE is the total energy
5 -d&/dx | dx. _

loss per unit length.

The electron range is e somewhst indefinite concept
since at low energy region electfons diffuse thfough matter
and at high energy region the initial-electron-is éoon obscured
by sn accompanying shower of electrons. - In particulsr, st
high energy regioh radiation loésesbmakeslﬁﬁe apparent range
of electrons to be shorﬁer'than the actual'rahge.‘

The range of high energy electrons have been calculated

by Wilson (1951) for copper, lesd and aluminium. Wilson

" tokes into account the radistion losses asnd the effect of

multiple scattering of the electrons. His calculstions show
that the range R of eledtrons of energy Eq (in-units.equal to
Ln 2 times the iohisation loss in radistion length).folldws
as: ’ |

"R = log (E; + 1) where R is the mesn range in radistion
length. | |

In this formuls the effect of.multiple scattering hsas
been neglected. Wilson, however corrects the calculated
range for this effect and his results sre shown in figure 9.1,:
for aluminium sbsorber. | |

Berger and Seltzer (1964) have calculsted the renge
of eiectrnns by Monte-Carlo method in different sbsorbers. |
Tabata et al.'(1971) give theAresults of the calculstion of

Berger snd Seltzer, for electrons in the range of L-2L ieV

for sluminiunm. ‘These are shown in figure 9.1. The experi-
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mental resultslof Hérford (1950) in the region of L4-12 MeV,
and Ebert ét 31.1(1969); in the region of 4-24 MeV, also
sre shown in figure 9.1l. It can be seen that the results
of Wilson (solid curve of figure 9.1) is in reasonsble agree-
ment with other workers in the energy region were the 6omparison
has been made. |

To estimate'the energy of K.O.'s'from their measured range
in the chamber, it“islassumed that ﬁhe range of electrons in
sluminium and glass, for a fix electron energy, are the same.
This is due to tﬁe fact that the radistion length and»critical
energy of these sbsorbers are nesrly the same (see table Gil).
The smount of glass for a particle having traversed one flash
‘tube is 0.314 cm. md the thickness of aluminium electrode is
0.122 cme The production of K.O., in the gas of the tubes and
polythene sleeves of the tubes _(6.35.10"3 cm in thickness)
have been neglected. |

Accordingly the measured rsnge of electrons converted to
electron energy by mesans of figure G.l. The_diffefential
energy spectrum of K.O.'s thus obtsined is shown in figure
0.2, Since some corrections must be made to thése results,
~as will be described lster, thus the results shown in figure
9.2 is csalled, the apparent messured differential énergy spec-

trum of K.O,'se

9.4  Angulsr distribution of K.0.'s

It was mentioned esrlier that low energy electrons
scatter through the sbsorber before they stop. Thié makes
the me2surements of the angular distribution of K.O.'s to
be inaccurate in present experiments. ' To reduce this inaccurg'

acy, only K.O.‘s‘in'which the first three flsshed tubes, in . .
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Measured differential energy spectrum of K.O,'s
obtained for 4237 tracks (L track =91.5 g cm™?
sluminium). The first point hes been obtained
analysing 572 tracks snd is normalised to 4237
tracks. Solid curve (a) shows the predicted
spectrum sccording to Bhabhetheory (see the text).
The dashed spectrum (b) shows the best line through
the corrected spectrum ({ ¢ )e
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of KeO.'s having range =5 flashed tubes.
The solid curves show the predicted anguler
distribution of K.0. (in resl space). The
primery muon energy (in GeV) is 1ndlcated
for each curve.
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their ranges, were in the same line considered. Figure
9.3 shows a scatter plot of the messured sngular distribution
of K.0.'s with range = 6 flashed tubes. |

iﬁ a' is thé_recoiled angle (in rezl spsce) and E is
the K.O. energy produced by a muon of momentum p and msss

f c? then (Kannangsrs and Zivkovic, 1953)

E _ 2m p? cos g

‘Mg ﬂ/p2 + nhFZ - p2 cos%m»

The solid curves in figure 9.3 shows the sngular distrib-

ution of K.O.'s for different muon energies. This figure
indicates that about more thanva half of the eiperimental
-dats lie sbove the predicted curve of E = ®. . This disagree-
ment is mainly due to the effect of multiple scattering for

low energy slectrons. At high'energy-region the dissgreement
is due to ambiguity in the height of K.O., production, as will

be described in seption.9.6.

0.5 Correction for the aperture of the chamber

Tske the verticsl distance of F2 + F3 to be equivalent
to Ime. of aluminium,.and the distance between bottom of F3
to the fourth layer of FhLa to be ecuivalent to Ly, cm. of
sluminium. Thus the probsbility of messuring 2 X.O., prod-

“uced in F2 or F3, with rénge-of 1 cm. of aluminium isv(the'
distance between K.O. production to the top of F2 is equiv-

alent to (L + Lg =1) cms of aluminium).

