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“Cosmic ray research has advanced our
understanding of fundamental problems in
physics, when concepts previously used are
shown to have a limited range of applica~-
bility. Since Cosmic rays contain inform-
ation on the behaviour of matter in the
smallest (elementary particles) and largest
dimensions (the universe), they have been
particularly valuable in testing the concepts
of daily life in relation to their meaning in
physies and in leading physicists to find new

ones,"

by

W. Heisenberg

At the opening of the 14th Internmational

Cosmic Ray Conference in Munich (1975)



ABSTRACT
PREFACE

CHAPTER 1

CHAPTER 2

CHAPTER 3

CONTENTS Page

ii
INTRODUCTION 1
1,1 General L
1.2 Historical review 1
1.5 Cosmic rays and particle physics 3
l.4 The nature of primary Cosmic rays 5
1.5 The origin of Cosmic rz s 6
1,6 Secondary particles 7

1.7 MNuclear active particles in extensive air showers 7

HIGH ENERGY NUCLEAR INTERACTIONS AND THE STUDY OF 9
EXTENSIVE AIR SIOWERS.

2.1 Introduction 9
2.2 Va.r:.lation of mean multiplicity <ns> with energy 10
2.3 Transverse momentum 11
2.4 Imnelasticity Coefficient 12
2.5 Variation of hadronic cross-~section with energy 13

2.6 Relation of nucleon-mucleus cross-sections and 14

micleon-micleon cross-sections

2.7 Conclusion 16

A SURVEY OF MEASUREMENTS OF HADRON CHARACTERISTICS 18

IN EXTENSIVE AIR SHOWERS

3.1 Introduction 18
3,2 Miyake et al, (1969) 18
3.3 Hinotani (1961) 19

3,4 Kameda et al. (1962) 20



CHAPTER 4

CHAPTER 5

3¢5
3.6
3.7
3.8

3.9

ATR
4.1
4.2
4.3

4.4
4.5

4.6
4,7
4.8

Kaneda et al. (1965)
Chatterjee et al. (1967)
Vatcha and Sreekatan (1972)
Matano et al. (1973)

Conclusion

SHOWER ARRAY
Introduction
The 2m2 scintillation detectors

The response of photomultipliexr tube
for various light inputs

The linearity of the pulse height amalyser

The response of photomultipliers to the
E.H.T. Supply

The detector head unit
The octal buffer

Calibration of the detectors

Page

24

X

28

28

29

30

30
30

31

THEORY OF BURST PRCDUCTION IN LEAD AND IRON ABSORBERS 32

5.1 Experimental methods of hadron energy estimation 32

5.2
53
5¢4

5.1.1 Introduction

5.1.2 The direct method of energy estimation

5.1.3 The nuclear interaction method
Sel.4 The ionization calorimeter method

5.1.5 The burst production method

Production of burst in lead and iron absorbers
The processes involved in building up a cascade

The one-dimensional development of electron-

photon cascades

32
32
32
32
33
33
34
36



CHAPTER 6

5¢5

5-6

5.8

59

Solution of the diffusion equations under
approximation A and B

Method of moments

Monte Carlo procedure

Te Comparison of simulation with experimental

results

l1-dimensional nuclear - electromagnetic

cascade simulation in a thick absorber
5.9.1 Introduction

5.9.2 Muclear interaction ﬁodel
5.9.3 Calculation procedure

5¢9.4 Burst size-energy calibration,
calculation results.

5.10 The burst size distribution

5.11 Conclusion

THE NEON FLASH TUBE CHAMBER AND THE EXPERIMENTAL
ARRANGEMENT FCR THE STUDY OF HADRONS IN EXTENSIVE
AIR SHOWERS

6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8

6.9

Infroduction

Principle of operation of neon flash tubes
The Neon flash tube chamber

The high voltage pulsing system
Characteristics of flash tubes

Te Comparison of efficiency-time delay
measurements with calculation

Calibration of the scintillation detectors
The air shower selection detectors

The relation between shower size and the

collecting area

6.10 Triggering mode

Page
37

37
38

39

39

42

43

45

45

45

47

49
49

49



Page

6.11 The method of analysing the data 51

6.12 A method for estimation of hadron energy 51
from flash tube chamber information

6.13 The method of acceptance function 51
determination |

6.14 Method of shower core location 53
6.14.1 .Introduction 53
6.14.2 lateral structure function 54
6.14.3 Graphical method of core location 55

CHAPTER 7 EXPERIMENTAL RESULTS ON THE CHARACTERISTICS OF

HIGH ENERGY HADRONS IN AIR SHOWERS 57
7.1 Introduction 57
7.2 'The basic experimental results 58
7.3 Lateral distribution of hadrons 59
T.3.1 Method of measurement 59
T.3.2 The size spectrum | 59

7.3.3 The results of the lateral distribution 60

T7.3.4 Comparison with other experimental resultsé0

7.3.5 The energy dependence of the lateral 61
distribution
7.3.6 The shower size dependence of the 61

lateéral distribution -

7.4 The variation of the mumber of hadrons with 61
shower size

7.5 Comparison with other experimental results 62
7.6 Theoretical Considerations ' 63
7.7 Integral energy spectrum of hadrons in E.A.S. 64
7.8 Comparison with other experimental results 65

7.9 Discussion and Conclusion 66



CHAPTER 8

CHAPTER 9

DEPENDENCE OF THE MEAN TRANSVERSE
MOMENTUM OF SECONDARY PiRTICIES ON
COLLISION INERCY

8.1 Introduction

8.2 Determination of transverse momentum

PT in individual cases
8.3 Shower size-energy convsrsion

8.4 A summary of measurements of high

transverse momenta

8.4.1 Oda and Tanaka  (1962)
8.4.2  Miyake et al (1963)
8.4.3  Bakich et al (1969)
8.4.4 Sreekantan et al (1971)
8.4.5  Dake et al (1973)
8.4.6  Miyake et .al (1969)

8.4.7 Hestrerova et al (1973)

8.4.8  Hazen et al (1973)
8.4.9  Matano et al (1975)
8.4.10 Aseikin et al (1975)

8.4.11 Nesterova et al (1975)
8.4.12 Vatch:et al (1973)
8.5 Results
8.6 Comparison with other experimental results

8.7 Summary and Conclusion

THE SINGLE HADRON ENERGY SPECTRUM AT SEi LEVEL
9.1 Introduction

9.2 A survey of measurements of single

hadron energy spectra at different altitudes

Page
67

67
68

68
68

68
69
69
69
70
70
71
72
72
72
73
73
74
75
76

77
77

77



APTER 10

2.2.1
9.2.2
2.2.3
9.2.4
9.2.5
9.2,6
92,7
2.2.8
2.2.9
9.2.,10
9.2.11
De2.12

9.2.15

Grigorov et al (1965)

Jones et al (1970)
Kaneko et al (1971)
Sichan et al (1973)
Dabecki et al (1961)

Brooke and Violfendale (1964)

Brooke et al (1964)
Diggoby et al (1974)
Ashton (1973)

Cowan and Matthews (1971)
Dmitriev et al (1960)
Siohan et al (1973)

G.B. Yodh (1974)

9.3 The present basic experimental results

9.4 The angular distribution of hadrons

9.5 The chamber acceptance functions

9.6 The measured hadron energy spectrum

9.7 Comparison and Conclusion

SEARCH FCR MAGNETIC MONOPOLES

10.1 Introduction

10.2 Previous searches

10.3 Present experiment

10.3.1

10.4 The efficiency of the chamber for e-charged
particles after application of 3304{S time delay

Observation of anomalous events

10.5 Measured parameters

10,6 Conclusion

Page

78
78
78

79

8

81

g 3 & R g

[00]
o)

8

89

9l



CHAPTER 11

APPENDIX A

AJLUNDIL B

é‘:UI\TMARY AND CURRERT TACHYON EXPERIMENT
11.1 Summary und discussion
11.2 Tachyon experiment

11.2.1 Introduction

11.2.2 Experimental arrangement

A.1 Nuclear interaction in the walls of the
flash tubes

B.l Icasuvred lerameters ~f _vents used in the

sadron ineryy Spectrun lleasurement.

ACKNCWLEDG I:TS

Page

92
92
93

93

98
99


http://AiTj.JET.DIX

ABSTRACT

The characteristics of hadrons of energy > 300 Gev in extensive
air showers of size 5.104 - 1.6.106 particles at sea level has been
investigated using a neon flash tube chamber as a hadron detector
operated in conjunction with part of the Durham air shower array.

The lateral distribution of hadrons tends to flatten as the shower
size increases. The energy spectrum in the renge 300 - 1000 Gev can
be represented as a power law with exponent 1.020.1 beyond this energy
the spectrum gradually steepens.

The energy and shower size dependence, of the quantity Eh.r
(reflecting the transverse momenta of hadrons, where Eh is the hadron
energy and r, is the distance between the hadron and shower core) has
been determiued, The results are in agreement with the hypothesis of
an incmaéing transverse momentum of produced particles in ultra-high
enexrgy collisions.

A measurement of the energy spectrum of hadrons either accompanied
or not has been performed. 1In the energy range 400 Gev up to about 8
Tev the measured differential energy spectrum shows a constant slope of
2.74%0.16.

A search for magnetic monopoles h;s been carried out. Eleven
anomolous events that could be attributed to high 2z —particles ( 2+ 20)
have been observed. |

To estimate the energy of hadrons interacting in a thick (15cms)
lead or iron (15cms) absorbers, the burst size was detected by scintillators
placed under the lead and the iron. A calculation has been carried out to

relate the burst size and the hadron energy.



PREFACE

This thesis describes the work performed by the author in the
Physics Depa.rtmgnt of the University of Durham while he was a research
student under the supervisioh of Dr. F, Ashton.

A study of high energy nuclear active particles in extemsive air
showers has been carried out using a large flash tube chamber.

The energy spectrum of unaccompanied hadrons was also measured.

A search for magnetic monopoles was carried out. Eleven possible
have
high Z particles-has been observed.

The author has shared with his colleagues in the construction of
the experiment. The rumning of the Chamber, the collection of data,
analysis and interpretation of the data waé the sole responsibility of
the author.

The result concerning the observation of high transverse momentum

was presented at the 5th European Cosmic Ray Symposium in Leeds by
the Author (1976).



CHAPTER 1

INTRODUCTION

l.1 General

Towards the earth from all directions and at all times a continuous
stream of various kinds of particles of extremely high energy are
incident on the top of the atmosphere. According to our present
knowledge most of these particles are protons. Heavier nuclei, electrons,
positrons and X-rays have also been detected.

In traversing ﬁe atmosphere the primary radiation (the ﬁa.rticles
which have still not entered the atmosphere) interact vith air atomic
nuclei and generate new particles. The group of generated particles
are known as secondary particles and proceed towards the earth. Mesons
are the most abundant particles amongst the secondaries, that are produced
by conversion of Kinetic energy of the primary to matter.

In spite of the low level flux of the primary particles at high emergy,
it is possible to investigate new kinds of nuclear proceéses which can not
be done in any other way. A detailed study of these new processes is
important in contributing to the solution of p.e.rticle physics problems,
The maiﬂ problem that one can hope to examine is the nature and the origin
of the forces responsible for binding the porEo:t‘B which canstitute protons
and neutrons in the atomic nucleus. So cosmic rays can lead ué to the
discovery of phenomena which are of fundamental importance for the under-

standing of interactions in the region of cosmic ray energies.

1.2 Historical review

After the discovery of X-rays in 1895 and radioactivity shortly

after, one phenomenon remained unknown for a long time. The fact was
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that vhatever atirmpts ticre made to meintain the Tcaves of the ordinaxy
clectroscope apart., After charging electﬁ:ically, thecy fell some timc:-
after, as their charge gradually lealked nwvay,

A speculation arose whether the elecitroscope vwas cffected by ome
other, still unknovm radii ation, 2ltheush the electroscope was shielded

radiadive

from ¥-rays and wadistive rcdiation, nothing could stop this mysterious
ri.diction, It vas thousht that rresumnbly thic rodiation wos emitted
by one cort of radioactive substances 5till unlmown in the earth's crust.
On thc beeiz of this hyothesis the intencity of 1.1\1* r-diation has to
naturslly decreanse with increasing heizht cbove the curfoce of the enxth.
o crtinine this postulation the Gexmen phiysieist V. lless end tuo othexw
prople in 1712 tegin to lannch balloons cexrying recording cpparcitus 1o an
altitude of 50C. wetres, It was surprising thrt the intensity decicered

for some altitudes, then inecrecsed. It was not cleaxr vhere this iorising

]

radiatior is comins from. Some argeed thot this could be due to radio-
active sosec hich in the ~trosphere or nizht be the effect of thundexstorms.
Ta Imow more cbout thiz unknown radiation IMi1likan end his collaborators
coaried out o series of remcxlzable experiments between the yeaxs 1975 to
19256, illiken's experinents showed that the radintion discovered by
llens, come beyond the c:ixth'c wimosphere and was given ile nare cosmic rays.

At thot time the only kind of radintions known were, O , B oand Y .
Trom these three types of radiationsY -ray could traverse tle vhole at-
mosphere and »cach the ecarth. So tr2 cosmic rays assumed to be photons,
But some geomagmetic offects proved thot this 1di:iion is composed of
charzed particles. lore experiments shoved that {he primary radiations are
nainly sositive porticles, presumcbly hydrogen nuclei (protons),

The discovery of positrons came rbout alter


http://specu.lat.ion
http://nn.turr.lly

the observation of the electron-photon cascade by Rossi, that postulated
by Dirac. Neddermeyer and Anderson discovered muons in 1937. The mass
of muons i-ra.s found to be approximately 200 electron masses and it was
found tha.'t.they occur almost in equal numbers as positive and negative.
The ratio of the positive to negative implied that muons are secondaries
and the interaction of primary charged particles to produce secondaries

was proved.

1.3 Cosmic rays and particle physics

The study of Cosmic radiation has two main features. It deals
with both the large scale universe and the tiniest particles. In
other words there are two important aspects to Cosmic ray studies -the
astrophysical and-the nuclear physical.

Cosmic radiation is one of the most powerful means of carrying
astrophysical information from otherwise inaccessible regions of space.
The various high-~energy particles including high energy photons

(x end B/rays) are sources and carriers of astronomical information.

-
El

Energies orders of megnitude greater than those attainable by present
accelerators enable the Cosmic ray physicist to probe deeper than
anydne else into the structure of matter.

The energy of particles produced in accelerator machines has reached
about 2.10°- Gev (I.5.R.). e Cosmic ray energy spectrum, however, extends
to at least 1020 ev and no indication of a cut-off has been found, so far.
Figure 1.1 shows the primary Cosmic ray energy spectra measured by diff-
erent methods.

It was at these ultra-high energies that Cosmic ray people discovered

the existence of many m:‘ta.ble particles, for instance, the discovery of IY

a.nd/L mesons, end- Kaons/\the "strange" particles. It was at Cosmic ray
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energies that led investigators to the discovery of secondary particles

of very high transverse momentum and several other fundamental phenomena
such as the increase in N - N production, the rising of p - p cross-section
and the .change in the multiplicity of secondaries with energy.

It should be pointed out, as the energy of the particles goes up the
study of Cosmic rays becomes more difficult, since the intensity of the
high energy particles is weak, As a result, the uncertainties
in the study of nuclear interaction increases.

The study of various Cosmic ray spectra at different observation
levels in the atmosphere makes it possible to study the propagation of
nucleons through the atmosphere.

The best region for investigating phenomena revealed in high enerzy
interactions is the core of extensive air showers, which are produced by
the interaction of a very high energy primary particle with the air
muclei, producing a large mumber of different kinds of secondary particles.

Recently much effort has been made to obtain more information on
the structure of air shower cores. This region of an air shower is -
important sinc.e it contains the most energetic nuclear active pa.rticleg
useful for different measurements. Most important, the core structure
can give information regarding the composition of the primary radiation
or the distribution of high transverse momentum. Therefore from air
shower studies information about the characteristics of high energy
interactions can be obtained.

It should be mentioned that the information obtained from air shower
experiments is the result of the superposition of mumerous processes teking
place along the axis of the shower from the first interaction of the primaxry

to the level of observation which is several interaction lengthsaway from



the point of initiation. For this reason it is difficult to identify
accurately the various shower processes from the information obtained in
the experiments.

A possible approach to tackle the problem is by Computer simulation
of air showers,. though this way of approach does not remove the whole
problem, This method is based on the construction of a shower model,
including variocus interaction parameters, in the form of a Computer
progranm,

Te

Because of -a-lack of a detailed knowledge on the processes involved,
construction of a real interaction model without any uncerta.aty is
difficult. Therefore the air shower simulations are rough approximatims
of the actual physical processes.

1.4 The nature of primary Cosmic radiation

It is believed that the primary Cosmic ray composition consists of
about 80% protons (hydrogen mueclei), 10% alpha particles (helium nuclei)
and about 1% of nuclei with atomic number 7Y more than 2 up to a few Gev
pexr nucleon, The measurement of muclei in primary Cosmic rays now

extends up to 1020 ev, In figure 1.2 the Cosmic ray spectra of different

i Tullwston
primary component calculated and summarised by Jullisen (1975) is shown.

A

In figure 1.3 a possible interpretation on the basis of this calculation
is seen, This calculation has carried out relating to the composition
of Cosmic rays at 1010 to 1013 ev/nucleus. Some of the results of the
relative composition of the different charge group is recorded in table 1,
normalised as a percentage of the total. It can be concluded that at
higher energies iron is as abundant as hydrogen muclei in the primary
Cosmic rays. Iron is possibly the most abundant component of the

Cosmic radiation at energies 1013 ev.
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TABLE 1 - COMPOSITION OF COSMIC RAYS AT HIGH ENERGIES

KINETIC ENERGY PER NUCLEUS (eV)

Z  ELEMENTS 1020 10t 10t2 1013
.1 Hydrogen 58 + 5 47 + 4 2+6 24+
2 Heliunm 281—5 25-__!-3 20:3 15 +5

3 - 5 Light-nueclei 1.2 + 0,1 1.1 + 0.1 0.6 + 0.2

6 - 8 Medium-nuclei 7.1 + 0.4 12.2t 0.8 14 +

10 -14 Heavy-muclei 2.8 + 0.2 6.7 + 0,5 10 +

16 24 Very heavy-nuclei 1.2 + 0.2 3.6 + 0.4 +

26 -28 Iron group nuclei 1.2 + 0.2 4.5+ 0.5 10+2 24 + 7

30 Very very heavy-nuclei 007 + «004

1.5 The origin of cosmic rays

After extraordinary achievement in this subject through the passage
of nearly 65 years since the discovery of the Cosmic radiation, still,
the origin and the way of acquiring their tremendous energies is in doubt.

At first it was believed that the sun is the only source of Cosmic pa:r}icles,
but, the suspicion arose to this idea after the indication of the unifb rmity
of its intensity.

Cosmic rays come not only from the sun but from everywhere in the
Universe. At the present time Cosmic ray people believe that sun, stars, our
galaxy and other galaxies together are the sources of Cosmic rays and their
magnetic fields are responsible for accelerating them. In fact the doubt
about the origin of all Cosmic particles has not completely been removed.

" Some people believe that the bulk of the radiation comes from Galactic
sources, éuch as, supernovae, Some find rather good reasons for supposing
that the radiation is extramgalactic sources and an intermediate group

that believe Cosmic rays come from both sources.



1.6 Seéondggx particles

On passing through the atmosphere, the primary Cosmic rays collide
with the air nuclei and produce a variety of secondary particles.
Among these secondaries TY - mesons are the most abundant. A signi-
ficant number of secondaries are nucleons (protons and neutrons) and K -
mesons, Most of the particles camnot survive down to sea level,

M - mesons make a significant contribution to the intensity of Cosmic
rays at sea level. The remaining charged particles at sea level are
electrons protons, neutrons and pions and a small mumber of as yet
undetected K mesons, antiprotons etc. i

!
1.7 MNuclear active particles in extensive air showers v

The most valuable contribution that Cosmic rays can make to the
understanding of matter is to use it as a high energy beam and let it
to collide with matter. This is not so easy, however, since as was
mentioned earlier the intensity of ultra-high energy particles in Cosmic
rays is extreyely weak and as the dimensions of the detectors are limited
this investigation cannot be achieved direcily, therefore an indirfct
method must be selected, namely studying extensive air showers. -

It is possible to obtain valuable information in extensive air
showers at any observation level, The most important information can
be deduced by a close investigation of the core of the extensive air
showers, In this region the most energetic muclear active particles
are concentrated. The aim of the present experiment is to study the
hadromic component of this region.

In chapter two of this thesis the features of high energy interaation

are described, In this chapter a brief account of the enexrgy dependence

of various interaction parameters with the present status of important

problems is presented.



In chapter 3 a summaxy of measurements of nuclear active particles
in extensive air sihcticr is given, -

Chapter 4 describes the construction of one df the three scintillators
tuilt for inclusion in the Durham Ixtensive ~Air Shower axray.

Chapter 5 deals with the theory of burst producticn in lead and iron
abesorbers, crleulations have been dore to obtain the relation between burst
gize and hadron cnersy.

In chanter 6 the flash-tube chiamber and the arrangement for the study
of hadron:z in ecxtensive ailr showers is described, In thiz chapter the
rethed of &,A.3, core location is also exnlained,

In chapter 7 the remultis of the present experiment, the lateral
distribution and enersy spectrum cf radrons in £.1.8., is jresented.

Chapter © deals with the investigation of the dependence of mean
transverse momentum on hadron enerpgy and showexr size,

In chepter § the results of the measurcnent of the single hadron
enersy spectrunm is siven.

Chapter 10 gives an account of eleven porsible highly ionizing
paxticles detected by the chamber in the course of the cxperiment.

Chapter 11 summarises the results of the present experiment.
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CHAPTER 2
- HIGH ENERGY NUCLEAR INTERACTIONS

AND THE STUDY OF EXTENSIVE AIR SHOWERS

2.1 Introduction

One of the aims of the study of the nuclear interactions due to.

high energy Cosmic radiation is to investigate the characteristics and
andow ot

the structure of fundamentart units of matter, As the energy of the

colliding particle increases valuable information concerning the properties

of matter becomes accessible, To obtain knowledge of this kind, one

has to turn to the experimental data.

At present time considerable effort is being made to study the
behaviour of high energy muclear interactions using both accelerators
and Cosmic radiation, It has now become feasible to extend investi-
gations on the behaviour of proton-proton interactions up to energies
of some 2000 Gev.

Since the discovery of multiple production of hadrons at Cosmic ray
energies was achieved, particular interest arose in understanding the laws
governing the strong nuclear interactions, in order to interprete the
Cosmic ray phenomena at higher energies as well as to verify the asymp® tic
validity of scale invariance theories.

The energy region covered by the studies on multiple particle pro-
duction extends from a few Gev to the Lighest energies available in the
Cosmic radiation,

The study of individual events is possible by means of large photo

emlsion stacks where the tracks of charged particles can be seen.

Since the flux of high energy Cosmic rays is low, the behaviour of



10

nuclear interactions at high enhergies is studied by an indirect method,
‘namely through the study of extensive air showers (E.A.S.)
The extensive air shower phenomena are caused by interactions of
primary Cosmic rays with the nuclei of air atoms. The product of these
high energy collisions are particles, most of which are pions. Figure
2.1 shows the development of a high energy shower through the atmosphere,
This indirect method of investigation compensates for the weak flux of
Cosmic radiation, making it possible to cover a vast area by say,
scintillation detectors.
What one usually would like to know about the characteri;tics of
high energy nuclear collisions and their dependence on the primary energy
are as follows:
(a) Te multiplicity of different kinds of particles created
in the collision.

(b; Te angular distribution of the secondary particles .

\¢) - The fraction of energy of the incident particles radiated
in the collision and the distribution of this quantity among
the secondaries, termed inelasticity.

(d) ‘e interaction cross-section.

(e) T™e nature of the created particles.

A survey of the important nuclear interaction parameters will
clarify the present situation of ultra~high energy characteristics.

2.2 Variation of mean mltiplicity{n_) with energy.

Figure 2.2 shows a survey of the measurements of the multiplicity
of produced charged particles with various primary energies. On the

basis of experimental data different multiplicity laws have been proposed

such as:
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(a) N = 35&

Where E is the primary energy in Gev, proposed by Fermi (1950)

(b) N, = 4.64 + ZEé

suggested by Yash Pal and Peters (1964)
() N, =2 In (E)

proposed by Frautschi (1963), assuming that fireballs are produced with
multiplicity according to a logarithmic law and that each fireball produces
about 6 pions.

It is clear from the figure that up to an energy of about 105 Gev all
these multiplicity laws agree with each other, but beyond this energy the
experimental data are quite different, sufficient information should be
collected to fit the data to a reasonable lau':;?qgis energy., Pinkau (1966)
has concluded from an interpretation of the variation of the height of the
maximum of shower development with primary emergy that a logarithmic law

10

is most probable up to primary energy about 10~ Gev, however, the errors

are too large to support this multiplicity law accurately.

2.3 Transverse momentum

Collimation of the created secondary particles is one of the most
characteristics features of the interactions from the view point of
particle physics. Transverse momenta reflects the angular distribution
of the secondary particles of the product of the collisonms,

At very high energies the measurement of transverse momenta is a
very difficult task and can only be measured from the E.4.S. analysis.

Accelerator and Cosmic ray experiments have proved that the mean

transverse momenta of secondaries is rather sma11,<:PT:sz.3 - 0.5 Gev/c

for low energy collisions and slowly increases with primery enexgy.



Figure 2,3 shows a summary of the measured mean transverse moinenta..
Various analytical expressions for the distribution in transverse
momentum (PT) have been given by different people, having very similar

mean values, Some of these expressions are as follows:
P Py
(a) F (Pp) dPp=—, exp () dF
T T 2 T
Po Po
Where< PT> = 2Po Gev/c by Cocconi, Koester and Perkins (1961).
2

T
exp (-— ) az
Po Po

2P
(b) F (PT) 4Py = —

Where Po = 2(Pp max.)? Gev/c by Aly, et al. (1964).

p, 2 P
(¢) F (PT) dPp =T exp (—=) dPp,
2Po” Fo

Where< PT> = 3Po Gev/c by Nikolskii (1963).

3/, _p

1 P 7
(d) F (PT) dPp = — (=) exp ( =) dPy,
1l.33Po Po Po

Where <PT> = 2,5P0 Gev/c suggested by Elbert et al. (1968)

The idea of a slow increase in mean transverse momentum might
not be true beyond the primary energy 5.104 Gev, there is evidence that

it increases drastically beyond this energy.

In chapter 8 of this thesis further evidence is presented.

2.4 Inelasticity Coefficient

The inelasticity of a nuclear collision is defined as the ratio o
the sum of the energies going into the production of the éecondary particles
to the energy of the colliding particle.

KL = 2 Esec.
Bpri.
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YWhere Z B indicates the total sum of the energy transferred into

sec
tre secondary particles from the primary particle. Imaeda (1962) has
reported the variation of the total inelasticity Coefficient (KT) with

primary nuclear energy (Eo) in the form:

-0.5
KTmc.Eo

A survey of Abraham, et al. (1967), Gierula, Krzywd - Zinski (1968), Yameda
and Koshiba (1968) yields that K; is independent of the primary energy and
gives the values ranging from 0.3 to 0.6. This important characteristic
of the Collision has rather a broad distribution.

The value of(KT> = 0.5 used, by many authors is probably the best
estimate of the total inelasticity coefficient. In the case of TY - N
Collision, the inelasticity is usually taken to be 1,0. This value has

been supported by measurements of the attenuation length of the hadrons

in E,A.S,

2.5 Yariation of hadronic crosswsection with energy

The inelastic cross-section at high energies is measured by Cosmic
rays. This measurement is made by ohservation of the attemmation of the
hadrons in E.A.S. and also from the variation of the position of the shower
maximum with primary energy.

An E.4.S. is produced by, say, the interaction of 2 proton high in
the atmosphere. The first generation can make further interactionms,
therefore, at the level of observation one can observe an energetic proton
and an accompanying shower. At any observation level there is a possibility
to detect a proton not interacted in traversing the atmosphere above the
detector. Clearly this probability is dependent on the cross-section for

interaction of the primary proton of a certain enexrgy. The mumber of
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protons which suffer no interaction will vary, if the crossesection
varies with enexrgy.

The cross-section, measured by Cosmic rays is inelastic cross-section
and up to now there is no hope to measure the elastic cross-section at
ultra high energies. Yodh, Yash Pal and Trefil (1972) obtained the
results shown in Figure 2.4 from Cosmic ray analysis. This figure includes
values of the cross=section measured at 10, 70 and 300 Gev, using protons
incident on hydrogen in bubble chambers and a point at equivalent energy

2000 Gev from the CERN I.S.R.

2.6 -Relation of nuclear-nucleus and nmucleon-nucleon cross-—section

The nucleon-nucleon cross-section measurement is made directly by
the accelerators up to the energy produced by these machines. Beyond
this energy this value is measured using Cosmic radiation. In such exper-
iments generally one does not have nucleon targets. The absorbers am
composed of different heavier elements such as iron or carbon, therefore
what one measures is the hadron nucleus cross-section.

At high energies the collision can be assumed to occur between the
colliding particle and the individual mucleons of the mucleus.

The probability of the occurence of an interaction between the incident
particle and ohe of the nucleons depends on the cross section (o-) for
incident particle-nucleon collision. As the particle passes at a
distance, b from the centre of the nmucleus of radius, r, the volume swept
out by its cross-sectionJS\, depends on the impact parameter b, the radius
r, and the cross section O. .

According to poissonian statistics the probability in volume V no
mucleons are present is given by: exp ('J—"‘;-A-), where A is the atomic

weight and V the volume of the nucleus. The total inelastic cross-section
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of the hadron-nucleus interaction is:

o _/‘2‘11’[1-exp(-

VWhere T, is the radius of the collision of the particle given by
A a
Vv

)] is the probability of the occurrence

= o [_1- exp(-
of the collision and b is the impact parameter,

Wiliams (1960) has evaluated the nucleon-nucleus cross-section as

a function of O~ , using the charge distri‘nutionsl for different nuclei
obtained by Abashian et al. (1956) and Bremer, et al. {1957). This eval-
uation was also made by Bremner et al. (1957), Bozoki et al. (1961),
Alexander et al. (1961) for different materials. Figure 2.5 shows the
average air nucleus cross-section as a function of the nucleon-nucleon
interaction cross-section. A reasonable estimate of the inelastic cross-
section of mucleon-nucleon interaction at the enexrgies greater tﬁan 1 Gev
is 30 mb. The above argument gives the relationship between the nucleon-
micleon cross-section and the mucleon-nucleus cross-section, therefore by
knowing a reasonable estimate of mucleon-nucleon cross-section, it is.
possible to evaluate the nucleon-micleus interaction lengths in different
materials,

The interaction length A can be estimated by the expression )= A/No__
where A is the atomic weight of the material, N is the Avagadro's number

and o~ the inelastic cross-section in a given material,

23
6 Verir Cair

This relation gives /\ in air as a function of the elementary mucleon-rmucleon
cross-section., Figure 2,6 shows this relationship. The result of different
calculation is also presented. in elementary mucleon-nucleon cross-section

of 30 mb corresponds to a nucleon interaction length in air target of

96 gn/cm?
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2.7 Conclusion

The review of the present experimental imowledge concerning the

ultra~high energy interaction parameters indicates that very little is

known about the characteristics of nuclear interactionsin this enexgy

region, that is beyond the energy about 104 Gev,

On the basis of the present experimental knowledge it can be

concluded that:

(a)

(b)

(e)

The mean multiplicity <ns> of the secondary particles is
still unknown for primary energies greater than 104 Gev.
Below this energy{ ns> seems to increase slowly with
incident energy.

There is considerable evidence that at high energies new
processes occur leading to very high multiplicities.

The mean transverse momentum < PT> increases slowly with
primary energy up to about 104 Gev. From this energy there
is evidence for a drastic increase in mean transverse
momentum (see chapter 8)

The inelastic nucieon interaction cross-section rises with

energy but much more accurate measurements are needed to

understand it.

In connection with the discovered discrepancy between the experi-

mental data and the scaling model, there arise new problems, these

necessitate to determine more accurately at what primary energy the scaling

violation begins and what does this violation mean?

Apart.from the above considerations new particles are possibly created

in these high energy collisions such as: quarks, monopoles and tachyons that

makes such studies remarkable.
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So far, these studies in the high energy region are possible only
by E.A.S. investigation. The study of E.A.S. might also solve the
problem of the primary Cosmic ray Composition at ultra-high energies{

the origin and the mechanism of the acceleration.

T
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CHAPTER 3
A SURVEY OF MEASUREMENTS OF HADRON

CHARACTERISTICS IN EXTENSIVE AIR SHOWERS

3.1 Iﬁtroduction

In this chapter a summary of the measurements of the properties
of hadrons in E.A.S., made by different experimenters at different
altitudes is presented.

In this survey a variety of hadron detectors, mostly cloud chamber,
L enpfoyed
ionization calorimeter and burst producing techniques are mepleoyed- to
detect and measure the energy of nuclear active particles.

The E.A.S. core location and shower parameters are usually obtained

by means of scintillation detectors, distributed around the hadron detector.

3.2 Miyake et al, (1969)

The high energy hadrons ( 2, 200 Gev) in the core region of extensive
ailr showers of size 3.105 - 106 particles have been studied, using a
maltiplate cloud chamber of 1,3x2,0x0.7 m3 w ith 21 lead plates (each .
1 cm thick) and scintillation detectors covering 12 m2 above and below a
wate'r tank.

The experimental arrangement used, consists of 26 scintillators
distributed within a range of 100m from the centre. Within an area of
12 mz located horizontally 48 scintillators each of size 50x50 cm2 above
and below a water tank of depth 2m,

To study the behaviour of the nuclear active particles in detail
a mltiplate cloud chamber of 1.3x2,0x0.7 m> with 21 lead plates (each

1 cm thick) was used.
The observed lateral distribution of hadrons for core distances

{ 10m is expressed as: A exp(-r/ r ). The dependence of T, (characteristic
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length) and the amplitude A, on hadron energy is expressed as:

s w 033 L EN_1.o

o

This dependence is shown ih figure 3.la. ) The dependence of A; on
hadron energy, expressed above, is correct for energies be'yond 500 Gev.
For energies less than 500 Gev the durve, A as a function of F‘N’ becomes
flattex.

The energy spectrum of hadrons in the showers of size 3.105-106

is expressed as: EN"]"O

for energies less than 500 Gev and'li‘-l\]-l'8 for
~ enexrgies more than 500 Gev. They also found the same slope by inte-
grating the lateral density distribution, No significant change in the
exponent of the energy spectrum with the size of air showers and age
patameter, s, has been observed. Figure 3.lb shows the observed
energy spectrum, |

The ohserved dependence of the lateral distribution of hadrons on
shower size is shown in figure 3.,lc. The dependence of A and r, on

the shower size is expressed as:

- 0.16 0.40
T, Ne . Aw Ne

In figure 3.1d the total number.of hadrons (D 500 Gev) as a function

of shower size with an exponent 0 .73 is shown.

3.3 Hinotani (1961)

A study of muclear active component in extensive air showers was
made at altitude 2770 m above sea level, Using a large multiplate cloud
chamber and two standard neutron monitors which were installed in E.A.S.

elaclion
array of 16 election density measuring detectors.

High energy hadrons (> 10 Gev) were investigated, using a multiplate

cloud chamber. Hadrons of energy (> 200 Mev) were observed separately by

means of a neutron monitor.



The integral energy spectra of hadrons are expressed by:

+ + +
E—O.7—0.1 E—1.1-0.2 and E—1.5-0.2

’ for the events observed at

distances 0-5 m, 5-10 m and more than 10 m from the shower axis respectively.
+
~1,0-0,
The integral energy spectrum of the total hadrons is expressed by ¢ E 0 1.
The lateral distribution of hadrons above 10 Gev is obtained as:

1.4%0.2
r *" within 25 m from the axis. The lateral distribution of low

energy hadrons is expressed by, r-1.010.2 for the distances 5-30 m, The
distribution becomes flatter within 5 m, The lateral distribution for
ea.cﬁ energy region is well fitted with an exponential function, exp(-r/ ro).
The characteristic length, Ty is measured as 20 m, Tm and 1,2m for the
energies >,108ev,>/1010ev and} lonev, respectively. The lateral
structure of energy flow carried by low energy hadrons is expressed as:
r-]"Bi-O'Q. The larger air shower has slightly steeper structure for the
energy flow. The total number of hadrons of energy> 200 Mev varies with

the shower size (Ne) such:
NN\‘)( N
e

0.6=0.1 6
By N ( ¥,>3.107)

+

3.4 Xameda et al, (1962
A study of hadronic component in energy range 10-500 Gev has been
made near sea level using a multiplate cloud chamber with illuminated region
of 120 cm width, 50 cm depth and 100 cm height at the centre. The absorbers
used, were 7 plates of 8 mm thickness of lead lined with 5 mm thickness of
iron and 8 plates of 18 mm thickness of lead lined with 5 mm thickness of iron.
Figure 3,2a shows the lateral distribution of thé nuclear active
particles producing T1° - mesons of total energy > 10 Gev, It is well

x/

expressed as: exp(” ' r_ ), where r is the core distance of the E.A.S.
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4 4

- 3.107, r, is about 1 m, for

3.10% - 3.10° , r_ is about 2 m and for showers of size 3,100 - 10° ,

For showers of size ranging from 10

T, = 3 , therefore r, increases as the shower size increases.
Figure 3.2c shows the integral energy spectra of high energy
nuclear active particles for different bands of distances from the shower
axis. Assuming a power law of the form E~ % for the energy spectra, n,
is dependent on the shower core distance as shown in figure 3.2b. The
exponent n, changes from 0.5 to 1.5, dependent on the lateral distribution
and energy spectra in three different bands of distances. The energy
spectrum of the total number of high energy hadrons in a shower is shown
in figure 3.2c. The energy spectrum obeys a power law of the form
E'(l'oio'ls) in the energy range 10 -~ 500 Gev.
Figure 3.,2d shows the total mumber of hadrons of energy > 10 Gev

as a function of shower size. This relation is expressed by:

+ N,
N, = (13=4) ( -1-2-5)

The ratio of charged to neutral hadrons was measured as 5:l,
implying that about 7006 of hadrons seem to be XT - mesons. In a similar
way the energy spectrum of had.rorlls producing 21° _ mesons of total energy
ranging from 1 —~ 10 Gev is obtained and expressed ass E"('4"+'15).

3.5 Kameda et al. (196 _

A study of muclear active particles of energy.»100 Gev in E.A.S.
of size 4. 104-4.106 particle, using a multiplate cloud chamber has been
performed by this group near sea level (1000 gr/mz), for a running time
of 4300 hours.

The total number of photographs analysed hewve been 10,000, among
which 250 hadrons of energy > 100 Gev have been analysed.

The ratio of the charged to neutral has been measured and obtained
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to be 4.540.5. No shower size dependence has been found. The zenith
angle distribution of hadrons are well represented by cos:;e where
n = 1222,

The attenuation length was measured, the value 85%(5) g/ cm2 was
obtained.

The lateral distribution of hadrons is fairly well represented by
the expression, exp(-r/ ro). It is understood that r_ increases with
shower si;z.e and decreases with increasing energy of hadrons., Figure 3.3a
and 3.3b show these dependences, The brackets around r, indicate the
average £gr°.‘a11 hadrons of energy . to 100 Gev. Figure 3.3c shows r = N~
where L = .32101. The dependence of r, on hadron energy can be expressed

as: r = ould where A = ,25X.05. Terefore

ro = A (2% (Ey?
0 100

A, has been found form <ro> and energy spectrum to be 2.4:.3. The total

mumber of nuclear active particles is calculated from, N = 21‘1(::0) 2]3

where B is the hadron density at shower core. Figure 3,3d shows the”

relation of the total number of hadrons of energy 2 100 Gev with shower size.

In figure 3.3e the integral energy spectrum is shown. No shower size

0.75+.10
dependence is observed. The spectrum is represented by B °*'7~°

in the
energy range 102 - 103 Gev. Figure 3,3f shows the relation of shower size
with B. The absolute density of hadrons in the energy range (E, E+dE) at

a distance (r, r+dr) from the axis of a shower.of size in unit 105 particles

is expressed as:

n(E, r, N dr = 0.35 (25)P ( E)12 oxp (- L o( )
10 100 o] 100

vhere r_=2.4 (W105):32 (B/)0y-425



Figure 3.3a

The depeﬁdence of the lateral distribution of nuclear active
particles of energy = 100 Gev on the shower size. The lateral

distribution function is expressed in the form: exp (-r/ro).

Figure 3.3b

The dependence of the lateral distribution of nuclear active

particles on energy r, decreases with increasing energy.

Fiqure 3.3c

The relation between shower size N and< T,>. < 1> is proportional
to NO'32. * is the value obtained from high energy electron

components.,

Figure 3.3d

The total number of nuclear active particles in a shower

as a_fgggtion of shower size. It is represented as Nl'o.

Figure 3.3e
The integral energy spectrum of nuclear active particles in
a shower. The spectrum is represented by E'o'75 at energy

less than 103 Gev; at higher energy the power of E increases.

Figure 3.3f

B against shower size. B is the constant which appears when the
lateral distribution is expressed as B exp(-r/ro). and
proportional to No'35.
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Figure 3.3 Summary of the data of Kameda et al (1965)
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3,6 Chatterjee et al, (1967)

This group has studied the nuclear active par.icles of energy
350 Gev in E.A.5. of size 3.10%-3,10° particles at the altitude 800g/cn’,
using a total absorption spectrometer. Showers with core distanced{ 10 m
from the centre, at zenith angles {20° are accepted. The uncertainty in
the energy estimate isﬁé 4%, The error in core position is 1-2 m in
individual showers.

The lateral distributions are well represented by an exponential

function defined by:
PNy 1,0 E) = aexp (T/x,),

where A, the density in the core, is given by

0.28
A=8.2 (N /2 x 1010018

r is given by:
o 0.28
r_=13.3 (Ne/2 x 107)0-39-0-049% x(£/50)~0+2?

for 0 r¢{ 15m , 50 EL 1 600 Gev and3x104<Ne43x106

-

The dependence of the lateral distribution on shower size can be'
shower size

séen in figure 3.4a. It is clear that as the enmergy—threshe}d increases
7[¢ &M a’:sfi.‘bulr..a J./a”?w:

this-dependenece weakens, Figure 3.4b shows r, as a function of shower
size, The energy dependence of the lateral distribution is seen in figure
3.4c. For a given size group, the lateral distributious steepens with
increasing energy threshold, The total mumber of N-—Component of a given

energy threshold in a shower of size Ne is expressed by:
_ 0.78 ~1.1
N (OE, N,) = 1.75 N, E
This relation is shown in figure 3.5d.

For each energy threshold the integral energy spectrum was obtained

by integrating the fitted lateral distribution,

They have found that the integral energy spectrum for all hadrons



Figure 3.4a

The lateral density distribution of nuclear active component
of energy) 50 Gev for different shower sizes. For shower

size range 5.6 - 100x104, r°=3.62f.20. for 3.2-5.6x105.

ro-—é.osfz.9. and for 1.8-3.2x10°, r°=a.oi'o.87

Figure 3.4b

The variation of T, with shower size, Ne' for two different thresholds
E>50 Gev and ED 100 Gev. For ED> 50 Gev the slope is 0.23%.02
and for E) 100 Gev, 0.1820.2.

Figure 3.4c

The lateral structure of nuclear active component for different
energy threshold. It can be seen that for E) 50 Gev, r°=5.3630.21
-E) 200 Gev, r =3.1970.17 - E)800 Gev, r,=1.87-0.17.
-TFhe—toteral—disteibution can be representedase - - - —— . - .

A (x) =4,(0) exp("/x,)

Fiqure 3.4d

The total number of hadrons of a given energy threshold as a function
of shower size.

The integral energy spectrum of hadrons for various shower sizes.
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in a shower can be fitted to a negative power law of the same exponent
independent of size. On the basis of their results they concluded that
the observed increase r, with Ne cannot be explained by models in which
Py distributions and igggég;;ci%y are invariant (Murthy et al. 1967);

nor can this be explained by any conceivable change in primary composition
with energy.