PCL) . '(L.-b- Ip -1 )
S (L + Lp)

P( 1) was evalumted as s function of 1 . Using figure

9.1 the fange 1'¢onverted to K.0, energy (a2dding 10 MeV ensrgy
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loss due to scintillator B)s The results are shown in

figur'e 9014. .

9.6 Correction for energy of K.O.

It wss shown in section 9.4 that the expected angular
distribution of K.O0.'s sre very small, in particulsr for
high energy regions This introduces a serious problem.in'_
measuring the actusl range of K.O.'s, i.e. to identify accur-
ately the point of K.O. interaction, due to the geometry of
the flésh tubes. An attempt has been made to estimate éppfox-
imately the actual renge of K.O.'s (in pfojected plane):from
its messured range as follows: |

Two typicsl mﬁon tracks I and II were drawn on a scale

disgram of the flash tube chamber (front view). It was

. assumed that muon tracks I snd II interact st one of the

points a, b, ¢, d, a8, b, ¢ and d (see figuré 9.5) producing

a K.O. of energy EL . The recoiled angle of K.0. was evals

“usted from figure 9.3 for'Eu'= @ and its renge Ry was derived .

from figure 9.1, After drawing the K.O. track with renge Ry
the number of flashed tubes, where the K.0. track and the |
priﬁnry.muon track were shared, counted.. This then}subtracted
from the total number of flashed.tubes expecﬁed for a K.Q. of
energy ﬁ% . This shows the apparenf'number'of flashed tubes,
Ry which would be observed in the snslysis of the data. This
procedure was done for all.eight positions mehpioned sbove.

For esch position two cases,'depending on the X.0. produced

in either éide of the muon, were considered. Thus for each

\
K.0. energy Ey 8 total of 16 velues of Ry were obtained.

The mean of these 16 values of Ry and its error was calculated
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Figure 9.l

i 6 8 10 12x100

Energy E (MeV)

Probability of-observin ' i
y ! 3 g a K.O, with
energy E (MeV) in the chamber.



Figure 9.5

This figure shows the prodﬁction of a K.O,'

by 2 typical muon track (I) at point a.

The energy of K.O., is 16 MeV (equivalent

to & range of 7 flash tubes). The angle
of emission of XK.O. is tzken to be 140,
assuming the energy of muon is Ej = .
It can bte seen that the first three flashed
tubes have been shared between K.0. and the
muon track (I). The energy of K.Q. thus
would be messured as 10 MeV (equivalent to
a range of L flash tubes). -
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and converted to ﬁ; by means .of figure 9.1, The veristion
of apparent K.O.\energy,ﬁ; as‘a function of true energy E;‘
is plotted in figure 9.6. In these calculations it is.agsumed
that K.O0.'s do not go‘undef‘any multiple scattering, such that
it causes a change in the direction of initisl K.O. track.-
Because the angle .of recoiled K.O. is very smail for energies
of B, = 1,000 MeV, the calculation carried out,"only for one
case in this energy region. |

An example is given in figure 9.5 where s K.O. of energy
of 16 MeV (equivalent to s range of 7 flashed tubes) has been
produced at point s. It can be seen that the first three
flashed tubes could be misidentified as due to the primary
muon track. Thus in measurement, this K.O. would be consid-
ered to pass through k4 flash tubes, i.e. having an energy of

10 MeV.

0.7 The corrected differential eneregy spectrum of K.O,

The rate of measured K.O. st the measured apparent energy
Eg firét corrected for aperture by means of figure 9.k.
This then.corrected for estimating K.O., energy using solid
curve of figure 9.6. . The results of the correctédVSpectrum
is. shown in figure 9.2. The deshed line shown in figure
9¢2 has been drawn thrbugh the corrected experimental points

\
and follows a form of F(E )dE ot %rg d E , where E is the

energy of K.O.

0,8 Comparison between the meqsured and prodlcted energy
gspectrun of K.O.

The differentisl collision probability for perticles of

mass, m, and spin 1/2 has been calculated by Bhabha (1938)
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This figure shows the relationshi
between the mezsured (uncorrected

and corrected energy of K.O.'s.

The errows show the mean error of

esch point obtained in averaging

16 different positions for K.O.
‘production (with the s=me angle)

The measurements for corrected energy
beyond 1000 ¥eV only have been carried
out for one pogitinn. The s olid curve
demonstrates the best curve tkrough the
p01nts.
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and is (Rossi, 1952)

\ 2c m,c \ 2\l
P (E,E ) dE = © dE_ (1~ BTE__ 41

: \
2 E-z E' 2 Bemg?

)2)g cm"?

. % . ' ’ v '
where ¢ = 0,15 1 ,‘mec2 is the rest mass of electron, ﬁ is

tbe relative velocity of the incident parblcle of energy E

3 - with respect to light, E is the energy of K. O., E m is the
maximum transfereble energy and is given by,

3 | i If = 2mce (Ez-“ m ch)
(2 mec2 E + mock My, ch)

m e

. .
Figure 9.7 demonstrateg E , @s a function of muon energy for
M ~e collisions,
_ | | .
The totsl probsbility of K.0.'s of energy E in travers-

ing s muon of energy E thfough F2 + F3 is (the vertical amount

of matter in F2 + F3 is 9l.5 g cn™? and the average % of F2 +
| F3.is = 0.5)3 | |

6083 2 \ ’
mrmaairmnn e l - 'E l_- E 1 . .-
. BZ ' [ Ef i 2 ( + mgy_) ] G (MeV -1

: Vo
{ Pt (E, E ) dE =
| B2 track)”

Since in the-present experiment no informaﬁion is avail- :
ablé about the enefgy of the individusl muons thus it is
necessary to assume a form for the energy spectrum'of muons
st the point of K.QO., production. This spectrum then should
be folded into the function Py (E, E‘)dﬁ'to obtain the pred-

jcted differentisl energy spectrum of K.O.'s.

The adopted energy spectrum of muons for present cslcul-
j . etions is tasken from Hayman and Wolfendale (1962). It is
gssumed that all K.O.'s hove been produced at the centre of

F2 + F3. The energy loss for muons from the top of the
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chamber to middle of F2'+.F3 is 0.5 GeV, Thislis calculated
taking tHe range-energy relsation ss oiven by Serre (1967)}.

This then subtracted Trom the energy spectrum of Hayman and
Wolfendale. to obtain the energy spectrum- of muons at the centre
of F2 + F3. This then folded into the:function Pt(E,E )du

calculating the following integrel

_ E (max)
\ h . \
N(E,E )dE = /_u | N(Eu) P, (E, E )dE -dE“_

Eu-(min)

where N(E,E\)dﬁ tis the total number of K.O. and N(%J)dE“
is the energ y spectrum of muons at the middle of F2 + F3.
Ep (min) is the minimum muon énergy capablc of producing a
K.0. of energy E and Eh (MEX) assumed to be 30 GeV).
The. sbove integral, calculated numerically and then the
results normslised to L4237 triggers. The solid curve in
figure 9.2 shows the expected differentisl ehergy spectrum of
K.O. produced by 4,237 triggers in the chambers | |

It can be seen that the expected'and measufed spectra
are parollel within experimentsl errors. The absolute rate.
of the predicted spectrum is nesrly tW1ce the observed rate.
The loss in the rste of the measured . spectrum at low energy
regipn is mainly due to the-effect of multiple scattering.
There is equsl probability for K.O,to scatter in either side
of the initial electron‘tuack, i.e. toward the main muon
track or outwerd from it. This suggests that the K.O.'s
which have been scattered toward muon track would be indisting-
uishable from the main track snd thus wouldibe'lost. The
other effects are the ambiguity in estimating energy of K.Oe,

i.e., ambiguity in the point of interaction and possible
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errors in the range-energy relationship. It should be noted.

that.in present experiment. the projected renge of K.0.'s

have been measured which introduces an uncertainty in estima-

ting the measured K.O. enérgy. Because of these uncertainties

the corrected experimental dasta normelised st arbitary point.

of E = 160 MeV to the expected spectrum, i.e., the rate of
the experimental points multiplied by 2.0. At each energy
If the measured rate after ndrmalisation divided to the |
expected rate st the-correéponding energy and the results
are shown in figure 9.8, |

Figure 9.2 shows that the measured spectrum is consistent

with the-predicted spectrum, based on Bhabha theory, for the

‘measured energy range in this experiment. The increase in

cross section production for E?ﬁ»l GeV, s observed in this
eﬁbériment, is due to the uncerﬁainty;in meésuring‘EL -'E;
relstionship for high energy region (see séction'g.é).

‘One should note that although probsbility of other
prbcesses than K,O.; i;e. pair production and'bremstrahlung,
are much lower fér low energy.muons (less than g few ten of
GeV) they bécbme comparable -or higher than K.O. cross secﬁion
for muon energy of = LO GeV. The effect of these processes -
is bélieved to be not significant in present experiments (with

2.1 GeV. medien muon energY)a

2.9 Comperison with other exnériments

Figure 9.8 demonstrates a survey of the experimental
data as given by Allkofer et al. (1971) together with the
results of present .experiments. This figure shows the devia-

tion of the experimentel data from the theory of K.O. as



Author
Present work

Roe and Sozski

(1959)

Deery and Neddermeyer

(1961)

Chaudhuri snd Sigha
(1964)

Chaudhuri snd Sipha

" (1965)

Keasrney and Hasze

(1965)

- Allkofar et sl
- (1971) '

Backenstoss et al.