To understand the flattening of the lateral distribution with shower
size a preliminary calculation based on a model with some changes in
collision behaviour above 105 Gev was tried (Murthy 1976), these changes aret

(i) Increase in inelasticity,

(ii) Increase in average transverse momentum of produced particles,
(1ii) A faster increase in multiplicity of created particles.

They argue that, the behaviour of the lateral distribution cen also
be due to an increase in PT of only the surviving particles with increasing
primasy energy. Of course in this case threy noted that the eﬂergy spectra,
the size variation and the number of different components as obtained from
the usual models will remain unaffected.

Another possibility which has to be tried quantitatively as far as
they are concerned is the passive baryon hypothesis (Smorodin 1967). In
this model the effective interaction mean free path would increase with
energy and hence the effective production height of hadrons of a given

energy threshold at a given level increases with primary energy.

3.7 Vatcha and Sreekantan (1972)

The characteristics of high energy nuclear active particles of
energy 25 Gev to 104 Gev in air showers of size 5.104 - 3.106 particles
at 800 g'/cm2 have been studied using a 2m2 maltiplate cloud chamber of

dimensions 2m x 1.5m x 1lm with 21 iron plates inside, each of 2cm thidcness,
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Cortespordon Cr2esponds
czsee-spend-i% to & radiation length, and the whole plate assembly eressponds

to about 2,2 interaction mean free paths. 'The chamber was shielded on
the top by an absorber equivalent to about 5.5 radiation lengths of iron

and lead.

They calculated the hadron density by the following formula,

- = H(Neor! EH)
A (Ne’ v> EH) N(Ne’r) F

vhere H is the observed number of hadrons in the bin of average size Ne,
average distance r and hadron energy greater than EH; N is the observed
number of showers in the same bin and F is the geometrical factor of the
cloud chamber. Some typical cases are shown in figure 3.68 for hadron
energies greater than 50 Gev for two size regions. In this experiment
they have observed a tendency for the lateral distribution of high energy
hadrons to flatten with increasing shower size,

The variation of the number of hadrons per shower as a function of
shover size has been determined for different threshold energies of hadrons,
they have expressed it in the form of

Nn()E) = A N: (E)

It has been observed thatol (E) decreases from about 0.8 at E )50
Gev to N 0.4 for E) 400 Gev. 'The result is shown in figure 3.6b. The

enexrgy spectrum of hadrons in the energy range' 50 - 800 Gev may be expressed

as a pover law of the form:
N (OF) =B E¥ (v,)
Where ¥ increases from 1.4 at 5.104 to 2.2 at NeN 4.105 and rem_ains at this
high value up to 3.106 particles. The integral energy spectrum is shown
in figure 3.6c.
The charge to neutral ratio has been determined for hadrons of different

energy and at various core distances for showers of different sizes.
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3.8 Matano et al 1973
A study of hadrons of energy) 770 Gev in air showers of size 104

to 107 at sea level and Norikura (2770 m) with an identical hadron detector
has been carried out.

The experimental arrangement used was a hadron detector with a total
area 6 m2 and consisted of 24 units of the scintillators of 0,25 m2
combined with the same area emulsion chamber installed below the 20 m2
spark chamber of the air shower array. The energy of hadrons is estimated
by the darkness of spots on the x-ray film of the cascade shower produced
by a hadron in the emulsion chamber. The energy is also determined from
‘the burst size detected with the scintillators.

The observed energy spectrum are shown in figure 3.7a. ‘The points
enclosed with an open circle represent the number of hadrons determined
by the emulsion chamber. The slope of the energy spectrum is 1,7 for
energy above 770 Gev in showers of size 106 and 1,8 in the energy interval
770 Gev to 1 Tev, and 2.6 for energy above 2 Tev for the sizes 104 to 10‘5
particles the spectra at 735 g/cm2 have also similaxr slope.

The observed energy spectra at sea level are compared with the cloud
chamber data obtained by Kameda et al, the result is shown in figure 3.7b
it can be seen that both results are compatible within the statistical errors.

For a shower size 105 particles the number of hadrons with energy
above 1.5 Tev at sea level is 0.35:0.20.

The variation of hadro.is with shower size is shown in figuré 3.Tc
for various energy regions of hadrons. The slope is about 1,0 for all
groups. In figure 3.7d the total number of hadrons per shower as a

function of shower size is plotted.

3.9 Conclusion

From the summary presented in this chapter ome can conclude that:



Total number of hadrons per shower

10‘ i “Q.
Y
100 3 .. * o*
. . N=10°
ot . !
o.. +f
2]
0 ¢ 1 N=10°
10°} L
Cf N0t
102 108

Energy of hadions {eV) ()

The energy spectra of ha.d:ror;s in showers

of different ‘sizes.

T = )
0.46-0.77
N RV
0.77-1.54
Tev
>154 TeV
. )

Number of hadrons per shower

5‘

-
Q
o

B,

3,

ber shower
L

X

1 1
10° 108
Shower size

1
10°

(c)

The va.riafion of hadrons with shower size

for various region of hadron energy

—t
=)
o
¥

v
)

Total number of hadrons
2

B,
&

o". 10":.. ]
N
o . *1 1.+' 4 .
A tN=105
ooé* b
01 *e
°, {N=10°
- *. o
}riHO‘
ul)li ' 10%

Energy of hadrons (eV)(b)

The Comparison of energy spectra
of hadrons with the cloud
chamber data at sea level.

P
o—.
L

Total number of hadrons per shower
Q

E=0-77 Tev
i | i |
10 10 10
Shower size

(d)

The total number of hadrons per
shower as a function of shower

size.

Figure 3,7 Sumary of the data of Matano et al (1973)



The integral energy spectrum of nuclear active particles can be
expressed as a power law with exponent, ¥'<1 which increases as

the hadron energy increases.

The lateral density distribution of hadrons becomes steeper for
particles of higher threshold energies.

The lateral distribution becomes flatter with increasing shower sizec.
There is a linear relationship between shower size and the number of
miclear active particles associated with the showers. The slope of

this line varies with hadron energy threshold.



28

CHAPTER 4
AIR SHOWER ARRAY

4.1 Introduction

In conjunction with two major Cosmic ray detectors, the neon
flash tube chamber and muon spectrograph, the MARS group started to build
an air shower array.

At the early stage of the work the anthor was appointed to help in
the construction of some of the scintillators. The contribution to this
work ended by constructing three 2 m2 detectors. In this chapter one of

these detectors is described.

4.2 The 2 2 scintillation detectors.

Among the air shower array there are six 2 m2 scintillators which
sample the electron density of the air shower and also give information
on the arrival time of shower front for the determination of the direction
of the shower axis. This type of detector measures 2m x lm x 2,5cm
slab of NE 110 plastic scintillator. The phosphor is viewed by four 5"
diameter EMI 9579 B photomultiplier tubes for electron density measurement
and a 2" diameter philips 56AVP photomultiplier tube for fast timing.
Plate 4.1 31ow§ the features of this type of detector. The 5" photo-
mltipliers view the long edges of the phosphor without light guide. The
2" diametér photo tube (fast) is attached with NE 580 optical cement to
one of the long edges of the phosphor. The head ampiifier and the E.ﬁ.T.
distribution unit are attached to the wall of the detector box. The box
of the scintillator is made of wood and is weather proofed with bitumen
paint and aluminium foil. The detector box rests on an angle iron bed
to 1lift the detector up from the surface of the ground to prevent damp and
let the air circulate all around the box. The detector is housed in a

weather proofed hut.



 PLATE 4.1

A TYPICAL 2 m

2

SCINTILLATION DETECTOR
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The high voltage to the two types of photomultipliers is supplied
by two E.H.T. units, The 'slow' tubes operate on an ortec 456, located
in the laboratory. The fast photomultiplier operates with an NE 4646
E.H,T. unit. The high voltage is comnected to a résistor chain through
a co-axial cable. Since the tubes are not exactly similar the E.H.T.
distributer enables each tube's voltage to be adjusted independently.
Figures 4.1 and 4.2 show the base circuit for the slow and fast photo-
tubes respectively. The slow tubes operate on a negative E.H.T. supply
giving a negative out put pulse with an exponential decay time with a

constant of 20 microseconds.

4.3 The response of P.M.T, for various light inputs

Since the phototubes are used to convert the light output of the
scintillators into electrical pulses, it is necessary to know the response
of this device for various light inputs. To examine this characteristics
three different light emitting devices were used; an 241 Am a.lpha;-source%
in NE 110 plastic scintillator, a neon tube and a pulsed light emitting
diode, The variatzon of the light was made by two crossed polarised filters.
In using the 241 Af;)source in spite of producing fast rise time pulses
(similar to the actual pulses from- the scintillators) the intensity of
its light output was too weak, In the case of the neon tube the rise
time of the pulse was too slow, different to the actual pulses produced
by the scintillation counters. 1In this case the phototube pulse rise
time was affected by the light output rise time of the neon tube. ‘The
light emitting diode (L.E.D.) was used satisfactorily. In figure 4.3
the variation of the angle, © between the crossed polariser and the out-

put after photomultiplier is seen at an operating voltage of 1.8K,.v.

Figure 4.4 shows the variation of Cos29 as a function of photomultiplier



86.C6 °I°W°d ‘°@°3'71 ¢ I81Twe BT
‘AN 8°T °l°H°3 ‘*Ajrsuajur 3ubrT y3m ybrey astnd ay3 jo uotjetaea eyl

(22152p) @ ‘pasimjod SsQId U2aMI2q 2|buy g sanbiy
OLL oSt 03] o.: 06 oL~ 0§ o€ - oo

] L] L] ] L4 L] k] 1] 1] L T L § s L3 L §

=)
~

-
Q
™

(Aw) Jybiay as)nd




Pulse height (mv)

- sl

—

' 1 1 ] ']

01 03 05 07 09
Cos?2 ©

" : 2
Figure 4,4 The variation of the output pulse with cos” 6, where
© is the angle between crossed polariser E.H.T. = 1.8 K.V,
light pulser, L.E.D., P,H.T. 95798
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output. To produce this »lot the output of the photomultiplier tube
was connected to a 512 chamnel puise height analyser, after producing a
distribution the mean was worked out and related to the angle ©, of the
crossed polarising device, This investigation was mace for different

tubes. It was found that the linearity of the photomultipliers is

satisfactory,

4.4 The linearity of the pulse heigh% analysex.

Before using the pulse height analyser it was necessary to examine
its linearity, for this purpose a reliable pulse generator was used and -
the response of the P.H.‘l‘z. was investigated. TFigure 4.5 shows the

result of this investigation.

4.5 The response of the photomuitiplier to the E.H.T. supply

Another important characteristics of the photomultiplier tubes to
be known is their response to the high voltage power supply. For this
investigation the powér supply voltage was altered for a fixed 6, (the
angle between crossed polariser. The out put voltage of the photo*hzbe-___
for each va.lué of the high voltage was found. The result is shown in
figure 4.6.

4.6 Te detector head unit

In each detector there are four slow photomiltipliers. The output
of each phototubes are added by a mixer—amplifier, consisting of four
emitter followers which their outputs will be amplified in ap/ A7020
differential amplifier integrated circuit after being summed. The out
put, then goes to a converter to change the polarity of the pulse from
negative to positive. Figure 4.7 shows the circuit of this amplifiex.
In figure 4,8 the input voltage against output of this amplifier is shown.

4.7 The octal buffer

Since the detectors output pulse had to be recorded both by us and
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Figure 4.5 Channel mumber :s a function of pulse height
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MARS group simultaneously, to prevent any affection from our electronics
on the original pulse, it was necessary to feed the pulse through an
:;x‘imng follower. Figure 4.9 and 4,10shows these emitter followers with
its characteristies. This deviceils composed of 8 emitter followers,
positive output pulse from each detector of air shower array (SARA) can
be applied to each emitter follower unit. The voltage gain is positive
with magnitude’' 0.95.

| Each unit has a high input impedance equal to about 85 K{land the
output is terminated by a 50/l resistor.’
4,8 Calibration of the detectors

The procédure for calibration of the detectors as far as the

electron density measurement is corcermed is decided, to adjust each
scintillator photomultiplier tubes such that after dividing the overal
pulse height from all 4 photomultiplier tubes by 100 mv, the particle
number per square meter at the scintillator will be found. The calibration
of the air shower array was carried out by W, Rada.

Figure 4.11 shows the disposition of the Durham Extensive Air shower

array. In figure 4,12 the general response of the array is shown

(Rada et al 1975 Munich Conference),
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CHAPTER 5
THEORY OF BURST PRODUCTION IN LEAD

AND TRON ABSORBERS

Sel Experimental methods of hadron energy estimation

5.1.1 Introduction

Different methods can be employed to measure the hadron energy.

The techniques vary according to the energy range concerned, These

methods are as follows:

5.1.2 The direct method of energy estimation

Charged particles ioni.ze the medium through which they pass. The
rate of ionization loss is a function of the velocity or kinetic energy of
the particles, The ionization loss for nonrelativistic particles is
inversely proportional to the square of the velocity. At low energies

specTisem
it is possible to estimate the proton energyiby observing the rates of
particles stopped by absorbers of suitable thickness. Another way of
energy determination for low energy charged particles is to put them in
a magnetic field and measure the curvature of the particle in the magmetic
field, from this measurement the momentum of the particle is determined,
By increasing the magnetic field strength the range of energy measurement
goes up. By this method the maximum measureable energy extends up to
200 Gev.
5.1.3 The nuclear interaction method

This method is applicable to particleslwith energy more than 1 Gev.
The nuclear interaction takes place in a thick absorber and in such collisions
the produced pions or the evaporation neutrons from the target nuclei can

be detected.

5.1.4 The ionization calorimeter method
aclive

As a nuclear intexactive particle, interacts with a target material

a high proportion of its energy goes into the electron-photon cascades
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vwhich develop from the neutral pions (TIO). These pions are created in

the interaction of primary particle as well as the subsequent interactions
of the secondary charged pions. By this method the whole energy of nucleaxr
active particles is absorbed by a target of many nuclear interaction length
in thickness. At different development stages of the cascade the electrons
are sampled within the targe=. So the cascade development is known and

the nuclear active particle energy is calculated,

5.1.5 The burst producing method

achive
The energy of the muclear interaetive particles can be estimated

by the electron-photon cascades or 'bursts' which develop from neutral
pions (TIO) created in single interaction of colliding nuclear active
particles, The apparatus for production of bursts can be made as simple
as a single layer of a target material about one nuclear interaction length
in thickness, ;bove the electron measuring detector. The apparatus should
be shielded by a layer of lead to absorb the electron-photon component of
any accompanying air showers. Since the interaction can occur in any
depth of the target, therefore the development of the cascades vary signi;
ficantly and the energy estimation for individual hadrons is subject to large
errors. Since only one interaction of each incident hadron is observed the
fluctuation in KTI° is another source of error for energy estimation.
5.2 Production of burst in lead and iron sbsorbers

As was mentioned earlier a method to estimate the hadron energy is
producing a burst (electron—photon cascade) in an absorber and measuring
the number of electrons (burst size) under the absorber and converting this
burst size to ﬁadron energye.

In the present experiment two different absorbers, lead and iron

vere used, under each absorber a single detector was employed to méasure



the number of electrons coming out of the absorbers. If the nuclear
interaction processes are fully understood then the hadron energy can
be determined.

This is the aim of this chapter to study the nuclear-electromag-
netic cascade, produced by thre interaction of hadrons, and to discuss the
method used in the present experiment to convert burst size to hadron
energy. For this purpose first, the pure electron-photon cascade will
be discussed, then the discussion will be extended to muclear-electromag-
netic cascades.
5¢3 The processges involved in building up a cascade

The nuclear active particles undergo nuclear interaction with matter.
The probability of interaction follows an exponential distribution with the
amount of matter passed through. After the interaction, a fraction of the
energy of the colliding particle goes to the creation of a number of secon-
daries, 'This number is dependent on the primary energy among the secon-
daries the pions (’.t'It, ’IIO) are the most abundant particles. The charged
primary pions can be assumed to lose all of their energy in the collisiqn
process, vhile nucleons would lose some fraction of their energy and travel
in the absorber, carrying the remaining energy until the next interaction.
The fraction of energy lost in an interaction is carried away by the secon-
dary particles. The 'rii traverse some distance through the absorber in
almost the same direction as the parent particle until they interact or

+
somehow they leave the absorber. In the interaction, ’I‘.[-‘ will lose almost
all their energy. The charged pions can decay before interacting, but,
the probability is low for a dense absorber and it can be neglected. The
decay time for TI° is less than ’I‘Ii, so neutral pions will decay rather
instauiuaneously into two photons (¥ ). These photons will either mater-

silren
ialise, producing election p%%-i—t:i.—on pairs, or undergo a €ompton collison
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provided that, the energy of the electron and positron pairs are above
the critical energy for the medium. Electrons lose energy predominantly
by radiation (photons). This radiation in turn produces electrons,
Since the produced secondaries carry energies of the same order cf magnitude
as that of the primaries, the energy degradation in the cascade is relatively
slow and gradually the total number of the cascade increases as the cascade
develops in the medium, ‘The above processes continue until the mean energy
of the electrons falls below the critical energy, at this stage of cascade
development the collision losses become more important than radiation
(bremsstrahlung). The total number of particles in the cascade reach a
maximum. 3ince then, the number of particles in the cascade starts to
decrease until the energy input to the cascade has gone either into excit-~
ation and ionizatioi of atoms in the absorber or the cascade particles emerge
from the absorber.

It should be noted that the above consideration was from just one-
dimentional point of view, in fact the cascade devélopment has also a lat-

eral spread due to¢

a) the transverse momentum distribution of the created neutral
pions (T.fo)

b) the multiple scattering of the strongly in'teracting particles

c) the angular separation of photons produced from 11° decay

d) mltiple scattering of electrons in the électron-photon
cascade |

e) the angular separation of the electrons created impair
prodgction.

As was mentioned, to simplify cascade study, first, the pure electron-

photons cascade is considered, then, the nuclear cascade that is infact the

skeleton of the whole cascade,
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Se& The one-dimentional development of electron-photon cascade

To answer the question: What would be the energy, and ine angular
distribution for electrons and photons at depth, t of an absorber,
Two possible ways can give the answer:

1) Analytical method

2) DMonte Carlo method.
Approaching the problem by analytical method, means establishing a set of
diffusion equations to represent the development of the shower at any depth
of absorbers.

By Monte Carlo method the problem is tackled by following the primary
particle and all subsequent particles produced in the absorber.

To solve the problem mathematically, Rossi (1952) set up the diff-
usion equations concerning the number of electrons and photons at depth,t,
to the number of electrons and photons at depth (t + dt), restricting the

problem to the one-dimentional development, the diffusion equaticns are as

follows:

,ag:[iE,t) = fY(E"t')QP(E”t) dE! +f-°°rrI(E|’t) ¢e(E',E'-E) dB!
. E "B

-_-[ ’II(E,t)(f(E,E') 4E' _fa‘l‘lgE,t)
.."o ! e a E

oo E
B—L-L‘gf : =f TI(E' )6 (B, E) w--f Y (®9) G omE) @
E -'O

vhere TI(E,t) represents the number of electrons of energy E at depth t,
Y(E,t) is the mumber of photons of energy E at depth t,Sis the average ion-
isation loss per radiation length,(}e(E,E') is the differential probability
per radiation length for the production of a photon of energy E' by an el-
ectron of energy E, and(;P(E,E') is the differential probability per radia-

tion length for the production of an electron of energy E' by a photon of



37

energy E.

To simplify these equations certain assumptions have to be made.
The equation can be solved also numerically by integration, using exact
probabilities.
5.5 Solution of the diffusion equations under approximation A and B

To solve the diffusion equations, some approximations have to be
considered in the characteristics of interaction processes for the ;ake
of simplicity. To solve the problem under approximation A the energy
losses due to ionisation and compton scattering take no part in the sol-
ution. Bremsstrahlung and pair production phenomena are considered.
This approximation can be made if the particle energy is large compared
with the critical energy of the medium, In approximation B the above
assumptions are made plus including a constant collision loss.

assumplions

Both theeories can be applied only to light material through which
the cascade develops. In dense materials the total photon absorption
coefficient is dependent on energy. It should be noted that in approx-
imation A the number of electrons found is over estimated due to the
neglection of ionisation losses. If the depth of absorber is measured
in radiation length, the results of approximation A are independent of
absorber material., This would be the case of approximation B if energies
are expressed in units of critical energy.
5.6 Me thod of moments

In denée materials the approximation A and B are not applicable.
To take into account the energy dependence of the total photon absorption
-coefficient and the effect of the increased track length due to multiple
scattering of the shower electrons an analytica; approach to the solution

of the cascade diffusion equations has been used by Ivanenko and Samosudov
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(1959, 1967a and 1967b). The method of moments caplculates the average
behaviour of the cascade by evaluating the cascade moments, As the order
to which the moments are calculated increases the degree of accuracy will
increase. Ivanenke and Samosudov evaluated the first four moments ob-
taining an accuracy of 5 - 1(f{. Calculation has been done for a wide
range of energies for materials: lead, Iron, Copper, Aluminium and Graphite
for different electron energy cut-offs.

5.7  lonte Carlo procedure

The computers have made possibie to simlate the cascade processes.
The results obtained concerning the mean shower characteristics are subject
to fluctuations due to the statistical nature of the method. To decrease
the error the number of simulations at each energy has to be increased.

It should be noted that the amount of computing time needed to
simulate a cascade increases with the primary energy. For this reason
only the low energy cascades have been considered and simulated for dense
absorbers so far.