(1963)

Kirk snd Neddermeyer
(1968)

Source of muons
Cosmic rays

Cosmic rays

Cosmic-rays
Cosmic rays
Cosmic rays
Cosmic rayé

Cosmic rays

8 GeV muon
from accelerator

10.5 GeV/c and
5.5 GeV/c muons
from accelerator

Table 9.2 This table serves ss a key of figure 9.8.
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Survey of mxﬁmeSmmdmw smndem on K.O0.'s as given by

Allkofer et 21. (1971). The:r - results of the present
experiment shown in this graph (see table 741). _
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given by Bhabha (1938).

The date of figure 9.8 have been ohtained using c osmic
fay muons or sccelerators‘as.é sdurce of muons. Table Q.1
serves as a key to the dats of figure 9.8.

It can‘be¥seen that there sre deviations in the regibn
of median energy tranéférs ( 2 1 GeV), in cosmic rays experi-
mnents. - | _ | |

_ Deery et al. (1961) were asble to fit their experimental
date byvmﬁltiplying the expected cross section of K;O.;s by

a factor, the so-called-form factor F. This defines as
F=1=4« l q2 f/k;z.- ‘where q is the invarient of the 4 -
momentum transfer in units 6f'h and hp.is the comptdn wave.
length of muons. (The energy transfer to electrons, initislly
at rest in the laboratory system, is W = [ q L2/2m, where

m is the electron mass, thus W = 10 GeV for | q ] = C.l-GeV,
and the incident muon required for this is 17 GeV).

The difference between theory'and.experiment could be
either as a result of the invalidity of the theory of Q.E.D.
at high energy transfer or could be due'td the structure
effect of muons. . |

Beery et al., however could not differentiate between
the sbove mentioned effects in describing their results.

~Kirk and Neddermeyer (1968) have interpreﬁed their
results, which is inconsistent with Bshbsha theory, at high
eﬁergy trahsfer, as a confirmation of the vslidity of the
applied correction (due to the systemstic and random errors
in estimating K.O. energy) rether-thah s direct verificstion

of the theory.
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9.10 Backward movineg secondaries

0.10.1 Introduction

It was shown, in section 9.4, that due to the effect
of multiple gcattering, the measured angulsr distribution-
of the recoiled electrons are larger compared with theoreticsl

expectations The discrepency however is larger for low energy

.K.O.'So

As it can be seen from figure 2.3, the maximum observed
anguiar distribution of electrons is about 70°.  During the
course of scamning it was noticed that some of the produced
particles wefe_emitted with sngle of >90%  Since these
events could be due to the-low energy electrohs,'scattered
bsckward, thus to reduce this effect only the events showing

o backwsrd moving secondary with range = 5 flashed tubes

- considered.

9.10.2 Results

Table 9.3 shbws the measured properties of the 22 back-
ward moving secondaries observed in 4,237 triggers. - The
events shown in table 9.3 have been'grouped_to_h types as
follows: |
| Type (é): This type of event showing the produced secondaryl

track being psrallel to the sluminium electrodes. These are

‘believed to be as s result of backward scattered K.O.'s.

Type (b):. A total of 15 events of this type were observed.
This type of event could be produced in the same way as ment-
ioned for type (a). The other possible way of production

could be due to low energy nuclesr interaction. Plate Q.2



Type of
Bvent

(2)

(b)

(c)

(d)

Table 9.3

Film-Event

number
C5 - 107
106 _ 1y
€20 - 175
€3 - 119
o - 66
Ch - 179
C5 - 124
C6 - 55
o7 - 111
¢7 - 181
cé - 8
8 - 103
€9 - 27
- C9 - 105
€15 - 20
C15 - 186
€16 - 164
€19 - 16
€3 =~ 117
C9 - 111
Clh - 95
C20

137

118 -

" Renge

7y 1
5, 0
5, 0.

9,
6,
7
11,
11,
11,
s

12,
12,
5y
9

5, %2

7s

28, 10

25, 15

39, 21
12, 8
355 1k

3
2
3
7
4
5
2
8, 3.
o
5
2
3
2
2

‘Angle
(degree)

102
96
111

146
166
165 -
136
159
1,6
135
120
162
127
142
164,
120
115

97

LRl
164
01

'Energy
(MeV?)

electron pion

12
8
8

.
11
12
22
22
22
8
s
5

25

8

17 -
8 .

L3
34

37
L8
L8
L8
30
L0
51
51
30

43
30
37
88

78
=130

=109

The measured properties of the backward moving

secondaries.
indicates the number of flashed tubes znd the second number
shors the number of electrodes in Whlch the particle hao

passed through them.

In the third column (Renge) the first number



PLATE Q.2

Event Cl6 - 164

An example of a backward
moving secondary particle

observed in the chamber.
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shows an example of this type of event.