5.8 The comparison of simulations with experimental results

A comparison of the results obtained from simlations and experiments
are shown in figure 5,1 and 5.2. It can be seen that the Monte Carle
simulation made by Crawford and Messel and the calculation of Ivanenko and
Samusodov are in good agreement at low energy (Figure 5.1) although two of
the experimental curves are well above the calculations and the experimental
curve of Heutch and Prescott, This inconsistancy might be due to the ex-
perimental difficulties in defining the cut-off energy. 1In figure 5.2 the
mumexrical calculations of Thielheim and 28llner and the predictions of
Ivanenko and Samosudov are shown, In this figure the predicted curve of
Muller that obtaiﬁed by fitting data from accelerator results at energies

up to 15 Gev is also shown.
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The results of Ivanenko and Samosudov for iron was compared with
experimental results in the intermediate region of energies by Coats (1967)
which found a reasonable agreement. This comparison shows that these
calculations are valid for a wide range of ehergies in lead and iron ab-
sorber. Ivanenko and Samosudov qQuoted results for an energy cut-off
relevant to the present experiment, about 1 Mev. The enexrgy needed by
an electron to pass th£Ough one flash tube is about this energy. There-
fore the transition curves of Ivanenko and Samosudov adopted for the present
calculations. In figures 5.3 and 5.4 the transition curves for photon-
initiated cascades in lead and iron for an energy cut-off about 1 Mev is

shown,

5.9 1 ~ dimentional nuclear-clectromagnetic cascade simulation in a

thick absorber,
5.9.1 Introduction

As was mentioned in the beginning of this chapter,one of the methods
to estimate the energy of interacting particles is by producing a burst
in an absorber, measuring the burst size and converting into the energy.
If the burst is purely electromagnetic the energy estimation is rather
accurate, since the electromagnetic interactions are thought to be well
understood. But in the present experiment the burst are produced by
hadrons so they are not purely electromagnetic but have a nuclear cascade
superimposed. Unlike electromagnetic interaction the strong nuclear
interactions are not fully understood. Therefore the energy estimation
is dependent on t-e type of model adopted to calculate the burst size.

Simulations have been made by several workers. Jones (1969a and
1969b) has predicted cascade curves for protons in iron absorber using a

Monte Carlo simulation. The results were compared with the results obtained
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when an iron ionisation spectrometer was exposed to protons of momentum

10, 20.5 and 28 Gev/c at an accelerator. Reasonable agreement was found.
Vatcha et al (1972) carried out simlation by Monte Carlo method in iron
using three different nuclear interaction models for hadron energies up to
103 Gev. The simulations were carried out for the same geometry as was
used in a multiplate cloud chamber operated at Oatacamund, India, On the
basis of the results, Vatcha et al concluded that the absoxrption of cascades
in the Tev region is faster than that predicted by any of the models em-
ployed. To interpret his observation he suggested the consideration of

the gammanisation process suggested by Nikolski (1967) that the high energy
photons are produced directly in nuclear collisions above some energy
threshold. They also proposed that a higher inelasticity with a higher
multiplicity could explain their results.

Pinkan and Thompson (1966) using Cocconi, Koester an Perkin's (C.X.P.) model
estimated the electron numbers as a function of depth ;;different materials

for different inelasticity, K and multiplicity, The model adopted for

Dpe
the present experiment to calculate the burst size under the lead and iron
was basically similar to C.K.P. model to be discussed in the following

section.

5.9.2 Muclear interaction model

Calculation has been carried out on the basis of C.K.P. model (1961)

to predict the average number of electrons emerging from 15cm of lead and

iron produced by nuclear interaction of protons and pions of different

energies. In this calculation several assumptions were made as follows:
a) the energy loss by ionization was neglected for hadrons,

b) the hadrions were assumed to be vertically incident on the

absorbers,

c) the hadrons vere allowed to interact at successive depth (t),
in radiation lengths, according to the probability distribution



P(t) at =%\- Exp(‘t/,\) dt

where A is the interaction length of the incident particle in units of

radiation lengths,

d) the mean multiplicity of produced pions was calculated from

n, = 3.0 0-19 (KE)O’25

where A is the atomic mass of Lhe targe. material, E is the primary energy.
The origin of this equation is from a combination of surveys (e.g. Greidex,
1971, Wdowezyk, 1973) and the hydrodynamical model of Belenkji and Landau
(1956). The created particles are taken to be pions (TT', TI™, T1°), the
neutral pions are gone-third of the produced pions and the rest a.re"II"+.
e) Inelasticity coeficient for the incident pions was taken to
be unity (K=1). The mean inelasticity for protons was assumed
to be a function of the target material (Pinkau et al 1969)
f)  All prpduced pions were taken to move in the forward cone

and the mean multiplicity was used to estimate the mean energies

of the forward pions. The energy is equally distributed among

the pions, on average. The probability of energy distribution
for produced pions in laboratory system follows the equationt

P(E) dE = Exp("/E ) L&
E'

wvhere P(E) dB is the differential probability of the createdpions with energy
between E and E + dE, E' is the average energy of the forward cone.
g) Neutral pions (TI°s) were taken to decay instantaneously into
two photons with equal energy initiating the electron-photon
cascades, From the curves predicted by Ivanenko and Samosudov
(Figures 5.3 and 5.4), the total number of electrons emerging

from the absorbers was calculated.
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A list of constants applied throughout the calculation is given in
table 5.1 and 5.2
5.9.3 Calculation procedure

Taking into account the above assumptions, the 15cm of lead and
iron absorbers were divided into four layers (A, B, C and D) of equal
thickness. A hadron with energy E allowed to interact in the middle of
each layer according to the probabilities calculated from equation men-
tioned earlier (item C). One-third of the created pions in the first
collision was assumed to be TI° and two-third’IT'+ . For charged pions
the applied cut-off was taken to be Z 1 Gev and for TI%s 40,2 Gev.
Using the C.K.P. distribution the total number of ’ﬂi with energy more
then 1 Gev and the I1% of energy more than the cut-off energy (0.2 Gev)

was calculated. ‘The mean energy for charged pions is (1 + E') Gev and

for T1% (0.2 + B'). This was calculated from:

KE E exp ('E/E') %

5: exp (“F/pr) &

E =

vhere E' is the mean energy of the created pions in Gev. The TI% were
assumed to decay instantaneously initiating an electron-photon cascade by

the following reactions

02 Y

Y — e e
The energy between two photons is assumed to be equally distributed,
The 'I.’Lis either interact somewhere deeper in the absorbers or emerging

without collisions. The m2an depth of successive collisions was computed

from the followings




Absorbers Fe b Al, Glass

Density (g.cm—z) 7.6 11.34 2.7 2.5

Radiation length
X, (g.on™) 14.1 6.5 28.4 26.3

A
t 11.6X, 3.50 . 5.37TX 5,01X

P 9,94}( 33008}{0 4025 5'95x

0

Moliere uvnit 1.53 cms 1,38 cm
Teble H.1 A list of constants used in the caleculation
Absorber Fe b
Mean inelasticity

of protons (Ig) 0.63 0.80

¥ean inelasticity
of pions (Kf) 1.0 1.0

Table 5,2 The values of the mean inelasticities adopted

for proton-micleus and pion-mucleus collisions,
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Where X is the distance from the bottom of the absorber to the first
interactron. ‘The first interaction was assumed to occur in the middle
of the layers A, B, C ana D, /\ﬁ is the mean free path of pionms. The
proton inelasticity was assumed to be 0,63 for iron and 0.8 for lead.
the reason for the energy cut-off of 1 Gev for’l'I: ié that the inelastic
cross—gsection ofpions falls off sharply at this value (Hayakawa 1969).
mrft cen be concluded that the plons do not contribute to the cascade,
The neutral pion (TI°) out-off of 0,2 Cev was taken, the photon created
by the decay of the T1° would not contribute significantly to the elec-
tromagnetic gomponents of the cascedse,
5.9.4 Buxst size=¢ L salibration, caloulatio results
Caloulation hes been carried out for primsry enesgire: 10V, 10°
10° and 10% Cev. The incident particles were aséumed to be protons
and pions interacting in lead and iron absorbers, 15 ocm in thickness each,
The results of the caloulation are shown in figures 5.5 and 5.6,
Thea§ figures show the average number of electrons coming out of 1l5cm of
lead or fron as a function of incid.eint energy. The calculation result
shows that for a given material the proton and pion curves are rather
parallel, but it can be seen that there is a difference in burs‘t size
that ean be attributed to different inelasticity. For iron absorber the
euxrve show a flattening at higher energies. It can be interpreted that
the cascade at high energies cannot properly develop in iron absorber of
8.19 radiation length thickness. But since there are 26,2 radiation length
in lead the cascade can develop. The burst size-energy relation was cal-
sulated by (Cooper 1974, private commmication) using the Monte Carlo
methed, The calculation was carried out for protons and pions incident

on lead and iron target. In this .calculation similar assumptions were

mode, Figure 5.7 shows the comparison of present calculation with
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Monte Caxio similation, It can be seen that the results of both methods
are in a good agreement.
5610 The burst size distribution

The procedure adopted as an average treatment gives information
on average characteristics of the cascade produced in the lead and iron
absérbers. In figures 5.8, 5.9, 5.10 and 5.11 the distribution of the
produced burst size (Ne) below the iron and lead targets against the depth
of the first interaction are illustrated for protons and pions of diffe-
rent incident energies. As is seen there is no maximum for the burst
size distribution for higher energies, since the cascades are not deve-
loped properly in t“e iron of thickness £.19 radiation length,
the probabi.lity of observing a burst of size p. Ne particles for a given
energy could be calculated from the previous distributions.

&n figures 5.12 and 5.13 the integral probability of pions of
energy E producing a burst of size > N under the iron and lead are shown.
5.11 Conclusion

The burst size energy relation calculated by the procedure explained
in this chapter agrees with the method of Monte Carlo calculation. The
relationship was used to convert the burst size, measured from the actual

. events to energy of the incident pions or protons.
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CHAPTER 6
THE NEON FLASH TUBE CHAMBER AND THE
EXPERTMENTAL ARRANGEMENT FOR THE STUDY

OF HADRONS IN EXTENSIVE AIR SHOWERS

6.1 Introduction

In this chapter the flash tube chamber and the experimental
arrangement for the study of high energy muclear active particles in
extensive air showers are described,

The method of air shower core location and shower size determination
is also explained,
6.2 Principle of operation of neon flash tubes

When a charged particle, say, a dosmic ray traverses a flash tube
a trail of ion pairs is left along the varticle trajectory. Placing the
flash tube between two electrodes and subsequently applying a high voltage
pulse to the electrodes, the tube will flash due to the ion pairs, and the
discharge will spread through the tube. 'The high voltage pulse is usually
a few K.V, with a length of a few microsecond. VWith an array of flash tubes
the particle track can be seen. |

6.3 The neon flash tube chamber

A flash tube chamber as a visual detector has been used in the present
experiment to observe the tracks of cosmic rays and to record the nuclear
interactions occuring in the chamber. A scale diagram of the chamber is
shown in Figure 6.1.

The chamber has been constructed of about 11000 flash tubes. Tre
tubes are made of soda glass filled with neon gas (98’) and helium gas (2%)
with a pressure of 60 cm Hg., Each tube is 2 meters long. The tube.s are
cylindrical with mean internal diameter 1.58 cms. and mean external diameter |

1.78cms. The tubes are covered with polythene sleeving to prevent light



transfers to adjacent tubes. The tubes are arranged such that between
each two layers of tubes an aluminium electrode (0.122 cms thick) is placed.
As can be seen from the scale diagram the chamber consists of, from top

to bottom: a layer of 15 cms of lead; a plastic scintillator of area

1 m2; 8 layers of neon flash tubes (Fla) 15 cms of iron; a further plastic
scintillator, area 1 m2, 116 layers of neon flash tubes, MNuclear active
particles interact in the lead or iron target producing bursts, the size of
the burst being measured by the scintillators under the lead and iron

(C and A respectively).

The 15 em lead roof and 30cm baryte conerete walls shield the chamber
from the soft component of the cosmic radiation.
6.4 The high voltage pulsing system

A high voltage pulse is applied to the electrodes of the flash tube
chamber after the triggering requirement is established. This high voltage
pulse is supplied by a system, consisting of a H.T. pulsing unit, figure
6.2, and a spark gap, figure 6.3. A 5 volt trigger pulse is used to trigger
a thyristor, producing an output of +300 volts. This pulse is applied to
a2 high voltage pulse transformer to produce a trigger pulse for the spark
gap., After the application of 16 KV, across the main spark gap, the gap is
broken down by the production of photo-electrons (Sletten and lewis, 1956).
This breakdown is caused by the trigger spark.

The shape of the pulse, applied to the electrodes of the chamber is
almost rectangular having a height of 8K.V. and a length of 10« e, produced
by the circuit shown in figure 6.3. The capacity of the flash tube chamber
which this unit supplies is 0,087« F.

6.5 Characteristics of flash tubes

As was mentioned earlier when a charged particle passes through a

flash tube a trail of ion pairs and excited atoms of the gas of the flash
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tube is left along its track. Iloyd (1960) came to a conclusion that only
the electrons of the ion pairs are responsible to discharge the tube. He
set up diffusion equations for the electrons produced in the tube and solved
them, The solution gave the probability_of occuring a discharge if a high
voltage pulse is applied after a time from the passage of the ionising
particle. This probability is known as the intermal efficiency, Lloyd
expressed the intermal efficiency as a function of D.Td a?, vhere D is the
diffusion coefficient of Thermal electrons and a is the internal radius of

the tube, with a.lel as a parameter, f. is the nrobability that a single

1 b willad
average number off ‘mi
electron produces an avalanche and Ql is thre prebabilityper-unit-length
tocrons produced por unt pan Gonglh i TRe neon 24s .
of ~“the—track—of--the primary—rartiele—producing—a-free—electron. The only
parameter dependent on the charge of the particle is Ql and is related to
the ionization loss of the particle in the gas (Q1 is a function of the
square of the electric charge). For an e-charged particle adin is
1
af 2
9, 2, =( 1Q1/9) / .
The internal efficiency of the chamber as a function of time delay
(TD) for different values of a lel has been calculated using the Lloyd
theory. The result of the calculation is shown in figure 6.4. From this
figure it is seen that the efficiency of the chamber falls off as the time
delay increases, This fact is due to the loss of initial electrons by
diffusion to the glass tube walls in the time interval between the nassage
of the charged particle and the application of the high voltage pulse to
the cﬁamber.
In the present experiment a long time delay (330xss) has been used,

since only after a long time delay is it possible to locate the axis of

the large bursts.

6.6 The comparison of efficiency ~ time delay measurement with calculation

The probability that one of the tubes of a single layer flashes when a
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particle passes throuch it is called the layer efficiency (T]L). This
probability will not be unity since a particle may Traverée through the
walls of the tube rather t an the gas. The maximum layer officiency to
be expected ic found to Dbe:
3"”“?-'7‘15 inside diameter x 1006
outside dizmeter
this is termed as intemmzl efficiency.

It is sometimes necessary to delay the application of the high
voltage pulse. During this time delay (TD) the ion pairs, produced by
the passing particle vwill commence to diffuse to the walls of the tubes.,

The efficiency of the tube then will be reduced, One can exverimentclly
measure the layer efficiency as a function of time delay. A measurement
was made by (Cooper 1973) in the following way:

Single muons were selected by a two-fold coincidence between two
plastic scintillators. Tor diff.rent time delay, a large mumber of single
mon tracks were photographed and analysed.

The layer efficiency,T]L was measured by counting the number of tﬁbes
flashed in successive layers along the track in a certain block of flash tubes.
Te obtain the layer efficiency the number of flash tubes flashed by a single
muon has been divided by the total number of layers in the block. To find
the internal efficiency (Y] I) the layer efficiency has been multiplied by

exdernal
the ratio of the mean indernal diameter of the flash tubes to the mean

external diameter of the flash tubes:

1.81
. .'“
1 158 'F

The result of the measurement is shovm in figure 6.6 and compared with the
calculation, It has been found that the best fit for Lloyds parameter,

a lel to the exwerimental voints is 9i 1 for a singly charged particle,
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The variation of the internal efficiency of the flash tubes
as a function of time delay, T, The full curve renresents
the theoretical prediction wit afHQ1 = 9 as a best fit to
the experimental points. c
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6.7 Calibration of the scintillation detectoxrs

The calibration beins descrihed here is for detector A, placed
under the iron; detector C under the lead and detector ¥ on the top of
the chamber, this calibration has been nerformed by D.i, Cooper (1973).
Single muons were selected by a small Geiger telescope &nd the pulse from
the coincidence unit was used to trigger the scope. The loss in pulse
height for & pulse transmitted from the phototubes throush the electronics
has been found. The output/input characteristic for scintillator A, C
and M is shovm in figures 6,7 and 6,8, The pulse height distribution for
single narticles passing through the centre of each scintillator in the
vertical direction has been measured for different values of I.T. voltage.
The potentio meters were adjucted for eact tube, separately to give identical
output pulse heights for a charged particle passing throush the middle of
the scintillator. By addin;; the outputs from photormltiplier tubes the
complete scintillator has been calibrated. The calibration curves are
showii in figures 6.9 and 6.10.
6.8 The air shower selection detectors.

Fiyure 6.11 shows the disposition of the selected shower detectors
in conjunction with the hadron detector (flash tube chamber), This array
is composed of 5 detectors displaced in different distances from the centre

of installation.

The detector M ( area 1.24 m2) is located on the top of the chamber.

6.9 The relation between shower sigze and the collectings area
Since the'whole of the collecting arez, the area covering a circle
of radius 10 meters with the centre at the middle of secintillator M, was
not effective for all shower sizes it was necessary to determine the variation

of the collecting area with shower size. The minimum measurable density
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Figure 6,10

Variation of ocutput pulse height with the H.T. voltage aprlied to
the scintillator . The pulse height is given at the outmut of
the photomultipliers for a single penetrating particle traversing
the centre of the counter at vertical incidence.
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in all detectors were 3 rarticles per squarc meter. Assuming the Greisen
lateral structure function, a set of curveé giving the election density as
a function of core distance for differeut ~hower sizes has been produced
(figure 6.12), From this figure the variation of collecting area
with shower size has been determined (figure 6.13). It can be seen that
as the shower size increases the collecting area increases, The minimum
shower size for which the whole collecting area is effective is 5..104
paxrticles,
6,10 [Triggering mode
The apparatus has been set up to fire after a burst of size = 400
particles produced either in lead or iron absorbers. The block diagsram
for the electronic employed in this exreriment is shown in figure G,14.
Once the anparatus was triggered the pulses from scintillators A (under
the iron)and C (under the lead) as well as the pulse from detector I
(on the top of the chamber; were displayed on an oscilloscope trace after
being delayed by 0.3 ys and 0.9 Hs and 1,6 Hs resnectively and photographed.
At the same time a 4-beam scope to which the outputsof four A.S. detector.
were connected, was fired after the production of a burst either in lead or
iron to give information on E.A.S. accompaniment. These pulses were also
photographed, The l-beam scone gave the burst size under the lead and
iron and the electron density in detector M. The 4-beam scope gave the
electron density in 4 air shower detectors. A dead time of 10
seconds has been imposed after every event. This dead time has been
applied by meeans of an RC-controlled delay circuit which switched a relay,
earthing the coincidence pulse line, The pulse from either detector A or
C was first fed to this 10 second delay generator, then allowed to fire
the spark gap to apply a high voltage to the chamber and the cycling

system which triggered the micro switches controlling fiducial lights
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on the chamber, illuminating the clock and winding on the cameras, The
cycle td:es avnproximately 7 seconds.

6,11 The method of analysing data

All three films were projected on to a scanning table after being
correlated. The geometry of the burst has been determined and the

height of the pulses were measured, Figure 6,15 shows the scanning

sheet used. The big pulse heights in 4-beam scope wera measured by extra-
polation.

6.12 A method for estimation of hadron encrgy from flash tube chamber

A rough calibration to estimate the energy of hadrons interacted
obsaerbers '
in lead or iron abserwvexrs has been made by counting the number of flash
tubes flashed in a defined and fixed width over 8 layers in Fla (interaction

in lead target) and 6 layers in F__ (burst produced in iron). This was

1b
possible vhen the core of the burst could be located. TFigures 6,16 and
6.17 are the scatter plot of the number of flash tubes which had flashed
within i0.5 cms from the middle of the core on the scanning sheets (scale

1 : 20) as a function of burst size, obtained from scintillators under

the two absorbers. Figure 6,18 shows the average relationship of the

two scamter';gg:is. Plates 1, 2, 3 and 4 show the typical events recorded.

6.135 The method of accentance funtion determination

The method adopted to determine the differential apertures of the
flash tube chamber was the method used by Lovati et al (1954). | They have
introduced a procedure to convertthe projected angular distribution of
particles into the distribution function of particles given by Cos™® in
real space. |

Lovati et al considered two horizontal rectangular counters, A end
B with dimensions 2 Yem by 2 x cm ond”' em by 2 v em and placed one above

the other at a distance Z cm,figure 6,19, The incoming particle direction
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is determined by the angles -} and ¢ which are related to the zenith
angle ¥ as:

Cos Y =Cos ¥ Cos¢
If the intensity of incoming particles follows the equation below

I(9) = I (V) Cos™Y
where I (V) is the intensity of incident particle in verticul direction in
units of em~> st™' sec”l and I (9 ) is the intensity at zenith angle4p,
The total flux of incoming narticles throuch the two rectangular counters

would be as follows:

Ft.—.ff dx dy Cos Y I( P ) aw
= I(V)./ / dx dy Cos ¥ Cos™ Y aw

where dw is the elementary solid angle and it is represented by:

- dw = Cos ¢ 4¢P dJ

Therefore F, I(VJ/]dx dyCosm'l% dd Cosn+2lb ay

y. X, p .
21(o) fa‘\ f 2 f 2 f Y2 otls as dydx Cos™p g
s
S 4»1 .

Inverting the order of the integration with the limits :

¥ =0 » 9, = tan~t (L_';_..!)

X, = =X y X, = X

yp = =¥ ’ Y = ¥ -2z tan
and ¢, = arc tan (22X cos9 )

¥, = arc tan ( E—;i . Cos ¥ )

Defining N (¥ ) as the orthogonal nrojection on the vertical plane yz

of the angular distribution function then,

"
R, =/«Wn(0)d&
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Merefore N_ () = 21(V) Cos™ 3 (y + v -z tan Z/X axf Zcos™2Y  ay
x Y,
considering the limitation as:
Y+ Xx-12tand Zo
ie. tan J Ly +v) / 2
Integrating the above equation for integer values of the exponent n.

The results of the intesration for the different vualues of n can be shown as:

N (J) =%~ K Cos%[(x - W) are tm{m‘%ﬁ}-z-(wﬂm tan {u3x)Cos I }]

Z
N (‘3 ) == KC 5‘3[ ’2(21"‘ (w—x)© Cosﬁ Z2—2$Z -1|-§w+x) Cos '3‘ ]
A /2 a2

N (% ) -EJ; 20 Cos’d (A_"'l - A+_1) +23. Coszﬁ No({} )
N(D ) = — X 2% Cos®d (A_‘3/2 - A+—3/2 ) +-§ Cos® & N (T )
where K= 4 I(J) (y+ v-2ztand ) and A = 7 +'(wi x)2 0052{}

pallison (1965) expressed & general equation for n>1 as

k2" oo snd s -ng 1
n(9) Kty (T2, T/ ntd

o (na2) Cos® O N -2 (3 )

Therefore by knowing the acceptance limits of the apparatus the predicted
angular distribution can be calculated, comparing the predicted to measured
angular distribution the value of n can be determiﬁed-.

So, to calculate the acceptance aperture of the flash tube chamber in
the pre‘sen_t_ eiperiment it is necessary to definc +he acceptance limitsfor
vhich the events are selected (see chanter 9).

6.14 YMethod of shower core location
6.14.1 Introduction
By sampling the elcctron density at different points in a shower one

can determine the core position of the shower provided that a laterzl density
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distribution function is assumed. Detectors capable for measuring the
particle density are G.M. counter, ionization chamber, scintillators and
cloud chambers,

There are other methods of air shower core location by measuring other
propexrties of the particles in the shower such as, energy, angle, nature
and timing arrival which can be related to the core distance. In the pre~
sent experiment the method of sampling the electron density was used.
6,14.2 Lateral structure function

The 1= teral distribution of the electron density is referred to as
the structure function. This air shower characteristics have been mea sured
by many people both at mountain altitude and sea level, Greisen (1960)1as
surmarised a great deal of experimental results and obtained an average ex-
perimental expression. This expression has been used by many people and
is believed to be a good representation of the structure function., This

function is expressed as:

0. 51,0.75 1 \3.25 4, z
P () = ;:él..ﬂ_ ) (1‘“'1) (1« 11, 4r, )

where P is the electron density per squarc metre for a shower of size N at.
core distance r (m). r, is the characteristic scattering length, called
Folier unit, for electrons in ar. TFor core distance < 100 m this function
becomes & close approximation to the theoretical function of Nishimura and
Kamata (1952, 1958) for pure electron-photon shower with 3 as an age para-

meter. Greisen (1956) has given a simplified version as:

F (%/r;) = (5) ( 51)5-2 (E-+ 1)5-4+5

vhere C(S) is a normalisation factor:

[ %)
J[ 21T £f(x) xdx = 1 where x = -ﬁ—

o
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If the latercl distribution is shower size independent the density of

electron at a core distance r will have the form:

P (N,r) = % . £(x)
!

The Keil group (Hi].las 1970) gives an exvression, using a neon hodoscoje, as:

P (N,r) = 1.08 x 1072 ——y.5 b ( =)
(r + 1.1)"° 120

Hasegawa et al (1962) expressed an structure function as

-1

P (N,r) = N exp(120 )

1
211 (120 T1) /2 A5

Sydney group measurements, Hillas (1970) gives an expression as:

- N -
P (N,z) = 2,12.107 =5 o ( :,-g—

A comparison of the different measurements is showmn in figure 6.192 there

is a discrepancy in experimental results that could be due to the errors

in the core location.

6.14.3 Graphical method of core location

Sampling 1;he particle density at four points on an observation level
the shower core can be located, assuming an electron lateral d:i.sj:ribution
function. iny two measurements of electron densityp ‘o determine & line
vhich the shover axis must intersect as it crosses the observation level,
Four electron density determine three lines that will intersect in one
point if the lateral distribution is cérrect. To prepare the core
locating charts, for cach two detectors the core distance r to one detector
was taken to be constant, the distance of the core to the other one was

varied and the electron density ratio of two detector was calculated in each
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case usins Creisen styvcture function {scection 6,14.2), some of the
results of the crlewlotion is showvm in Figures 6,20 and 6,21, rom thesc
curves the core locating chiorts, showing the lines of constant ratio of
densities betueen detectors verc deteimined. To produce the locus of
core posiuions thaot would produce o constont density retio between two
detectors the ~uv.wv in [isvre 6.20 and £,21 are used. Diffexrent Ty oand

corresionding r, arc obirined for a particular density ratio. r) delermines

<

determines a simi

_l

the radius of o cirele on vhich the core rmst foll, r,
circle cround detectlor 2. The pairs of the points nroduced by the intem—
sections of the pairs of the circles give the required locus. Figures 6.22,
6.25 and 6.24 show a chart of these lines of constant electron density rotio
for each pair of detectors, cach rotio places the shower amis in one line,
Xnoving the ccre locaticn and the electron densities in different scintill--
ators the <hover size i'nn dotermined using the latersl strveture curve showm
in figure 6,25, PFiguze 6.76 shous an enample of the core locatic. ..

‘aking the errors irn the electron density measuvicment s poissonien

the fregrency distribution ofA R was obvtoined, whereAll is the maxirum

exrror in the core location Zisure 0,27 shows the freouency distribution in AR,
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Figure 6.20 The variation of the ratio of the electron density of two

detertors against the core distance of one of the two with
the core distance of the other as a parameter.

(These curves are valid for eny separciion D of detectors
1l and 2 provided rq - r2>.'D).
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! Figure 6.21 The variation of the ratios of the electron density of
two detectors against the core distance' of one of the
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Figure 6.25 The air shower lateral structure, normalised to N = 1
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PLATE 6,1

Event H 11 6-11

A burst produced by an unaccompanied
hadron interacted in lead, producing
a burst of size 966 particles, measured

in scintillator C.






PLATE &,

Event H 145 - 4

A burst produced in lead which penetrated

the iron, producing outputs from scintillator
C and A, Vith no shower accompaniment, the
burst size in detectors C and A is 2700.and

2931 particles respectively.



B e et I T R A

7.3 Lateral diciribution of hadrons

7.3.1 Method of measurement

The lateral distribution of hadrons in the present experiment hag
been measured on the basis of the following description.

In a rumning time t, suppose N shower cores per unit area fall in
an annulus of width A r at distance r from the middle of detector M but
only n showers spread over the whole annulus give a measureable hadron.
IA (GE,r,Ng) =1 e if 1 hadroﬁ of energy >E detected for every shower of

median size Ng that falls in the annulus.
Total number of showers that fall In thé annulus = NZﬂfAr

A¢E,r,Ny) = 1. _n
N2wrAr

7.3.2 The size spectrum
Since our chamber vas triggered by hadrons we could not measvre the
shover size spectrum, therefore we have used the sea level mumber spectrum

summarised by Hillas (1970) to calculate the absolute mumber of showers falling

on each ring round the centre.

The analytical representation surmarised by the sbove mentioned author

is the following:

N¢5.10° B (>N) = 2,100 15 g2 gl gyl

5.10° < N«3.107 R (>N) = 1,42,20°02+0 12 pyl o471

N>3,10/ R (>W) = 2.6,20° w19 2 el o472

To get total rate from vertical intensity:






PLATE 6,3

Bvent I 171 = 3

A hadron interacted in iron
producing a burst of size

3540 -~articles, measured in
detector A, ‘ith no shower

accompaniment,
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CHAPTER 7
EXPERIMENTAL RVSULTS ON CHARACTIRISTICS OF
HICH ENERGY ILADRONS IN winuewrwIVE ATR SHOWERS
7.1 Introduction

The present acceclerutors are not capable to give information on
parameters, characterising the collisi on processes at very high energies.
The observations obtained in recent years reveal that the nature of strong
nuclear collis ons may be subject to serious changes as the coilision eneryy
increases,

Tie study of E.Ai.S. extends the investigation of the behaviour of
miclecar collisions to vexry high enexpy. The experimental information
obtained from the L.A.S. study is far away from the point of first coll-
ision. Accurate information can be obtained if all the processes occuring
betveen the primary interaction and the observation level are known in
detail.

With the development of fast digital computers it has been possible
to feed interaction parameters to o model to calculate the predicted effects
on thc various experimenteal quantities, such vs density distribution, enerzy
spectra, particle ratios for different components, etc. The construction
of a shovier model is not easy since not all the processes involved in the
interaction are knowm. The effect due to the primary composition on the
collision characteristics increcses the difficulty in E.A.S. studies.

The major problems in the relevent experiments are: the enexrgy
estimution of the primary particles, core location of the air showers accom-
paniment and the identification of the different components. Amongst the

various created particles in the collision the high energy hadrons, which
constitute the skeleton of the air chowers, and the hipgh energy muons are moxe
important due to their sensitivity to the primary composition and interaction

behaviour in the first few collisions.
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A knowledge of the lazeral distribution of energetic hadrons near
the axis of the air shower is importent, since it enables one to get inform-
ation agbout some features of the distribution of the transverse momenta of
the hadrons received in the collision with air atomic nuclei.

In the present experiment the hadrons of energy = 300 Gev in E.4.S.

6 have been studied using a flash~-tube chamber, within

of size 5.10% - 1.6.10
a collecting area of radius =< 10m from the centre of installation.

The apparatus was triggered by a hadron interacting in either the lead
or iron producing =z burst of size2 400 particles. Tre high voltage -mlse to

Y4

the flash-~tube chamber was =pplied after 330 s. This long time delay (TD)

was selected to enable the axis of the burst to be located. The triggering
requirement was unchanged throughout the experiment. The sensitive time was
2624.5 hours.

The burst size was converted into energy taking the interacting particle
as pions. The uncertainty in the encrgy determination is iSd%. The error in
core location is about 1lm (a simulation has been carried out to estimate the
error in core location, assuming a Poissonian distribution of standard devia~

tion l.2]/n on sampling n particles by H, Nejabat, private communication)..

1.2 The basic experimental results

The basic data is showm in table 9,2. In the study of hadrons in
B.4,8, the running time was 2624,5 hours vhich is less than the running time
for rmeasuringz the hadron energy spectrum, since the air shover array was qff
for 80 hours vhen the chamber was running. Table 7.1 shows the measured
parameters of every individual event. To canvert the burst size to energy
the interucting purticles were assumed to be pions, In table 7.2 basic

experimentzl data is presented.
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Hadron
ener;
(Gev

450
450
450

400
850
1000
710
650
330
530
400
355
350
700
650

The measured parameters of every event.

Shower
size
(particles)

1.1x10°
3.5x105
1.1%10°

4.1}:105
3.2x105
5.6x105
2,107
7.3x10%
7.5.10%
3.1.10°
1.7.10°
4.3.10°
3.4.10°
2.2.10°
5.8,10%
2.2.10°
5.6.10%
2.5,10°
2.8.10°
1.03.10°
3.7.10°
6.8.10%
6.4.10%
6.8.10°
5.4.10°
3.6.10°
1,1x10°
2.6.10°
1.0.10°
5.7.10°
6.1.10"
5.5.10%
6.7x104
4.7%10°
1.3x106
7.2.10°

Core
distan.

o7
1.0
1.8

1.9
2,0
2,0
2,0
1.2
1.7
1.6
2.0
1.3
1.0
1.0
1.8
1.0
2.2
2.6
3.6
3.3
2.05
3.0
2.4
2.6
3.0
2.1
2.2
2.2
3.2
2.7
4.0
3.8
4.0
3.0
4.0
4.0

Polar
Co-or
dinate

of core

31¢°
310°

307
180°

0

107
115°
120
140
142
150
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53.2

143.0
48.6

143.1
96d
140,2

56.4

68.4
25.5
68.4
TT.7
171. 4
137.3
90.2
35.2
90.2
6.2
140.1
140.6
46.6
130.3
21,8
22,2
176.8
140. 4
146.3
31.0
74.6
62.0
137.7
18.6
15.5
15.8
140.1
352.0
186.6

21.7
56,0
20.6

81.2
696
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62.1
25,0
68.3
15.5
16.0
132.6
109.0
99.5
21.7
49.8
49.7
96.0
12.4
9.3
9.5
68.1
169.5
81.2

12.4
31.0
10.2

40.2
348
59.5
25. 4
24.8

9.3
24.9
22,3
50.2
31.0
18.7

6.0
18.5

3.7
28.1
25.3
9.2
31.4

6.0

67.8
56.1
56. 2
12.3
31.1
28.7
62.3
18.6
9.3
9.5
71.5
190.0
102.6

A
pa part
/:'l3 Jm

satur _
ated
- 0
> &0 -
> 80 9
> 80 0
> 50 -
- 0
> 80 -
- 4]
- 15.5
- 0
>80 4.6
11.6 0
> 80 4
- 0
> 80 4.6
32.5 5
534.2 -
48.2 5.6
> 80 -
- 0
53.1 0
- 0
- 0
12 0]
> 80 7
50 -
4
>80 -

> 80 -
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no.

37
38
39

4
42
43
44
45

a7

49
50
51
52
23
54
55
56
27
58
29
60
61
62
63
64
65
66
67
68
69
70
71
72
13

Hadron
energy
(Gev)

300
580
350
800
750
300
700
700
400

1800
400
640
650
400

3000
800
600
900
750
650

1950
480

1400
640
500
500
450
340
400
600
300
740
700
300
500

1350
810

Shower
size
(perticles)

4.9.10°
4.1.10°
1.3.10°
1.1.10°
5.8,10%
4.9.10°
4.6,10°
3.3.10°
7.0.10%
2,8.10°
3.9.10°
7.9.10°
1.03.10°
2,07.10°
1.6.10°
4.2.10°
5.6,10%
8.4.10°
4.8.10°
2.9,10°
3.9.10°
4,1,10°
4.1,10°
3.3.105
2,1.10°
5.6,10%
1.6.10°
7.7.10%
4.3.10°
5.5,10%
5.6.10%
6.3.10%
4.3.10°
1.3.10°
4.3.10°
8.6.10°
8.7.10°

Core
distan.
m

3.9
3.4
4.0
2.5
6.0
4.6
4.3
4.8
4.3
4.3
4.2
5.3
5.0
25
4.5
5.8
4.7
5.7
4.3
4.3
5.0
5.8
5.3
4.8
5.8
5.C
5.5
4.5
6.3
6.8
6.5
6.1
6.8
7.0
6.8
8.0
8.0

Polar
Co-oxr
dinate
of core

172°

172°
176°
220°
20
310
330
197
172
56°
80°
86°

103°

110°
128
130°
140°
157
170
176°
178
180
185
197
215°
220
238

84
320
310
315

38

78

80
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168.0
143.2
46.6
68. 4
15.5
209.0
143.0
130,0
15.5
16,2
86.1
186.6
217.7
124. 4
373.1
93.3
18.7
218.2
146.2
103.3
140.2
143.0
143.2
130.0
124.4
86.3
177.2
15.5
146.2
9.3
9.6
6.5
68.0
37.3
68.4
157.0
140.1

8¢

e

59.3
50.0
15.5
3.1
7.7
107.6
99.5
37.0
20.0
16.0
68.0
155.0
155.5
86.0
217.7
31.1
9.3
93.2
56.3
34.1
47.0
46.6
31.1
37.2
25.0
15.5
18.6
12.4
124.0
15.5
16.0
9.5
68.0
37.5
62.2
124.0
115.2

AlE
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1.7
53.5
18,6
12.4
12.6
38.6
31.2
40.0
52.1
9.0
9.7
130.3
155.5
99.4
249.0
37.3
12.4
143.0
68.2
0.1
62,2
68.4
56.3
" 40.0
25.7
15.5
15.5
9.3
28.2
11.6
11,2
3.3
53.3
31,2
59.1
62,2
149.0

A}L
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/n”

17.7
80.6

> 80
>80

40.5

>80
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Event Hadron Showver Core Polar 4 61 A c 4 12 A oA A 62
no. enexre size distance Coh-ox parg part par% par§ parg

(Gevgy (particles) m dinate /m? /m2 /m m /m

of core

74 330 7.7.10° 6.3  120°  140.2  93.1 isl.l - 0
75 1400  8.9.10° 6.6  148° 180.6  95.3 164.8 >80 -
76 300  1.8.10° 7.8 150°  37.0 18.6  43.5 - -
77T 300  7.10° 7.5 1568%  140.3  62.3 124.1 - -
78 1000 1.7.10° 7.8 170° 3.3 1.5 313 48 -
79 1400  5.4.10° 7.4 187° 140.2 21.8 37.3 >80 -
80 40  7.2.10% 7.8 195°  21.7 6.0 9.4 - 0
81 360  4.1.10° 7.0 205°  143.0 37.3  46.6 - o
82 565  1.6.10° 7.3  100°  65.3 15.5 18.6 >80 0
85 2000  3.8.10° 8.0  210° 133.2  37.2  46.6 >80 o
84 1350  2.7.10° 8.0 232° 1321 283 249 - 0
85 600  5.6.10% 8.7 182° 15,5 9.3  10.1 - -
86 450  5.7.10% 8.5 202° 16,0 16.4  10.6 - -
87 700  5.9.10% 8,0 190°  15.5 21.7  25.0 - -
88 410  9.3.10° 8.1 90°  130.6 124.5 130.2  50.8 -
89 1850  1.0.10° 8.0  108°  140.1 108.4 171.3 > 80 -
90 1100  5.8.10° 9.0  124°  93.0  62.3 140.2 - 93
91 600  2.0.10° 9.8  166°  34.2 12,4  43.5 343 =
92 800  5.8.10° 9.3  190°  133.1  43.5  84.1 - 6.2
93 300  1.8.10° 8.0  150°  37.3 18,6  43.5 - -
94 680  7.4.10% 9.3  100°  155.4  49.7 93.2 >80 0
95 500  1.0.10° 8.0  100°  168.2 140.2 168.3 -  17.7
9 740  2.5.10° 10 275°  137.3  46.6  21.7 - c

Polar Coordinates of the cores are measured with respect to a line joiniﬁg

detectors M and C in anticlockwise direction.

Running time  (hours) 2,624.5
fumber of events with a burst of size lead 40
= 200 particles observed under the lead
or iron and in accentance gecometry iron 56

Mumber of burst produced by an initial

interaction in the lead or iron lead 58
det?rmlned from the flash-tube infor- iron 38
mation

Table 7.2 Basic experimental data.
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Figure 7.1 shows the graphical representation of t}_ze shower size spectrum used.
T7e3.5 The results of the lateral distribution of hadrons

In the course of the experiment 96 events with measurable shover size
and hadron energy were collected and analysed. Tre energy of the hadrons
and the cére distance of the accompaning # owers were determined. The result

is shown in figure 7.2. This measurement can be represented us:

1\_'(>E,r) = A exp(-—-i— )

vhere r, = 1,8 for all hadrons, °
Te3.4 Comparison with other experimenial results

Many experiments, carried out at different altitudes have measured
the lateral distributions of hadrons in showers vith different sizes (Kameda
et al 1965; Hasegawa et @l 1965; Matano et al 1971; Frifze' et 21 1969;
Chatterjee et al 1967; ZDIoehm et al 1972; Miyake et al 1969, and van stza
et &1 1973). In #ll1 these measurements an approximation was used for the
relation hetween the density of hadrons and the core distance as follows:

A_‘.H(SE,I-)A' exp(-x/, ro) .

A comparison of rcsent observation with some other data is seen in

figure 7.3 from this compirison it can be concluded that the present obser-

vation is consistant with many measured lateral distributions.
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Figure 7.2 The lateral distribution of hadrons of energy 500 Gev

in showers of size 5.104<I-Ie< 1-.6.106, it can be represented

ag:d . A exp( "-";':—e
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Figure 7.3 The compzrison of the hadron lateral distribution of present work

with other mcasurements.
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7.3.5 The energy dependence of the lateral distribution

Pigure 7.4 shows the lateral distributions of hadrons for two differept
energy thresholds.Xt can be seen that for a given size group, the lateral
distributions steepens with increase in threshold energies. The charactexr-
istic length r, measured in this experiment is compared with the observation
of Kameda et al 1965 within the statistical errasthey seem to be compatible
Ligure 7.%., “he above mentioned authors have given an exp peresion for r,

as folloun:

x = 2.4 NO.BZ E—O.25

™

vhere E is in units of 100 Gev, and ¥ in unit of 105 particles,

7.3.6 The shower size dependence of the lateral distribution

Figure 7.6 shows the lateral distribution of hadrons of energy (& 300 Gev)
for shovers of two different sizes a weak effect is seen on lateral distribution
such, as the shower size increases the I teral distribution seems to flatten.
This effect has been compared with what Kameda et al (1965) observed. From
Mgure 7.7 it can be seen that the two measured rnoints are compatible
with the observations of Kameda et al, The flattening of the lateral distri-
bution of hadrons with increasing size of the shower has been reported in a
mumber of earlier experiments (Chatterjee et al 1968y Hasegawa et al, 19653

Miyake et 21,1969 and Kameda et 21,1965 at sea level).

T4 The voriation of the number of hadrons with shover size
Since the latera.'l density distribution of nuclear active nerticles can
be representéd in’ the form of exp(-r/ro), the total number of nuclear active
particles of energy threshold E Gev -:ill be obtained as :
Assuming, A &3,0,r) = B emr/r°
The total number of hadrons of enerr > E in a shower  size N is calculated

by integrating this equation.
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Therefore the totzl number of hadrons of energyE Gev is simply
obtained by the expression 2ﬂBr62, vhere B is the ordinate of the laterzl
distribution curve at r = o. In this experiment a1l data was divided into

two groups. The result is shown in figure 7.8.