Type {(c): 'One event of this type has been observed.
The gvent is similar té_alrt-;phe decay.

Type (d): This type of event is the most ihteresting one; :
These events indicste the productidn of a backward moﬁing |

secondary having traversed at least 15.cm of iron. These

type of events,if they sre genuine, are probably produced by

muoh electro production of a nucleon resonsnce followed by
decay to the ground state in which a backward pion is emitted,

the oversll feaction being p;p~¢kynnﬁ Two events of this

- type are listed in table 9.3 (events C9-111 and Clh-95)‘but

a third event of similar type has also been observed (event

€20-118) in which a penetréting particle produces a secondsry

ot 90° to its iiné of flight. AMfter traversing g flash tube:
the'secondafy either scatters throuth 90° or decays to a
charged and neutral particle, the chérged particle penetrates
15 ¢cm iron. |

To obtain better stétistios'the 1,046 triggers obtaihed

in single psrticle run (see chapter 3), i.e., films Cls - Clk,

‘were analysed looking for this type of event. None was '

observed. Thus the three events of type (d) have been
observed in 5,238 triggers. An exsmple of this type of event
is shown in plate 9.3. o

The energy of the observed backward moving secondaries,

- listed in tsble 9.3, have been calculsted sssuming they are

electrons (using figure 9.1) or pions (using Serre table, 1967).

9.10.3 The number of backwsrd moving particles simulsted
by bockeround particles ’

A test wss carried out to sce whether the observed events



 PLATE 9,3 Event CO - 111

An example of a- backward moving
secondary particle, having
“traversed 15.cm of iron.






- 15k

of type (d) sre genuine or not. For this purpose'the:évents
of films C2-C22 wepevinvestigated and the number of'priggers
showing the presence of a second track ;n the chamber_were
counted. It was found that 75 events, from the total of
L4237 triggers, show.a-second particle'having traVersed_l5 cm

of iron and being not psrallel to the single muon produced

‘the trigger. lHence the expected number of thetracks simul-

sting type (d) event is
| %M ey 237

where 8L.5 is the mesn number of flash tubes in each layer of

_ the chambere.

" This is to be compared with the two observed events of
type (d). Tt can be seen that the ststistics of the observed
events of type (d) is not good to .get firm conclusion about

the presence of such type of events.

g.11 Conclusion . .

The energy spectrum.of‘K;O.‘s produced by cosmic ray
muons were messured in energy range of ﬁ==1o - 1,000 MeV,
It was found that the measured-differentiallenengy spectrum
of K.O.'s follows a law in the form of /22 dﬁi. The
spectrum is parallel.-within experimental errors toithe theory
given by Bhabha (1938) sssuming muons have a spin of 1/2.
The results, however, are found to be lower than theory by
a factor of about 2. This could be explasined as a result of
experimental limitation of the chamber in resolving tracks of
distances of thelorder of one,flésh tube diasmeter.

It was found that 0.5%7 (= 22 events out of 4,237 triggers)
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A

of the events produced backward moﬁing secondaries with

range of = 5 flashed tubes. This rate is lower than the
rate of the observed K.0.'s -of range z:’5 flash tubes_by'a
factor of aboﬁt 32. In é,total of 5,238 trigger only 2 events
(0.0L9) Were observed which shows a backward moving secOnéary
having traversed 15 cm of iron. Alfhough_theSe probably :
produced by MP —= nTt* they could conceivably be produced
by thedecay of a heavy mess particlé (for exsmple the decay of
a non relativistic, .13'< 1/3, X quark into a proton quark
plus TC ). As the events of this type are rare g seiéctién
system would be required. A possible detector could be a
flash tube chamber.with'built;in alternstiVe,layers of

Cerenkov counters sensitive to downward moving and upward

moving particles respectively.
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APPENDIX A

TONISATION LOSS OF FAST CHARGED PARTICLES

A.d Introduction

The saturation of the ionisation loss of fast charged
perticles in matter has been established experimentally (see

Crispin and Fowler, 1970). The exact magnitude of the effect

' in various detectors have not yet been measured preoisely. ‘Ramana

Murthy (1968) hes messured the ionisstion loss of fast charged

particles in proportional counter. He finds thst the ratio

- of minimum to plateau innisation loss is 0.45 compared with

0.60 as predicted by Sternheimer (1953), &t P/me = 2,000,

The decrease in the ratio of plateau to minimum ionisation
(observed by Murthy, 19468) haé been investigated by.Garibyan
and Ispiryen (1972). These suthors suggest that when a fast
charged particle traverses from solid to gas (as in a proport-
ional counter) the energy loss at distanceé larger than tgpr
is equal to the theoreticallenergy loss with allbwance for the -
density effeét in the gass, whilé on emerging frdm the solid
matter the loss is equal to ﬁhst in the gas-without density

effect, but decreassed by the seme factor as the energy loss in

the 'solid matter of the window is decressed by the density

effect. =~ (The value .of Eopp 18 2 function of Loretz factor

of the primery perticle, for instance is= 5 - 15 cmaty = 103

in the experiment of Murthy 19468).