T.5 Comparison with other experimental results

A comparison of the present result with the other observations is
shown in figure 7.8 and also a summary of the results made by different authors
is shown in table 7.2, In this table the exponent of size variation and the
total number of nuclea:r. active particles for two 'different shower sizes at
various altitudes and different hadron detectors are commared. A big dis-
crepancy is seen in the totzl number of hadrons as = function of shower size,
The present result is in agreement with the results of Kemeda et al (1965)
Miyake et al 1969 at Mt. Norikura for a sinower size of Ne=105 particles. :For
this size the total number of hadrons of energy=100 Gev was found 7.
Multiplying the total nmumbar of hadrons of energy=2300 Gev by a factor 3 this
experiment gives almost the same results as a.bovev rﬁentionec‘l. results,

The results obtained by cloud chamber is more relicble since the
cloud chamber has a better spatial resolution and the encrgy of individual
hadrons can be rather accurztely de termined by the method described by
Vatcha et al (1972), even vwhen more than one hadron is incident, vhich is
generclly the case with high energy hadrons closg to the shower axis,

inother important advantage of cloud chamber technique is its well



Table 7.2

A survey of voriation of total number of hadrons with shower size

no. | Total number of obser- Txponent Enexgy
hadrons vation of size Workers Thres—
shower shower leve variation ?gid\
size size (g/cm®) V)
10° 10°
1 50 625 1000 1.1%0.1 Fukui et al (1960) 100
2 50 625 1000 1.1%0.1 Tanaka (1961) 100
3 9 110 1000 1.1 Tanshashi (1965) 100
4 10 80 530 0.8%0.1 Hasegawa et al (1966] 100
5 | 105 630 800 0.78%0,05 | Chatterjee et al
(1967) 100
7.2 72 1000 1.0%0.1 Kemeda et al (1966) | 100
10 100 A1l alti-} 1,0 Nikolski's survey
tudes (1963) 100
g |2 22 s/L 1.1%0.1 Present experiment 300 Gev




63

defined geometry, only hadron collisions which occur well within the

illumination region are concidered.

7.6 Theoretical consideretions

Czleulation has been carried out by Kempa (1976) on some features of
hadrons in extensive air showers, in thic caleculation a combination of the
Monte Carlo and analytical methods has been used. The results of the cal-
cuiation of the mean number of hadrons expected in the vertical direction on
the shower size is seen in fisure 7.9. For two multiplicity laws and the
threshold energy 100 Gev the relation between the total murber of hadrons and
the shover size is the same, For energy threshold less than 100 Gev model
n” )] 1/2 predicts the total number of rdrons more than tﬁc model né‘ 31/4
but for enerzy threshold more than 100 Gev the situation would be reverze,

For shower sizcs=>104 the variation of the total number of hadrons with shower

size can be expressed as:
ST a
N (> ET) ~N_
A summary of the experimentzl measurements of the slope, a’nade by Kempa
(1976) is given in table 7.3.

Table 7.7 the experimental results of the estimation of the slope, a arpearing
in relation NH(Z’ET) Néa (Xempa 1976)

a Aa shower size Hadron energy fAathox
. threshold (Gev)

0,92 0.10 10% - 5.20° low energy hadrons  Boehm et al
.00 0.15 4.10% = 5.10° 100 Kameda et al
0.73 0.20 5.10% - 5.10° 500 Miyake et al
1,0 0.1  10° - 5.10° 600 Vedeneev et al
1.0 109 - 10° 800 Pritze et al
1.3 2.10% - 5.10° 1700 Matano et al
0.92 ) 50 )

0.96 ) 5.10% _ 3,10° 100 )

Vatcha
0.92 ) 200 )
1,03 ) 4400 )
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The slope calculated by Kempa is close to unity, that is consistant
with the experimental values. A comparison between the theory (Kempa) and
the results obtained by this experiment iz shown figure 8.10, To compare)the-
total number of hadrons of energy= 300 Gev observed in the present experiment
was multiplied by « factor of 3, It can be seen that within the statistical
error the results of the present work can be compatible with the results of
the calculation of Kempa.

Greider (1970) has calculated the number of hadrons for 106 Gev
similations. The result of thz calculation is recorded in table 7.4.

E>10 Gev E>100 Gev Run Yo.

NAP NAP S0910
30 4,5 09
36 7.5 29
80 15 31

100 20 33
70 10 39
75 15 41
90 32 43
90 16 49
60 14 51 -

102 18 53

6

Table 7.4 10~ Gev simulations, absolute number

of NAP's per shover.

T.7 Intemral energy spectrum of hadrons in E,A.S.
The integral energy spectrum of detected hadrons of cnergy= 3500 Gev
4

in showers of size 5,10 - 1.6.106 particles is given in figure 7.11. It
can be seen that the slope of the spectrum from 300 Gev to about 1000 Gev
is almost constant,"v = liO.l. As the energy increases the slope also grad-
ually increases.

The data was split into two parts for two different shower sizes and

7z .
the energy spectrum was obtained. TFigure M shows the burst =zize distri-
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bution of bursts produced in lead and iron in figure 7.13 the angulﬁr dis-
tribution € bursts in shown. : Figare 7.1/ the integral energy

15
spectrunn for different shower sizes ig shown.

7.8 Cémparison wvith other experimental results

"he integral enercgy spectra of hadrons have been measured in many
experimehts at different altifudes,

A comparison of the integral energy spectrum is made in table 7.5
In this table the exponents of the energy spectra of different workers are
compared for different observation level and various techniques for energy
estimation. The present result is compatible with most of the results in
the.table. From this comparison it will be understood that the exponent of
the energy spectrum is almost constant up to energy about 103 Gev and then
gradually increases with increasing energy. There are some differences in
the exponent of the energy spectrum which can be attributed to different
energy threshold and various techniques involved., Apart from a few measure-
ments the energy spectrum is almost independent of shower size, It isc
neccessary to note the characteristic shape of the integrai energy spe%%ra

of hadrons and the fact that this shape cannot be fitted to a negative

pover law of the same exponent over a wide range of hadron energies, Table
7.6 shows the results of the simulation carried out by Grieder (1970). It
is seen that as the hadron energy increases the inicgrel encxr;y spectrum
exponent also increuses, consistant with observations.

U R

Table 7.6 106 Gev simulation, slope of energy spectra of lmdrons at sea level,

Slope of hadron energy spectra Run No.
ats Model 50910
10 Gev 100 Gev 1000 Gev.
0.95 0.95 2,18 SFB 09
0.54 1.08 1.78 IDFB 29
0.78 0.95 1.42 IDFB 31
0.72 0.96 1,26 IDFB 33

1.23 0.78 0.96 SFB )



Table 7.5 A survey of the measurements on hadron energy spectrum in E,A,S,

no., | Slope of the observation workers

integral energy level
spectrum

1 ~1,1%0,05 800 g/cnm’ Chatterjee et al (1967)

2 | -1.5%2 s/L Baruch et 21 (1975) E 1000 Gev

3 1.0%0.1 1000 g/cm2 Tanaka (1961) E = 100-1000 Gev

4 2.15,2 s/L Matano et al (1969) E° 1700 Gev

5 1.0%0.1 1000 g/cnm’ Fukui et al (1960) E = 100=10C0 Gevr |

6 0.7510.1 1000 g/cm2 Kameda et al (1966) E 100 Gev

7 1 1000 c.‘/cm2 Tanahashi (1965) E = 100-1000 Gev

8 1.020.1 all altitude Nikolski's survey (1963)

combined E = 100-1000 Gev
9 0.9%.1 530 g/cm’ Hasegawa et al (1966)
10 1.0%,1 s/L Present experiment
300 Gevs E < 1000 Gev

1 | 1n7te s/L Present vork E > 1000 Gev

12 1.2 s/L Gorywov et al E 500-5000 Gev

13 .8.320,10 S/L Tanaka & Narenan E = 100-1000 Gev
14 1.1%0,3. /L

Vernov et al E = 500-1000
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Slope cf huodron energy spectra Run No,

at: Model . 50910

10 Gev 100 Gev 1000 Gev, ‘

0.70 1,00 1.85 IDY 41

0. 45 G.7C 1.60 NOFB 45

0.60 1.04 1.93 IDIB 49

0.70 0.78 1.98 IDFB 51

0.81 0.90 1.12 IDIB 53

7.9 Discussion end conclusion

The experimental results in this chapter on high energy hadrons can
be surmarized as frollows:
i) the lateral density distributioc.. sicepens with inereasing
hadron enexrgy )

ii} there is a tendency for the lateral density distribution to
flatten with increasing shower size _

iii) the energy spectrum of hadrons in the cnergy range 300-1C00
Cev has an exponent Y = 120.1, the slope gradually increases
with increcsing hadron enercy
"

iv) the variation of the total number of hadrons NH(> E) as 2

function of =zhower size Ne -0y be renresented as

. Y
1-1{'\> E) = BN

[as]

where y is about 1,020,1



PLATE 7.1

Zvent H 118 - 36
A hadron interacted in lead, producing
a burst that is penetrated in iron, the
burst size in lead = 724 particles and
in iron 955 particles, it is also acc-
ompanied by a shower of size 9.3.105
particles, the shower core has fallen in a
distance = 7 metre from thc middle of the

detector M.






PLATE 7,2
Event H 145 - 12
in interaction in lead,
penetrated in iron, the
burst size in lead = 3700
particles, accociited with an
extensive air showers with a

7
size of 1.55.10° particles.






67

CHAPTER 8
DEPENDENCE OF THE MEAN TRANSVERSE MOMENTUM

OF SECONDARY PARTICLES ON COLLISION ENERGY

8.1 Introduction
One of the most important high energy nuclear interaction parameter
is the mean transverse momentum of the produced particles in rmuclear coll-
ision, It has been a question in high energy physics, whether this para-
meter remains rather constant or rises as the energy of the colliding
particle increases. In fact the idea that the mean transverse momentum of
secondary particles in nuclear interactions is almost independent of the
.collision energy with a slight increase with energy was originated by
Nishimura in 1956, after a comparison 'of accelerator data and cosmic ray
experimentis at energies around 1000 Gev, This invariance has been one of
the most fruitful concepts in high energy physics,
The observable quantities that are influenced by the transverse
momentum in extensive air showers are as follows:
i) The lateral distribution of high energy hadrons in shower cores
ii} The muon lateral distribution
iii) The core structure of the electromagnetic component.
The problem d transverse momenta can be approached by measuring

directly the spatial distribution of very high energy particles in shower

cores, Another way is investigating the multi-core showers, If the electron

distribution shows a multicore structure one can estimate the energy content
of the subcores, the distance of the subcore to the main core and.the PTro-
duction height and crudely derive transverse momenta necessary to account
for the observed separations, This measurement can he made assuming that
the observed subcores are not due to poissonian density fluctuations, or

to non-uniformities of the detector array, or to local hadronic interactions

in the detectors.
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8.2 Determination of transverse momentum, Pp in individual cases

If the energy of the hadrons and the distance between the hadrons
and shower cores is estimated providing the hadrons are produced at a

fixed height, the transverse momentum is determined as:

P =Eh.r

T h.c

VWhere Eh is the hadron energy, r the distance of the hadron to the shower
core and h the production height, assuming that their parents are close to
the axis of the shower. If the production height is independent of the
hadron energy, the value E.h.r reflects the transverse momentum. In this
experiment variation of Eh.r with mean hadron energy and shower size (or
primary energy) have been investigated. The energy of the hadrons were
estimated using the calculated burst size-energy relation, discussed in
chapter & and the shower cores were determined by the method explained in
chapter 6
8.3 Shower size~energy conversion

The variations of the total number of electrons (Ne) with primaxry
energy Ep for showers in the near vertical direction ha.§ been calculated
by Kempa (1976) for primary protons and different models the result of the
calculation for the model ne E1/4 and sea level is showm in figure 8.1.
This plot was used to convert the shower size into primary energy.

The minimum of the ratio Eo/Ne for showers at meximum was estimated as follows:

Eo/Ne = 2 Gev/particles

8.4 A summary of measurements of high transverse momenta
8.4.1 Oda and Tanaka (1962)

Oda and Tanaka studied the high energy hadronic component in extensive
air showers using a neon hodoscope of area 7 m2 and an array o glass fronted

spark chambers of area 20 m2 at sea level, This experiment primarily was
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arranged to study the detailed distribution of the electronic component

in extensive air shower cores. They found the total number of electrms

and muons in the showers by the use of a conciderablc array of their detéctorS.
They were also able to study the high energy hadrons. They found 14

5

events in the showers of size>10” particles with transverse momentum between
5 to 50 Gev/c. Their integral distribution could be represented by a power
law of exponent -1.710.2.
8.4.2 Miyake et a2l (1963)

This group used a two closely packed layers of scintillators sep-
arated by 2m of water plus a more widely spread array of 100 0.25 m2
scintillators, They reported high transverse inomenta of the sub-cores
ranging up to several tens of Gev/c.

8.4.% Bakich et al (1969)

'f'he Sydney group has investigated the occurrence of high transverse
momenta in air showers of primary energy greater than 1015ev, using 64
scintillator array. For any multiple cored shower an estimate of the trans-
verse momentum has been obtained by determining the subcore separation and
estimating the energy and the height of production of the cascade from their
age and number of particles within a certain distance from the axis. The
cascades vere assumed to be near maximum of their development. The energy
and production height of cascades were determined using electron~photon

cascade theory, The transverse momentum estimated from, P, = rPL/h. the

t
results is shown in figure 8.2a and 8,2b. They have also proved that the

multiple core structure ohserved cannot be attributed to fluctuations in the

scintillator response or to instrumental errors. From their results it can
be understood that the mean transverse momentum increases with shower size
and therefore with mean collision energy.

8.4.4 Sreekantan (1971)

The Brazil-Japan Emulsion Chamber collaboration obtained the results
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that the mean transverse momentum received by the particles produced in

14

muclear collisions of the primary energy above 10 'ev is significantly
greé.ter than for interactions at 1012ev. They also concluded that the
cross section for the production of transverse momenta of>2 Gev/c at

106 Gev is significant and throughout the range 1014 to 1017ev both the
mean transverse momentum and the cross section for the production of high
PT is increasing, Figure 8.3 shows the increase in transverse momentum

for the higher energy (SH) events.

8,45 Dake et al (1973)

This group used an emulsion chamber of 6.4 m2, 6 cms Pb, having 5
sensitive layers, They also had fifty-five spark cha.mbér, 0.5 x 0.5 x 0.07 m3
and underneath of the emulsion chamber 26 scintillators each 0.5 x 0.5 x C.03 m3.
The shower direction was determined by two‘ spark chambers placed vertically
with their axes at right angle. At a distance of 65:10 cms from the main
core of a shower they found a¥-ray family of ga‘: 16.4 Tev in the emlsion
chamber, The production height and the energy of the T‘[os vere calculated,

On the assumption of T(o was produced in the axes of the shower the minimum
value of the transverse momentum was 174 Gev/c.
8.4.6 Miyake et al (1969)

This group has studied hadrons d energyz>200 Gev in E.A.S. of size
3.105 - 106 particles using 26 scintillation counters and a multiplate cloud
chamber of 1,3 x 2,0 x 0.7 m3. They have seen a dependence of the lateral
density distribution of hadrons with shower size in the form of
x ~ Neo. 16
VWhere T, is the reciprocal of the lateral distribution and Ne is the shower

size,

They have concluded that if the production height is independent of
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the energy of the hadrons, the transverse momentum, P . calculated from

the equation:
'r
]‘ .
P, = E} -

toy

increases with the energy, since r, is a slowly decreasing function of

hadron energy EN H

v~ R -00 33
75 By
similarly the value of Pt increases with the size of E.A.S. for fixed EN

: refaliyn
and for assumed production height due to the zel-atimg of r, and Ne.

On the basis of the above estimations, P, seems to be much higher when compared

t
with the low energy region, 0.4 Gev/c, and still increases with energy o the
hadron and with the accompanying shower size.

NesTerova
8.4.7 Nestrerova et al (1973)

The Tian-shan group used an ionisation calorimeter of area 36 m2 and
depth 1440 g/cm2. The shower core was found by a layer of 64 scintillators
located above the calorimeter. The arrival direction was also determined.
The position of the high energy hadrons with respect to the shower core was
determined. The energy of the hadrons was estimated by the calorimeter. The
value Eh.r could be measured, knowing the production height, PT could be found
by equation Eh.r = PT.h.c.é". They a.iso considered events with more than one
hadrons and meésured the distance r of two hadrons and obtained fhe quantity

=Erh

BB

E1+I§.'2

AV

By the first method they found that 5% of the events with shower 8ize>10°
particles at the observation level of 3.3 Km above sea level had values of

PT.h> 2’.104 Gev/c .m. For 190 multi hadron events the second method gave 15

events with PThi’.E.lo3 Gev/C'™, It was also found that as the showers get
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bigger and bigger in size the values of P,I,h also follow this increase,
A study of the cascadc resulting from the neutral pions produced gives
an estimate of the mean height of production< h>, equal to 0.6%0:1 lcms,
therefore the mean transverse momentum was obtained to be

<P>= 15 3 Gev/C

8.4.8 Hazen et al (1973)

This group found six showers vhich had two cores in their cloud
chamber and a number of more complicated events. Their highest transverse
momentum was about 70 Gev/c.

8.4.9. Matano et al (1975)

This group have observed high energy hadrons and multiple cores of
B.A.5. with emulsion chambers installed in the air shower array and with the
20 m2 spark chamber in the array. They have determined transverse momentum
for each event with respect to the air shower axis. The average energies of
hadrons and subcores are 9 Tev and 5 Tev respectivély. The subcores have
been analysed to determine the initiating height and the energy in the same
vay as the INS group using the particle distribution near the centre of the
subcore and the calculation of Nishimura and Kidd. They have found 13
single hadrons agsociated with E.A,S, with energy above 3.3 Tev. having an
average energy 9 Tev. The transverse momentum for each hadron has been
determined with respect to the axis of B,A.S. The transverse momentum of
the subcores, observed with the spark chamber is also determined. They have
compared their results of integral spectra OfPT obtained by investigation qf
hadronic component and subcores and commared with accelerator results. They
concluded that the average P’l‘ increases and the spectrum of ?T becomes flatter
with the energy of interacting particles,

8.4.10 Aseikin et al (1975)

The hadronic component of extensive air showers has been investigated
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using the Pian-shan complex installation of P,N. Lebedev physics institute
using the ionisation calorimeter, The shower parameters were obtained by
an array of scintillation and G,M, Counters, Nea.riy 1600 showers of size
Nez 1.6.105 were analysed. The distance from the centre of instaliation
to the axis of E.A.S. r is=<3.0m,

The value y = Eh.r vas determined. Here Eh is the hadron energy
and r is the distance betvween the hadron and the shower axis. The dependence
of y = Eh.r on the mean energy of hadrons was obtained. This dependence is
shovm in figure 8.5. It also obtained the dependencé of y = ]%1.1‘ on hover
size, figure 8.4. It can be seen thot as the shower size or mean hadron
energy increcases the value y = En.r also increases on the ground of their
results and the comparison to other results, they concluded the following
hypothesis. The mean transverse momentum of muclear interactions is comstent

to some energy of collision and its value is< P,>= 0,3 - 0.4 Gev/c. Then

t
the medium value< PT> increases significantly with increasihg energy of
interaction. The threshold energy may be about 100 Tev.

8,4.11 Nesterova et al (1975)

The energy of hadrons, Fh and the distance between the hadrons and
the shower core 8 r, also between several hadrons in the same shower vere
measured by the ionization calorimeter and scintillatgg.-" counters in showers
with N.= 10° particles at 3340 m above sea level. The distribution of Eh. Ar
was obtained. The comparison of experimental results with calculation shows

the existence of amomalous transverse momenta in the interaction of hadrons at
the energy Epzlolsev.

8.4.12 Vatcha et al (1973)

Vatcha and Sreekantan using a 2m2 multiplate cloud chamber &t the centre

of TIFR air shower at Ooty (800 gms/cmz), studied the properties of high energy

10

hadrons of energy 2.5.107 - 1013ev. They have interpreted their observations
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in terms of collison characteristics at ultra hiéh energies o need for
drastic changes in the collision characteristics at energies>1012ev.

They concluded their experimentally obtained distribution of the quantity
¥ = E.r is not consistent with the mean transverse momentum of > 0.5 Gev/c,
but requires PT> 2 Gev/c. They claim if their energy estimate of high
energy hadrons is lower by a factor of 5, vhich may seem to explain the
discrepancy in absolute nmumbers with the observation of others, then the
mean transverse momentum< P> required would be 10 Gev/c.

8.5 Result s of the present experiment

The experiment was in operation from May, 1975 to February 1976.
Tre sensitive time was 2624 hours, during this period 96 hadrons of energy
= 300 Gev associated with shower in the size range B. 104- 1.6.106 have been
analysed. The arrangement of the experiment is explained in chapter 6,
The triggering requirement was the interaction of hadrons either in lead
or in iron producing a burst with the size more than or equal to 400 particles,
simultaneously we were able to sample the electron density of the associated
"~ shower, |

Figure 8.6 shows the frequency distribution o the value E.r. In this
figure is also shown the analytical distribution of E.r, deduced from C.K.P.
model,

In Figure 8.Tz.and €.7Tb the data has been split into two different shower
size groups, hadron energies and the distribution for each group has been ob-
tained, it can be seen that for larger showers and higher hadron energy the
mean of the distributions are shifted to the right. In figure 8.8 and 8.9
the integral distribution of E.r is shown., Figure 8.10 shows the location of
the showers within 10 meters from the centre of the instdl lation.

In figure 8.11 the dependence of the mean hadron enexgy on shouer

size can be seen,
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The dependence of shower size on average hadron energy,

The dots represent individual measurements and the crosses are
average values. The average behaviour can be represented

by N = AEX  Where& = 1.4, with E in Gev.



Figure 8.12 shows the dependence of E.r on hadron energy.

The dependence of E.r on shower size can be seen in figuré 8.,13.