Ae?2 Results of the present experiment.

The negatives of the films obtzined in measuring burst
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sizg - burst width relstionship wefe considered énd the'inuumai
efficiency N1 of Fla duevto the charged hadrons induced

burst in ironvvereimeasured. The meesurement of ﬂI were
carried out for different-energy range of hédronsQ. The
results of the Measuremeﬁt as 8 function of Lorentz factor

of the primary pértiéle (assumed to be pions) are éhown in

figure A.l. The experimental dsts st Y = 130 is obtained

‘measuring 'nT of Fla due to the passage of muon component

of EAS runs (svereged for the E,F and G series). The experi-
mental data_showh in figure A.l at¥ = 20 is derived from the .
single psrticle run. .(The médian energy of muons in EAS and
single particle run is 14 GeV and 2.1 GeV respectively).

All data showﬁ in figure A.1l hsve been corrécted for unresolved -

KoOo'So

A+3. Compsrison with theory snd conclusion

The solid curve shows the theoretical prediction using

Sternheimer theory (Hayakawa, 1969) for neon gas, which is 98%

of the flash tube gas. The curve has been normalised at

Y = 20, assuming 2 £ Q = 9 for 20Us time delay .(see figure
hfl).

It can be seen thét there is ressonzble agreement between
experimental data and Sternheimer theory. The.dashed curve
of figure A.1 is calculated including the transition effect

due to Garibyan and Ispiryen (1972). It is seen that the

4experimental data do not follow this curve.
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APPENDIX B

Deduction of the spatial aneular distribution of Cosmic
rays sbout,_the zenith sngle from a measured projected
angular distribution.

B.1l Tntroduction

Lovati et al . (1954) have introduced a method to convert
the projected ahgular distribution of par‘ticvles', messured in‘
perpendicular plsne, int.o the distribution function of partic-
les foreseen by the cosn(p law, in real space. Thus if one
meaéur'es the projected angular distribution, one is enasble to
derive the best value of n using s chi-square method. | The
procedure of ‘the. calculation sre os follows:

Let A and B (figure B.v]_.) be two rectangular detectors.
placed above each other. Detector A has dimensions 2 Y cm.by
2 X cm. and detector B h’aé .-d___imensions 2 Veme by 2 Wcme The
-vertical distance betw'ee'n'- A ,énd B is Z cm. The direction of
motion of one particle crossing the two detectors A and B is
‘individulated by the sngle % and ), which are bound to zenith
angle P by - |

Cos p = Cos T Cos

As mentioned e.:?rlier'-, it is assumed thst the angular
: distributioﬁ of particles follows ss I=T1, Cosnkp' where I,
is the vertical intensity (cm“zs"lst"l) and I is ﬁhe intensity
at zenith englékp. Then the total flux F, of the particles

through the sensitive volume of detector is

- Fn

jj dx dy Cos @ I(P) dw

[}

jf[ dx dy Cos. Ig Cosngp'-. dw

where d w is the elementery solid angle and is given by



TR e e 1 s e

Figpure B,1.

The path of »
detectors.

muon through psrallel
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d w COSq)d'npd%'

thus - Fy jjfdx dy 60%n+1§ 49 Cosn+2q) d .

=21 / [ /‘ / Cos™ 8 aday ax 09s ”fp

Coddr.

Re-write the above expression inverting the order of

integration with the limits

'&1 =0 '&? = arc tg ((Y + V)/3)

end ), = arc tg ( —-)-(— Cosy), WPz = arc tg (_:’V——'-Z'._-X-~_?Cos~&‘) ‘

Let the orthogonsl projection of the angular distribution

on the vertical plane Y Z be N { 4 ) then

N A ST

Hence
n+1

N (9) = 2 I, Cos™™y (Ta -z tg-&)] dXI cos™ Y. 4 ¢

with the limitation

T+7V - Z2tgd =20, ic6e, tg§ <= (Y + vy )/Z.

This equation can be integrated for integer velues

of n. The solutions for n = 0, n =1 snd n = 2 are as


http://Cos.fr
http://_2LiJLiCos.fr
http://tg.fr
http://tg.fr
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' follows:
| ( =x)C o
| (1) N, () = % K C sﬁ{ Jare. tg[ El_gp (w+x)8r¢;Fg[ (Wx Cosﬁ]
% ) & 1 : 7% ?(72+(w-x)2003%}) 22_2(zé+(w+ﬁ2003%.
| - (2) N (9) = L K cha[ o2 (e (o) 00sy) | 2 i Cosy
: . . 3 N2 B T
E e ”

: (3)N2 (’3) = —é‘ Z3 COS 'a' (’\ + A+ ) + T COS ,3- N ' ‘3)

22:+_(W + x)2 Cosaﬁ

where K=l ID(Y + - 72 tg ) A

| Pattison (Ph.D.'thesis,_l965) gives the following genéral-

~expression for n > 1

) Nn('&) i K Zn+lcosrb (A:l’l/?._ A—n/2) ;1:;- Cos % (%)
“n{n+2) ot

Thus one can calculaﬁzthe.predicted projected anguler
distribution of particles crossing_the'sénsitive volume of'
a detector Krectangular) for different values of n.

The present cases are (i) The anguler distribution of
the penetrating particles observed in the chamber, (ii) The
angular distribution of badronslépd (1ii) The aperture of
the chamber for bursts produced in glass.

i o The results of calculations have been mentioned, for

these ¢ ase's, in sections 5e3,7.3 and 7ulrespectively.  In what

follows Io is normalised to 1 cm‘2 s“llst”l.

—

B.2. The angulsar distribution of the e notrating particles
observea in the clamber. ‘ _

The  sccepted events defined ss the trscks crossing the

top layer of F2 and one-third of F2 (see figure 5.1),

i
i
i
.
i
‘
H
H
i
i
i
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Thus 2Y = 2 V = 151 om., 2W = 2x = 196 o, 7 = 30.8 cm.
~and the limit of integrsl max = 78.4,7%
i "" . The results of the caléulations for. a range of n is
shown.in fiéure B.2. The differential‘aperture demonstrated
é in figure B.2. is expressed in units o_f_ém"'2 st/rad. |
The area under the cufﬁes of figure B.2. normalised to
" the totsl observed events and a chi-square test between the

predicted and observed distributions cearried out, to find the

best value of n.

" Be3s . The sngular distribution of the c¢hareged badrons
' induced burst in iron.

!

The eccepﬁable evenﬁs satisfying the following<:riteria.
(i) The hadrons traverse Fla (see figure 3.11)
(41) ..The energy of bursts being = 500 GeV and the primsry
'trapksldo not pass within_bne centimetre (in scanning sheet )
'in;éither side of the chamber. | ,
Then 2 V= 151 cme, 2¥ = 111.8 cm., 2 W = 2 X = 165 and
= 50 cm. |

‘The best value of n wes found in the same procedure

% = as ‘described in B,Z.

Belio The_aperture of the chamber for bursts produced in
g___?o‘)o

The interaction length of the bursts produced in F2 or
F3 (see figure 3.11) were measured in F series. This was
? B done determihing the.slope of the measured frequency distri-
bution of the distasnce between the point of intefaction and

t0p of Fla. -The measured distribution should be corrected

for the totel sperture of Lhe chamber., This is a function of



8 .
7.2

| eL_z.

" ﬁ

32

Differetidl aperture (cm_2 st/rad)

24 i
16 -
3 .
0 - L

0 60.-. 80
" Projected zenith angle
( degree)

Figure B.2,  The. scceptance function 6f the chember in .
© measuring the angulsr distribution of EAS
particles with n ss a parsmeter (in I = I,
cosNy ) as indicsted for each curve.
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the exbonent n, of thé angular distribution of particles
induced bursts, and Z. |

The totsl aﬁerture of the chamber as a function of n,
for different velues of Zrand 2V = 2Y = 151 cm., 2W = 165
cme. ond 2 X = 196 cm., is shown in figure B.3.

The measured ffeQuency multiplied.by Nggeag (n=9,Z) to
correct for the loss of the events due to the aperture of the
chember.  (The valué,of n =9 is taken from the measured

sngular distribution of hadrons in F series).
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Figure B.3, .

Integral sserture of the chamber
for partiéles induced burst in

the glass as a function of n(in

I = Iy cosy ) for different values
of Z2.in cm.as indicated for each
curve.
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- APPENDIX C

THE EFFECT OF DIFFERENT DETECTORS ON

THE MEASURED DENSITY OF EAS

It was mentioned that the density of EAS recorded
by the liquid scintillators (on the roof of the chamber)
are higher than the expected densities if one uses G-M

counters or proportional counter (see table L.2).

Brennan et al. (1958a) include & tray of forty G-M

- counters, of total sres 0.382'm2, with the array of liquid

scintillation cbunters to compsre the respbnse of the G=M
counter end scintillation counter. The scintillstors were'
10 cm. inf&epth and 0.23 m? in area each. For each shower
detected by thé array, they measure the density recorded by
the tray of G-M counters. ThsycaMe to the conclusion thst
the rétio of the density recorded by the G-M tray to the
density recorded by the scintillator, at the location of

G-M tray

B: —g—g—— = 0.68 £ 0,02 where P and Pg are.
S

? ' the Geiger particle density and the predicted scintillator
density respectively.