Figure 8,14 shows the shover size frequency distribution of showers
associated with 96 energetic hadrons,
8.6 Comparison with other results

The results of this experiment is compared with McCusker et al
(1969) observations (obtained from the investigation of the coxe structure
of electromagnetic component);Bakich et al (1969), Vatcha et al, 1973 (their
information came from the observation of high energy hadrons) and Aseikin et
al(1975)vho measured energetic hadrons in air showers, Our results are
compatible with these workers, see figure 8.15.' The variation of the mean
transverse momentum with orimary energy is showﬁ in Figure 8,16, (41 * ) :
to convert shover size to primary energy the calculation made by Kempa 1976
has been used, (figure 8.1), © obtained by normalysing to the measurement
made by NcCusker‘4, 1969, Taking the production height 1 Km, (120 g/cm2,
the nean free path for pions) above the detector’poi.n‘c', y has been obteined,

The mresent measurément has been compared with the measurements made
for lower primaxry energies. It can be seen that from the primary energy
104 Gev the mean transverse momentum drastically increases as the energy
increases. The sources of the points 1, 2, 3, 4, 5, 6 is shown in the

following pages,
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The dependence of E.r on average hadron energy.
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The average behaviour can be represented by E.r = AE. wheres(= l.l
with E.r in Gev. m. '
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SOURCES CF POINTS I FIGURE 8,16
The points 1, 2, 3, 4, 5, 6 are the average of the following
sources:
Point 1
Godksack, G., Riddiford, L., Tallini, B,, French, B,, Neal, V.,
Norbury, J., Skillicorn, I,, Dovies, W,, Derrick, M,, Mulvery, J.

and Radojicic, D,, Muovo Cim,, 23, 941 (1962)

Bigi, A,, Brandt, S., de liarco-Trabucco, 4,, Peyrou, Ch., 3oenowski, R.

and Yroblewski, 4,, Nuovo Cim., 33, 1265 (1964)
Femino, S., Jamnelli, S. and Mexxenares, F., Nuovo Cim,, 31, 273 (1964)
Point 2
Fujioka, G., J. Phys. Soc., Japan, 16, 1107 (1961)

Brisbout, F., Cauld, C,, ILehene, J., lNcCusker, C., Malos, J., Nishikawa,
and Van Loon, L., Mucl, Thys., 26, 634 (1961)

Adwerds, B.,, Losty, J., Perkins, D.,, Pinkaua, X, and Reymnolds, J.,
Pnil. Mag. 3, 237 (1956)

Point 3 _

Bdwards, B,, Losty, J., Yerkins, D,, Pinkau, K. and Reynolds, J.
Fhil, Mag., 3, 237 (1958)

Minakawa, O. ¢t al. Supp., Muovo Cim., 11, 125 (1959)

Debenedetti, 4,, Garelli, C,, Tallone, L, and Nigone, M.,
Muovo Cim,, 4, 1142 (1956)

Schein, Y,, Haskin, D,, Lohrmann, B, and Teucher, M.,

Phys. Rev., 116, 1238 (1959)

Point 4

Edverds, B, et al,, Fhil, Mag., 3, 237 (1958)

K.



Malhotra, P, e% al,, Muovo Cim., 40, 4404 (1965).
‘wunor-Remner, E. et al,, Muovo Cim,, 1T, 134 (1960)
Minakawa, O, et al,, suppl. Muovo Cim,, 11, 125 (1959)

Nishikawa, K., J. Phys. Soc., Japsn, 14, 879 (1959)

Point 5

Ciok, P, et al,, Muovo Cim.,, 6, 1409 (1957)

Hasegawa, S., Nuovo Cim., 14, 909 (1959)

Kazuno, M., Muovo Cim., 24, 1013 (1962)

Kazuno, M., Ph.D, Thesis, 1967 Dublin Institute for Advanced Studies.
roint 6

Adcock, C,, Coats, R,B, Wolfendale, A,VW,, and Wdowezyk, J.

J. Phys. A., 3, 697 1970.



76

8,7 Summary and Conclusion
Tke behaviour of 96 high energy hadrons E 2300 Gev associated with

& _ 1.6.10_6 particles have been investigated.

S.A.5. in the size range 4.10
The result is compared with others, figures 8,15 and 8,16, On the ground

of the present observation and the reailtsof other workers, it can be con-

cluded that the meen transverse momentum of secondaries produced in nuclear
interactions increasés slowly to some collision energy. Then the mean

value of transverse momentum increases drastically with increasing the

primary energy. The threshold energy for this phenomenon may be about

5e lO4 Gev.



PLATE 8,1

Event H 117 = 61

An event with two secondaries
receiving large transverse momentum
after the collision, the interaction
is in ¥ ad, the bursts have penetrated

through the iron absorber,












R=10

N = 1.14.106
PLATE 8,2 Burst size = 5063

Event H 116 - 38
A hadron with large transverse mémentum
interacted in lead producing a burst of
size = 5063 particles associated with an
6

extensive air shower of size 1.14.10

particles.






R - 8.2
N = 1.106
PLATE 8,3 " Durst size = 2450
Event H 110 - 3
An event receiving large t-ransverse
momentum., The hadron has interacted
in lead, producing a burst = 2450
particles, penetrated in rion,

The size of the air shaver accompanied

is 1.106 rarticles. -
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CzAPTER 9

TEE INCOHERENT LADROI ENZRGY SPECTRUN AT SEA LEVEL

9.1 Introduction

Since our zpparatuc has been trisgered after the interaction of
a hadron in lead or iron torgets, whether accompanied with E.A;S. or not,
ve werc able to measure thco cnergy svectrum of incoherent hudrons at sea
level. This measurement increused the statistics of the previous work
carried out by ashton and Saleh, 1975 initiated for the investigpiion of
the stcp seen by Baruch et al. in the energy range 2-8 Tev, reported in
Munich Conference, 1975.

The energy spectra of hadrons at different ohservation levels in
the atmosphere can give information about the behaviour of the muclear
interactions of hadrons in the way to the earth throush the atmosphere.

The triggering level of this experiment was the production of a
burst = 400 particles eith2r in the lead or iron. The conversion of
burst size to hadron energsy has been made by the calculated burst size-
energy relationship curves discussed in chapter 5. The result of the
present obzervation shows a constant slope. The spectrum can be renres-
ented by'E72'74i’16 in the energy range 400 Gev to 8 Tev.

9.2 A survey of measurements of incoherent hadron enexyy spectra at
different altitudes

9.2.1 Grigorov et al (1965)

. . _")
This measurement has been carried out at Mt. Aragats (700gem ‘). In

this experiment the intensity of hadrons has been measured up to 3.103 Gev.
The apparatus used has been an ionization calorimeter of 10m2 sensitive
area, consisted of 12 trays of ionization chambers located under filters
of lead, graphite and iron. After an effective time of 1,015 hours of
running the experiment 633 events werc recorded. The integral enexrgy

spectrum of unaccompanied hadrons is plotted in figure G.1l.




([

9.2.2 Jones et 21 (1970)

To study the interoctions of Coomiec way nuclear active particles
with protons, this groun made an exneriraont =t Echo lalke, 700@0:!1‘2
Coloxrado, They used 2000 litre liquid hytaogei: target, spa.fk caanbers
and an ionization calorimeter., The calorimeter was constructed of iron
and plastic scintillator with o total thiclmess of 1,1303'cm-2. During
the running time they recorded 1,000 interactions above 70 Gev, The
energy of the incident hodrons were estimated from pulse heights of the
detectors in the calorimeter. The enersy resolution of the calorimeter
was estimated to be ebout i1593. The integral energy snmectrum measured,

1so:ec"l), vhere E in the unit

n
vas renresented by N(>E) = 3.10-7?.-."2 (m “st™
Gev. The results of this experiment is plotted in figure 9.1.

9.2.,3 Kaneko et al, 1971

The measurement was carried out at Mt.Chacaltaya SSOgcm-z. They
recoxrded high energy nuclexzr burst rroduced by unaccompanied hadrons with
encrgy sreater than 3.1012ev. he anparatus used, consisted of 10 vex-
ticol telescopes each consisted of 2 and 3 unshielded counters placed above
a shielded counter under 366 .r_;cm"2 of absorbexr; Their result is shown in
figure ¢,1.

2,2,4 Siohan et al. 1973

To measure the churged hadron intensity they used an ionisation
calorimeter at the altitude of 730 gcm"2 (2,900 meters) at SRCRL in New
Fexico. A layer nlastic scintillator of total area 3.3 m2 was placed in
znticoincidence to reconrd the shower accompanied hadrons.  Their result
is plotted in figure 92,1. The differentizl encrsy sonectrum is represented
by

d¥ /dE = (7.9520.9) x 1072 (5/1.00)"3'2:::1 particles /m2 sec st Gev

in the energy range 100 - 1,200 Gev.
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9,2,5 ZDBabecki et al. 1961

The energy spectrum of hadrons in the energy ronge 1012- 1013 ev
vas measuzred, using an arriy constructed of four rows of ionization chambers
vetueen vhich vere lead and graphite filters of different thiclmess, The
events were rccorded if ithe totcl ionization was greater than the threshold
similtaneously, in each of any two of the layers of ionization chambers.
They found the intepral burst spectrum with exponent —1.9:5:0.03. The
result is showm in fisure 9.2,
9.2.6 Brooke and Wolfendale, (1964}

The momentum spectrum of Cosmic rey vrotons in the range 0.6 to 150

Gev/c wos measured by = masnetic spect;ograph. The specirograph consisted
of four mecasuring levels, two above and two below t-e magnet and the de-
flections., The momenta of the triggering particles were determined by

the interaction of their trajectories with the four levels. In figure 2.
the measured differenticl vertical momenitur =:rectrum of protons is shown.

9.,2.7 Brooke et al (1964)

e same apparatus used by Brooke and ‘olfendazle for the measurement
of morentum spectrum of protons, was used to measure the momentum spectrum
of M7 in the vertical direction in conjunction with a neutron monitox.
Pions were detected by mecans of their intercetion end subsecuent neutron
producticn in the monitor. T™he roiio between pornitive and negative pions
is assumed to be unity. In fizure 5.4 the result of the experiment is
showm,

9,2.8 Dircory et al (1974)

The vertical encrgy snectrum of pions was rmeasured by this croup
at zez lovel using o spectrogroph with the sane construction as ihe one
used oy DBrool: and ‘olfendale., 'The result is compatible with ihe results

of DBrool: and ‘‘olfendale, The result con be seen in figure 9.4 that ic
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comparcd with the resultis of Brookeet ul, -

9.2.9 Ashton (1973)

The energy spectrum of neutrons in the region 0.4 - 1.2 Gev (19718.)
has been measured wusing the charge exchonge reaction n-p =% Pin,

In fifcure 9.5 the result of the low energy neutron spectrum is
plotted and compared with the other results. At higher energies (>20 Gev)
the neutron energy spectrum has been measured from the burst spectrum
produced by neutral primary particles in a thicl: steel target (1970).

The vertical differential encryy spectrum is plo@;ted in figure 9.5. It can
be seen that in the region 50 - 1000 Gev the spectrum can he represented by
N(E) = &Y with the exponent’Y = 2.9550.1.

9.2.10 Cowan and Matthews {1971)

The encrgy spectrum of unaccompanied hadrons and & study of hadron
interaction was carried out using an ionizotion calorimeter together with
nine cloud chambers operated at 250 m above -sea. level, The energy spectra
of pions and protons have been calculated from the measured charged spectrum
using the neutral to charge ration 0.9. Figure 9.5 shows the energy spectrum

of charsed hadrons.

9.2.11 Dmitriev et al (1960)

& study of hadronic component was corried out by this group using
ionisation chamber, During the operation time, 1,3000 hours 942 burst
vere registered each corresponding to the nossage of 1000 relativistic

particles. The energy =pectrum of the hadrons is shown in figure 9.6.

9.2.12 Siohan et al{1973)
The energy spectrun of charged hadrons was neasured using an ioni-
zation czlorimeter. i Monte Carlo cimilation for the calorimeter was

used to obtaii: the energy of primary incident hadrons from the egquivalent



mions.,

350 = 1,000 Gev is shovn in figure 2,6.

9.2,15 G.B._ Yodh 1974

The differential cnexrgy spectrum of
level, using an ionizaticen culorimetex has

ication) in the energy range 1 Tev to § Tev (figure 9.6).

Cl

The measured vertical spectrum of

3 "he mresent basic exmerimentzl results

hadrons in the energy range

high energy hadrons at sea.

been measured (Frivate Commun-

The recording of the events has been by photogranhy such as &

particle interacted in the lead or iron torpgets, prodvecing = burst =400

particles, the apparatus was triggered.

under the lead and iron was nhotographed.

was also photographed.

The pulse from the scintillators

The front view of the chamber

The scintillator pulses give the burst size and

the chamber shotograph shows the geometry of the burst. The exveriment

l:2s been in operation for

delay remained unchanged.

height information.

the defined criteria (sed

2704 hours.

The triggering level and the time

The acceptable events vere those having pulse

axis of the burst also had to be locatzble within

ficure 9.12) with a projected zenith angle = 30°,

The 1imit on the projected zenith angle was imposed in order to exclude

side events produced in the walls of the chomber by high encrgy mions.

Table 9.1 shows the genercl information about the experiment.
the basic experimentz) rezuli is showvm,

compared :ith the previous work (Ashion and Saloh 1975b).

In table?,2

Tn table 2.3 the present basic result is

Seinti- Scope sen-— Trigger _Single particle | Voltage of pnoto-Multi-
llator sitivity level pulse height plier DPower supply (x.v.)
mv/em (2 M) m, V. ;
particles
c 500 ¥ 400 «28 o8
particles
i 500 % 400 .28 .8
Table 9.1 General information about the experiment.
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Trigger level (equivalent muons)

400 particles

Time delay of high voltage pulse 350 Us

Running time 2,704 hours

Total nmumber of triggers 1,500

s at s F2n0

Wumber of bursts within -30 lead 246

to the vertical and in acceptance '

reometry with a burst of size iron 493

2 400 particles observed under

the lead or iron

1y F2nO

Number of bursts within =30 lead 470

to the vertical and in acceptance

peometry produced by an initial .

interaction in the lead or iron iron 261

determined from the flash tube

information

n in I(8) = I(0) cose load 7.0-2.9
iron 8.5-1.5

Total aperture for bursts from lead .53m23t

Total aperture for bursts from iron .52m25t

Ratio of number of bursts starting

in 1ea.;11 11;2 number starting in 1.83:.14

iron, determined from flash tubes

n(\F¥e
n({Ib .
Ixpected n(Fe) 2ssuming micleons 2.17
bursts produced by hadrons pions - 2.24

Table 9.2 Basic experimental data




present
Previous work (Ashton and Saleh) wozk
Trigger level (equi. pts) z 20 =100| =200 | =400 z500 |=z400
Dunning time (hour) 0.6-5 26,35 223.76 | 176.47 | 3411.25 | 2704
Time delay (M) 20 20 20 | 330 330 330
Total mumbers of triggers 149 173 560 122 1420 1500
Number of bursts within *30° to |& 21 26 101 23 256 246
the vertical and- in acceptance charee 20 25 93
georetry with a burst of size= 400] 4 | neutral 3 7 8 39 356 493
particles in ‘the lead or iron Wl total 32 52 101
. i tanl
No. of bursts within -30" to-:
tr.> vertical and in acceptance -] 478
gevmetry produced by an inter- &
action in the lead or iron deter- | o 261
mined by F/T data e
Assumed n in & [e.0%2.5 6.0%2,5 | 6.0%2.5 [8.5%1.5 |8.5%1.5 [1.0%2.0
1(8) = I{o) Cos® @ & |a.ot2.0 4.0%2.0 | 4.0%2.0 [7.5%1.3 | 7.551.3 [8.5%1.5
Total aperture for bursts & 0.64 0.64 0.64 0.54 0.54 0.53
from iron or lead (mPst) & 1 o0.70 0.70 | 0.70 | 0.53 0.55 | 0.52
Fb_arerture
To aporture 0,91 0.91 0.91 1.0 1.0 1.0
Ratio of nunber of bursts . + . - + ;
starting in lead to yrumber S |.66t.18 811,25 |1.002,14].92%.13 |.59%.15 |.50%.0L
staxting in iron 0]
n(Tb) determined from ZF 34
nEFeg flazh tubes s 1.83=.14
Expected ﬁ%"-} H |20 2,00 | 2,00 | 2.17 2,17 | 2,17
@ .
assuning bursts produced 2
by, hadrons a |2.09 2,09 | 2.09 | 2.24 2.24 2.24
& .
(-9

Table 9.3 the Comparison of the basic data of the present experiment
with the previous work.



It is expected theoretically that over the energy range covered in the
present experiment the majority of bursts produced by particles incident
with zenith angles< 50° to the vertical cre due to hadrons and that only
for zenith angles> 500 does the effect of ruon electromagnetic interactions
become importent. This con be tested by measuring the ratio of the numbexr
of bursts produced by primaxy porticles that intergct in the lead and iron

for hadrons at normal incidence this ratio is

-YPb

nbrb) =~ 1l-c¢e Fb
n{ Fe)
-Y. Y.
Pb Fe
€ /)\Pb(l‘Fe)

where Y, end Y, are the thickness of the lead and iron and)\I,b and AFe

are the interaction length of hadrons in lead and iron the ratio is found
to be 2,17 .and 2.24 for nucleons and pions respectively. 'I.he measured
ratio of 1.831!-'0.14. is thus consistent with expectation for hadron initiated
bursts.

A further test is to determine the spatial angular distribution of
particles producing bursts from the measured projected angular distribution
in the front plane usin;; an extension of the method described by Ilovati et
al (1954). idgsuming @ spatial zenith angle distribution of the form
I(8) = I(o) Cos™® the best fit values of n found from the data are 7,0%2.0
for bursts originating in the lead and G.5f1.5 for bursts originating in
the iron. Again these vilues are consistent with expectation for hadron
initiated burst,

The busic experimentdl data in the previous work (Ashton and Saleh 1975b)
bursts were classified as occuring in the lead or iron accordins to vwhether
the burst size under tie lead o iron is the larger of the two and not as to

whether the initiating interzction occurred in the lead or iron. Accordingly
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the figures in the table cannot be used to culculate % as indicated
in the paesent experiment and compared wi th expectation for hadron ini-
tiated bursts. Iiowever using the flash tube informetion to deterxrmine
vwhether a bﬁrst was initiated by a first interaction in the lead or iron,
the resulting value of '2‘%}% is found to be consistent with hadron ini-
tiated bursts.

Tigures 9.7 and 9,8 show the burst size distribution of bursts initiated
in lead and iron respectively.

9.4 The angular distribution of hadrons

The projected zenith aryle of hadrons has been assumed to be the
same as the direction of the axis of the bursts to the vertical. Figures
9.9a and 9.9b shows the projected zenith angle distribution of the hadrons
recorded from the front view of the chamber. Ve had no flash tube inform-
ation of the bursts in the side plane of the chamber, just a crude estimate
of the maximum projected zenith angle of incidence by measuring the axis of
the burst from top of F, (see figure 6.1) to the point where the bursts left
the chamber in the fron view, Figures 9,10 and 9.11 show a crude i:nfoma.-
tion of the events in the side nlane. Althoush crude these measurements
indicate that the majority of accepted buréts had zenith ang1e<50o in this
plane,

9.5 The chamber accentance functions

To calculate the differential aperture for bursts produced in the
chamber the method of Lovati et al (1954) was used; this has been discusscd
in chapter 6. The differential aperture of the chamber has been calculated,
with n as & parameter, on the basis of the criteria showm in figures 9.12 and
9.13. The result of the calculation is shovm in figure 9.14., The accentance

geomeiry for bursts in the lead and iron is the sa.rﬁe. The value of ‘the
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Sccle ddagro of the front of the flash tube chamber
shovin:: the restricted ceenpionce geometry foxr bursis in
lead rnd iron, To be acconted, the core of the burst

mst lic i2 tiveen, but not in the dax): areas.’
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exponent, n was determined from thegcalculated angular distribution and
observed projected angular distribution by a minimum chi-square 0(2) fit.
n was found 7.052.0 and 8.551.5 in lead and iron respectively.

9.6 The measured hadron energy spectrum

Using the measured differentia.l hirst spectré detected by the
scintillators under the J ad and iron in the present ex.periment and also
knoving whether a burst cbserved under the iron was initiated by a first
interaction in the lead or iron, iu conjunction with the theoreticel relation
between burst size and energy, two independent estimates have been made of
the vertical differential hadron spectrum. These have been averaged, and
the final result has been obtained. In figures 9.15 and 9.16 the integral
" burst spectrum for bursts initiated in lead and iron is shown. - In con- .
verting the burst spectrum measurements to an estimate of the incident hadron
spectrum,the hadrons have heen assumed to be hucleons. If charged pions are
assumed the energies should be reduced by 0.75. In figure 9,17 the differ-
ential energy spectrum of bursts produced in X ad and iron is compared.
Figure 9.18 and 9.19 show the incident hadron energy spectrum in lead and
iron. Figure 9.20 shows the comparison of figure 9.18 and 9.19., In
figure 9.21 the final energy spectrum of hadrons is shovn, it is seen that
the measurements are consistent with previous work. In table 9,4 the

probability of proton and pion interacting in different mrts of the chamber

is recorded.

particle Lead Iron Glass and aluminium electrode
proton 0.55 0.25 . 0.12
pion 0.53 0.23 c.12

Table 9.4  The probability of interaction of protons and pions
in different parts of the chamber.
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9.7 Comparison and conclusion

In figure 9.22 a comparison of the present result with the results
of previous experiment (Ashton and Salch, 1975). and Baruch et al (1975) has
been made. It is seen that the hadron energy spectrum is smoothly de~
creasing in intensity with a slope equal to 2.74:.16.

It should be noted since the results of Baruch et al reported in
Munich Coni‘eren_ce claiming a step in the differential energy spectrum
between the energy 2 - 8 Tev was withdrawn due to the electronic defect
in their experiment the comparison to that result is not made, but it is
compared with their recent measurement after eliminating the defect
(Baruch et 2l. v.12 p. 4303), The present differential energy spectrum is
well represented by: N(Z)dE = A gy dE,

where Y = 2.74i0. 16 over the wholc energy range.

Tlates 9,1 and 2,2 shov typical hadron interaction in lead and iron.
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PLATE 9,1

Event H115 - 19

A hadron interacted in the lead absorber

producing a burst of size 4000 particles,

e Track obsswed in F, 15 eclhai &
backg«umw/ mugn Nt & ""‘?I’eﬁ lonizi«v
poelt e mitialed e burst observed un
Fia






PLATE 9,2
Dvent H106 - 7
A hadron. interacted in iron
producing a bufst of size =

1707 particles,
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CIAPTER 10
SZARCH FCR MAGNETIC MOKOPGLES

10.1 Introduction

Tre laws of quantum mechanics can exnlain why electric charge is
quantized if the existence of a particle with a single magne%ic pole is
assumed, This assumntion led Dirac in 1931 to predict the existence of
a particle knowm as « magnetic ﬁonopole.

Seaxch for magnctic monopoles is importent becnuse this is the only
wvay to exnlain the quantization of electric charge. Diruc took the fund-
amental eleciric charge to be e. Lie¢ nroved that monopoles of fundamental
strength, g = he/2e should exist.