If one essumes that B§~ is proportional to the scintiil-
G

ator thickness, thus for a 15 cm depth (egual to the depth
of scintillators used in EAS triggering system of the chamber

see figure 3.11).

B= 045
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This is consistant with the ratio obtsined in table L.2.
The fact that Bis n&t equal to one coul dbe attributea
to the multiplication of shower psrticles in the scintillatqr‘
itself. The effect-has-been invéstigéted by Ketsumute (1964),
measuring the reéponse of two plastic-scintillatofs;‘positioned'
. on top of each other, to the EAS particles. Katsumuba found
that the fatio-of'pulse heights betweeh'fifst layer and secohd
layer of detectors iﬁcrease the numter of charged partiéles
ﬁassing 5 cm., plastic scintillator by about 304 in average
and being almost independent of core distance for r < 20 m.
The'BO% increase found by Katsumuba is for'5 ém. SEintillatora\
Thus for @ 10 cm. scintillator the incresse could be 60%
'Which_is slmost the same as it is found by Brennan et ai.
(19580). - |
- One should note that it is quite possiblé that the ratio
B,may vary with core distance. Brennan et al. suggest .
thet the dependence of 13_on core distance is such thet it
will not have a significsnt effect on the size spectrum
messured by Brennsn et &l (1958b),. |
The inéoﬁsistency between the results of proportional
counter and G-} counters (see tstle 4.2) could be explained
as .2 result of contribution of photon interaction with the

giass wall of the G~M counters.
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APPENDIX D

MEASURBMINT OF THE BAROMETRIC COEFFICIENT

OF INFOPTYEWT SINGLE PARTICLES

The coincidence rate of the G-M telescope,<used.in

- the calibration of the proportional counter (see section

3elieli), Was messured as a function of the atmospheric pressure.

‘The results sre shown in figure Dele  The value obtained for

the barometric~coefficienﬁ is f=3.7%0.3% (cm Hg )"l.
Hence the absorption length of the incohereﬁt sihgle particle'
AI 386 +38 g cm=?, :
The proportion of muons in the recbrded'coincidenCe rate .

of the G.M telescope is 0.66,(the remainder 0.34 being due

to electrons, see section_3.6),'henqe

1. = 0.66. =+ O-i?h where A\ snd A sre
KE u € _ H : ¢
the sbsorption lengths of muons and'elecbrons respectively.
Bercovitch (1967) hes memsured the barometri¢ coefficient |

of muons at sea level ss ﬁue 2.15 7 (cm Hgﬁ;l. ' Thus

| ‘/\U= '632 & cm=2. Substituting /\ a /\I in the
sbove formula one obteains A = 203 :g% cn”

e
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Figure D,1l.

The coincidence rate of the G-M

telescope as a function of atmospheric
préssure, The solid line is the best
line through the experimentsl data.
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APPENDIX E

SEPARATION DISTRIBUTION OF GROUPS OF MUONS

The separstion distribution of the groups of muons with

either two of three muons having traversed the flash tube.
sres (2.95 m°) have been messured. The results sre shown
in figure E.l. In measuring the distribution shown in
figure E.1, the distenée between muons in plane AB(see figure
. 4.3) have:been determined. Table E.1 compares the measured
mean -seperation of muons with the expected mesn separatioh

of muons, assuming'they are rendomly distributed. It c2n

be seen that good agreement is found which indicates that the
observed groups of muons, in the chamber, are randomly distri-
buted., |

Blske et al., (1971) have ﬁeasured the separstion distri-
bution of groups of two and three muons, having traversed I m2

area of their detector, in showers with energy or>10%7 v

at distances r > 100 m. They come to the conclusion that the.

muons. are randomly distributed. The group of parsllel‘

muons with E = 10 GeV have been studies by Ll'ins et al.,

2

(1974L), using L m* spark chamber. These a2uthors show that

the existence of parallel muon groups can be attributed to
fluctustions of the muon lateral distribution function near

the axis of the EAS.




" FREQUENCY

o 2 4 6
“ Lateral - Distance (cm)

. Figure, E.l The 15 tersal separation distribution

: . : ‘ of groups of 2 muon (2) 2nd 3 muon

(b)e - 1 cm. is equivalent to 20 cm, in
real space. ' :



[P,

Muon Totsl Measured mesn| Expected
multiplicity number separation mean sepa-i.
(muons/2.95 w?) of (cm of scenn-| rstion
observed| ing shest) (em of
-events - scanning
' sheet).
2 8 | 2.33% 0.8 | 2.57
(Films F1
5F20)v
3 110 1.86 £ 0,13 1.92
(Films F1 |~
-F20)
|
- Teble Eol The basic dats of the separstion distribution

of groups of muons. The expected mean separstion are one-
third snd one-fourth of the total width of the chamber for
muon multiplicities of 2 and 3 respectively. (1 cm. of
scanning sheet is equivalent to 20 cm. in real space).
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