Schwinger in 1966 concluded that the megnetic charge quantum is twice
the vélue predicted by Dirue.

Monopoles produce . o high rate of ionisaticn as they traverse through
matter, The rate of energy loss for a relativistic monopole is approximately
given by

: 2 -2
= =n".10 Gev/gm. cm
dx

vhere n = 2e.g/hc. In comparison with the rate of energy loss caused by 2

particle with electric charge e, the rate for monoroles is unproximately
di ’

5000 times that of a relativistic e-charged particle {d

™
x ~2 Mev). This is
the main pronerty of monopoles for detection.

The relativisticg monopoles could produce tracks similar to those
produced by high Z atomic nuclei in visual detectors. The predicted processes
that »roduce monopoles are simil:x ir tiose producing clectren-pesitron pairs

Y+P P+g+ ;

P+2 P+P+gtg

Table 10.1 shows some predicted properties of monopoles,




FMunda~ Munda~ dE /dx Z of mucleus Ionization loss in
Author mental mental Ge with same renetréting the at-
electric monopole -Yl _, dB/ax mosphere to sea level
charge strencth  gm cm
Dirac e Yo B 9.4 69 9. 4x10%2ev
h
Dirac e/ 3/2 -(;9 84.6 207 8.5.10"ev
h
Schwinger e c/ e 36.6 138 3.8, 1013ev
h
Schwinger €/3 . = 329, 4 414 3.4.1014ev

Table 10,1 Expected properties of magnetic monopoles corresponding to

fundamental electric chorges e and e/3.

10.2 Previous searches for magmetic monopoles

Searches ror monopoles have been carried out in acceleratora. Amaldi
et al (1963) and Purcell et al (1963) performed an experiment using a 30 Gev
proton beam, They showed that the monopoles mass is greater than 2.8 Gev/c2
if they exist. Gurevich et al (1972) searched for monopoles using a 70 Gev
proton accelerator yeilding the production cross section to be<1, 4.10-430m2I
for Mg 4.9 Gev/cz. Giacomelli (1975) searched for monopoles by P - P
collision at CERN-ISR, They could detect monopoles of masc, Mg< 30 Gev,

6

-3 2
They found the upper limit on the production cross-section< 2,10 “~ cm~ at .

9o confidence level.

Scarches for mononoles have been also carried out in cosmic rays by
many experimenters, Ashton et al (1969b) performed an experiment at sea
level using scintillators and flash tubes, demanding a pulse- produced by
monopoles of sreater than 4,000 times the pulse produced by single muons.
They found a flux limit of< 1.3.10-10 en? sec™ st™! with no candidate.

Yock (1975) searched for heavy mass highly charged narticles in cosmic rays,

no events were observed, An upper limit of 7.10"10 cm—2 sec_l st—l at sea

level under 600 g'm/cm2 concrete was obtained with 90% confidence level.



10.3 Precent experiment

10.%.1 Cbservation of 1% anomolous events

Cur experiment trimered basicelly for the study of hadrons, in PR VRN
producing burst of size = /00 particles either in lead or iron targets. In
this expcriment the high voltage pulse was epplied to the flash tube chambexr
after a time delay of 33(Hn after the occurrence of the burst. After this
lonz time delay the track of a particle with charge e producing a burst in
iron absorber could not be seen in Fla, (See scale diagrem of the chamber in
chapter G, F,a consists of 8 layers of flash tubes).

The search for megnetic monopoles was based on the idea that if magnetic
mononoles exist and pass throush the chamher, its track could be seen in Fla,
duve to its highly ionising nroperty snd the pulses produced by these particles
fron detecctor ¢, under the lcad and detector A, under the iron couzld be

recorded, In the course of experiment 15 unusual events have been observed.

10. 4 The efficiency of the chamber forxr e-charged particles after the

goplication of %%30H s time delay

At a time delay of 330H s protons and charged pions interacting in
the iron toarpct are expected only to produce an average of 0.35 flashes in
the 8 layers of flash tubes in Fla.. Figure 10,1 shows the va.ria.ti_on of ‘the
internal eff icienc;-,-'Y]I with the time delay between the 1 ssage of un ioniéing
chorge e particle and the application of the high voltage pulse to a single
flash tube., Using the Lloyd theory the curve is found to fit the measurements
for T in the range 1-200M s (Cooper, 1974) and beyond this, the curve is a

theoretical extrapolation. In the theory, ~,is the tube radius, f., is the

1

average probsbility that a single electron is capable of producing a flash
when the high voltage pulse is applied, =nd \ul is the average mumber of
initial electrons produced rer unit path length in the neon ges, Mgure 10.2

shows a set of curves for variation of7]. as a function of time delay with
2
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0

af1Q1 os o »oraneter. The flast tubes -ised have intexrmal diameter 1.58cr.
c¢xternal diameter 1,76cr and the separaztion betweon the centres of ailjacent
tubes is 1,8lem. It is seen from figure 10.1 that at Tp = 3304 5, | 1= 50
The layer efficiency (»robobility of a tube flashing mer layer) is thus

i'si .5 = 4,%£: and the average mumber of flashed tubes expected to be observed
in the 3 layers of tubes in Fla betvicen the load and the iron is 8x0.044 = 0.35.
The fluctuations in the munber of tubes flashed about the averase value are

expected to be described by a binomial distribution. If P is the probebility

of a tube flashing e r layer the probability P(r,8) of observing r tubes
|

[

flashed in 8 layers iss

(r,8) = c Pr (1..1>)

= 8J “ed e LS—I"“_].) IJ:['( 1—P)8—

rl

10.5 leasured parameters

Figure 10.3 shows the frequency distribution of the observed number

of tubes flashed in Fla laying on the axis of the bursis that were observed
to be produvced in thc iron. Also shiown is the expected binomial distxibution
for P = ,044. It is seen thoat there is an excess of 15 events over expec-
tation Ior traclks in Jla with 4~-8 fleshes on them, The 15 anomalous events
are shown in Fisure 10,4. Plate 10.1 to 10.11 show the photograph of eleven
of the eznomalous events. late 10.12 is 2 typical nommzl event (interaction
in lead). DPlate 10.13 is a hadron interzcted in iron 1 ashing one flash
tube out of 8 layers in Fla. It is clear that some of them are probebly
produced by hadron interactions neear the bottom of the lead =so that the
resulting electron-photon cascade prodvced by the Y's fream® decay is in
a very early stage of development and hence highly collimated. . The range
of distance from the bottom of the lead can be found by solving

Y

XA m

AT e
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by particles which penetrate 15 cn of lead and interact in 15 em
of iron '




. ooonoo o .oooo“ . au”oooa oooo oo" ° oooooo N oou oomoonouoonomm .’ .o”.o“oooo mouoo% . ooooe.oo n ﬂ m

§§\x\\ T

M LU

m\\\\\\\\\\\ TSI,




uoxy

el

——

- *punoxbyoeq e st ysers

Puodes ay3l) ma& UT PayseT} ST aqni} yseTj euo uoay ur Hurjoeasjur pue pest ybnoxyl
Puissed uoxpey e=-q ‘pesy ut paonpoxd 3sing TEWIOU e =Y *sjuand Tensnun T *OT *6 . "uUO0D p°OT 9Inbg

q D it . 0t 6

e — x (¢ ...\ m1 2
ST3.58 90 5.0, T o, 0 5,00 0 052%8&9 °
2%% S, ° o, a0 o e ° °
o3 o nnwooo 0 0P, P o © . 8092 g9
QOOoa ooo wwo om% 89 oo‘wccw.we % ¥ wOQoM.o ® o o %00 ooe% @o%c@
o, 2,063000 e %o °
w0 982858 o s)B0s310 w3523 °% £ ao 5% o
28400 30 505399 °0 a2 030 ¢ ocoooe%coo S u%o:w o8
00 o099 Yo ’ (=] 9
.oooﬂboo..coo% 00 o8, o%o OOONoo.._o oQoooo oooo Qmocowo.voo
o 00IP ooﬁo 0 9000009 O a ° e 99 o 909570927 029
009 000X 22, 0 >80 58 mo. %0 50°°%, %9 % 9a%% o oowwn
n°% wwwmm Y 2.0 nvw @ O0cn ‘n‘ QDQ 0 @Yy )

T T T

Oo ﬂuc@
% %o%n ° %
00a d 896 0g ° °
oy VHIEEE R A

~ T




7 +3u00 4°01 ‘814

I




90

for O y vhere y = 15¢cm and \ = 19,8cm ("he figure 47¢ is the number of bursts
rroduced in th: lead drrin> the cxneriment). The result is ¥y = 0,97em.

In order to try to quantitatively senrarate events which are due to
Ladron interictions nenr the botiom of the lead from hadrons which treaverse
the lecad vithout interactins and then nake their first interaction in the
iron the ratio R of the nurmber of flashes outside the line of flash tubes
lying on the burst axis in Fla and the line of tubes on either side of it te
the mumber of flashes cont&ined inside the three central tubes width hes been
used as .n estimator. In figure 10.5 R hos been p}otted as a function of
the puléc height (eqivrlent mions) rmeasured in scintillator C placed under
the lead. Firure 10,.0 shows a histogram of the dafa in figure 10.5. The
11 cvents which occur in the toil of fimere 10.3 and are shovn in figure 10.4
o nirked 1-11. It is scen from fimue 10.5 that the 11 events lie in the
tail of the R distribution and are not distinetly separated from it by =
sipnificont gap, The mamber of particles contained in the narrow jet that
travorses Fla cen be ectimated from the measured flash tube efficiency in Fla
as vwell as from the nulse height from scintillator €. Figure 10.7 shOWST\I
plotted sgainst a lel (a £14, = 9 corresponds to 1 particle, a lel = 18
corresponds to 2 particles eic.) for Tp = 3505, Finally tableil@lswmarises
2ll the available information concerning each individuwal event. It should
be noted thuat the fit to the data shown in figure 10.3 assumes all bursts
producer in the iron are due to charged pions. If a large froecticn were
produced by nucleons ithen tn excess of events would te observed with zero
flashes in Fla over cxnectation and this is scen not to be co. This result
is consistent with the previous work (Mshton et al, 1975) vhich suggested that
for 2>500 Gev the flux: of churged pions becomes greater than that of protons

(and lience neutrons) in the verticzl cosmic ray beam at sea level,
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Table. 10.1 _ Deteils of the 15'anomalou=.: cvents shovn in the .t-.'.i.l of fipure :10-‘.
" ‘end elso in figure 10.5. Caly events 1 md 2 can be concidered os possible

h'i{;h-z-pa.rticle_s'a they alone showed large _pul;:e héichts in i:cintilla.tor\l;i.
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10.6 Conclusion

From tablejplitis seen that only events 1 and 9 produced a lirse
pulse height in scintillator M which would be indicative of a highly ionising
particle traversing the lead without interaction and then interacting in the
iron. The other events are therefore thought to be produced by hadron
interactions near the bottom of the lead such that the electron-photon showers
resulting from1° decay are in an early stage of development vhen they tra-
verse Fla. Events 1 and 9 are probably of the same nature but it cannot
be excluded that they are produced by high Z particles (Z-20) from the pre-
sent data. Scintillator M is observed to be saturated but this could be
entirely due to the accompanying air shower whose core position and size
could be determined for these 2 events. Based on 2 possible gvents the
upper limit to the vertical intensity (assuming a cos8 @ zenith angle dis—
tribution) of particles with charge S 2egin the cosmic radiation at sea
level that can penetrate 1%cm of lead and then interact in 15cm iron ab-
sorber nroducing an energy transfer> /00 Gev is =< 4. 1071t cm"'2 sec™t st7t
Highly charged perticles of this nature are of considerable interest as
according to Yock (1975) they are the irue fundamental building blocks of

matter rocther than quarks carrying fractional electric charge.
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PLATS 10,2
An wmsual event,'.ll
8 layers of flash tubes

in Fla. have flashed,







PLATE 10,5
A umasual event
5 layers out of 8 layers of

flash tubes in F]a. fl ashed
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PLATE 10, 4
An nmusual event, il
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fn umsual event all & layers
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PLATE 10,10
An umusuol event, 6 layers out
of € layers of flash tube in

Fla. have flashed
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CHAPTER 11
11.1 Summary and current tachyon (faster than lie;hg experiment

The lateral distribution of hadrons of ener@jé'-ioo Gev in E.A,S, of
size 5.104 - 1.6.106 has been measured. It is found as the hadron energy
increases the lateral distribution steepens. A we€ak dependence of lateral .
distribution on shower size has been found.

Tre energy spectrum of hadrons in E.A.S. steepens as the energy
increases.

The dependence of E,r (reflecting the transverse momenta of hadrons)
on hadron energy and shower size has been inves'tigated. The results show the
mean transverse momentum of hadrons drustically increases beyond the primary
en2rgy about 104 Gev as the hadron energy and shower size increases. This
observationr can be either due to a highly inelastic coiliéion or interaction
cross~section or both in high energy energy collisions, in other words either
the inelasticity ar intera.cti'on cross-section or both have to increase with
energy.

It should be noted that if really the mean transverse momentum drasti-
cally increases beyond z primary energy an unknown force could be acting and
causing this effect,

The energy spectrum of hadrons in cosmic rays at sea level has teen
measured over the energy range 400 Gev - 8 Tev. The spectrum is found to be
well represented in differentizl form by N(E)dE = AE;Y dE  Where ¥ = 2.74%0. 16
with no suggested anomalous behaviour over the whole energy ran@e‘.

A study of the ionising power of high energy cosmic ray particles that
penetraté 15cm of lead and -then interact in a 15 em thick iron -taa:get has
yielded 15 unusual events. The umisual évents are seen in. the 8 lgyers of
flash tubes, operated on & time delay of 330M s between the occurence of the
master trigger and the anplication of the high voltage pulse to the detector
betvecen the lead and iron as a highly collimated beam of ionising particles
( > 100). Visually they look like the flash tube track of a single highly

charged particle with Z- 20,
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11,2 Curxent tachyon experiment
11.2,1 Introduction

The cxistence of an object travelling faster than light was predicted
by relativity theory, both classical and possibly quantistic. In special
theory of relativity only the constancy of the speed of light is assumed, it
is not supposed to be the highest possible veloecity. The total energy rela~
tion implies that these faster than light objects (Tachyons) have imaginary

22 Yo
rest mass as E = i me“/(B°-1) /%,

It is believed that charged tachyons emit Cerenkov light in vacuum
without violating energy and momentum conservation, this property has been
-used to search for tachyons.

After the prediction € these narticles experimental work started.
Davis et al (1969) searched for tachyon pairs (using the property o emitting
Cerenkov light in _vacuum),‘ produced in lead by¥Y-rays from a 60co radio-
active soul‘o-e. The space bétween two metal nlates which wgs evacuated \»;as
used as o detector, an electric field, to accelerztc the charged taéhyons, of
3 kv cm"1 was applied between the plates, The vacuum was viewed by a photo-
maltiplier, the result was observing no pulses to Be produced by Cerenkov light.

Search for tachyons has been also carried out in cosmic rey air showers.

The 'idea behind these experiments is that if tachyons are »roduced in the
collision of the cosmic ray particles, either by primaries or secondaries,
with atomic air muclei, they will arrive in a time before the shower front.

The results of the experiments to detect tachyons are negative so
far, apart from the results obtained by Clay and Crouch (1974) that has given
an apparently positive result.  These workers assamed that some tachyons
are produced by cosmic ray primaries, with energy of lolsev or more, when
they interact in the atmosphere produce extensive air showers, The majorily

of the air shower components travel at a speed close to the speed of light (c)


file:///ising

on averase th~ first interaction occvrs at & height of wout 20km , so one
can sce the shower front about 60U s after the first interaction at sea level,
Second @ssumption was that ot least some of the tachyons survive until they
reach tc sea level, sc tachyons produced 2t the height of 20km will érrive
in un intervul of up to, say, 100Kks preceding the shower front. The third
assumption was that they will interact in some way, that provides an out put
Zrom the scintillator, larger thaa the pulses produced by noise to be separatec,
Feg.n et al (1975) looked for tachyons over a 400M sec time interval,
ot tun different energy thresholds. A 200 bit static shift register wvas
used as o delay device, Showers of mean energy 2.1015ev were detected using
an array of three plastic scintillators. A 4th scintillator, viewed by a
pair of whotomultiplier tubes was located :t the array centre, At an energy
relezsn sensitivity of 0.5 Mev in the scintillator the time distribution of
the shaped output pulses from one tube were recorded., No statistically
significont deviations hawve been found. V.5, Hazen (1975) searched for
tachyons in extensive air showers under t'¢ condition similar to Clay-and
Crouch, they found no evidence for existence of tachyons. Emeyry et al
(1975) performed & search for tuchyons arriving during about 100H s preceding
extensive air showern of primary energy chout 10150v they found no positive

evidzence.

11.2.2 ixperimental arrangement

In the current experiment, tachyons are looked for in extensive air

shovwers of primary energy asbout 1015ev. The tachyon detector is a flash
tube charber consisted of from top to bottom, 15cm lead, 8 layer:s of neon
flash tubes, 15cm of iron. Below the iron, three 1 m2 rlastic scintillators
covering the wiwle sensitive area of flash tubes are situated. Below the

scintillatore there is a block of flash tubes called F]b of 6 layers of




flash tubes). The electrodes of this block is short. Below F,b a block
of 94 layers of flash tubes has been put. Under this there exist 8 llayers
of flash tubes, This & layers together with Fla and Flb constitute the
defining layers. Below the above mentioned 8 layers, there are three moxe
scintillators similar %o the top three ones, under these scintil__']_.la.:t';pxjg there
are 8 layers of flash tubes. |

The rulses produced in top and bottom scintillators, after being
added, will bec disnlayed on a 2 beam scope, after going through a delay line
giving a delay of 240l s to the pulses. So the scope shows pulses, nroduced
in top and bottom scintillators in the 240H s after the arrival of the air
showers. A high voltage is applied, 20§ s after the air shower front reachs
the scintillators to the flash tube chamber and = photograph is taken from
the front view df the chamber. At present this experiment is run by

I.A, Ward., Figure 1l.la and 11.1b show the scale diagram of the detector.

In figure 11.2 the block diagram of this experiment is showm.
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APFENDIX A

Al Interactions in the walls of the flash tubes

Before the present experiment, when the chanber was triggered by a
local electron density to search for quarks on a 20U s time de]_.ay, & sign-
ificant number of bursts were produced by the interaction of particles in
the glass walls of the flash tubes, Plate 1 and 2 give two exa:_@lesl of
these interactions,

Trese events were analysed to obtain evidence against the presence
of a large rmumber of mion-induced burst contamination. The interaction
length of these particles was determined by measuring the frequency distri-

bution of depth of interactions and using the following relation:
X

F=2C e— A
Where F is the frequency and )\ the interaction length. The depth of inter-
action was measured from the top of the flash tube block, F2 (sce figure 6.1 ,
the scale 'diagram of the flash tube chamber) to the point of interaction.
The total.amoﬁnt of absorber represented by the fia.sh tubes in F2 + F3 in
the vertical direction is 91.5 gm/ cm_z. The events that were analysed
were those which passed throush lead and iron absorbers., Figure A.1 shows
the results for charged particles.. (the track of charged particles wexe
visible in the flash tubes, T

a and F The best line through the measured

1 1b)*
points was dravn and the vu.lﬁe for the mean free path of the charped particles
" was found to be 119744 g/cm2. This value is consistant with valﬁe of 130 g/cmz.
calculated from the paper of Alexander and Yekutielli (1961), consistant with
mean irce path of pions. Since muons have a muth longer interaction length,
do not contributesignificantly to the production of burct in the walls of the
flash tubes, However, the progability of 2 muon interacting in matter is

approximately proportional to z/ A , therefore the contribution of muon-

induced bursts. in lead and iron is greater than in glass. But becgyse the
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probability of hadrons passing through lead and iron absorbers and inter-
acting in glass is just 25% so the measurement of the interaction length
in the flash tubes is relevant to the consideration of the mion burst

contamination in the lead and iron.

agn
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PLATE A,1
Event E 35 - 133
The interaction of a charged particle
in the walls of the flash tubes

(1, = 20H 5)






PLATE A,2
Event 2 L2 -~ 150
The interaction of a neutral
particle in the glass of a flash

tube. (7p = 20M 8)






APPENDIX B

‘B.1 IMEASURED PARAMETERS OF EVENTS USED IN THE HADRON ENMERGY SPECTRUIL

Table B.1

MEASUREMENT.

shows the burst size and shower accompaniment information of all
events analysed for hadron energy spectrum measurement.

No. Film no. Burst size Buxst. size Density Density Density Density Densiiy

2OV N N

undex under in in in - in in
the lead the iron M 61 c 12 62
H 97-2 1200
H 97-5 %3000
H 97-7 3050
H 97-10 1530
H 97-11 1100
H 97-12 800 1500
H 97-13 1110
H 98a
H 98b-2 450 850
H 98b-4 2615
H 98¢-12 950
H 98¢~19 750
H 98¢-23 750 > 80
H 99a-3 810
H 99a-7 700
H 99a-8 710
H 99b-6 480
H 99b-7 1040
H 99v-9 705
H 99b-11 3700
H 99b-15 900
H 99b-45 3200
H 99c-2 470 470
H 99¢-3 2104
H 994-1 1550
H 99d-4 2810
I 994-5 960
H 99d4~8 1300
H 994~10 1360
H 99d~13 1580
H 9%e-1 1350
H 99e-5 850
H 99e-7 1300
H 99e-8 1300
H 99e~9 - 805 >80
H 99e-14 900
H 99e-15 2600 56
H 99e-17 500
H 99e-18 900
H 96-1 1200
H 96~2 2600




Ko. Film no, Ne Ne A . A A A Y

under undex M 61 c 12 62
Pb Fe
41 H 96-3 680
42 H 96-4 710
43 H 96-17 1300

44 H 96-18 1350
45  H9%-24 710

46 H100-1 650
47 H100-2 ¢ 850 :
48 H100-4 650 “
49 H100-5 410 2610
50 H100-7 420 1050 15,2 6
51 H100-11 1502
52 H100-12 850
53 H100-~-13 4006
54 H100-15 1350 11.3 39.3
55 1100-17 650
56 H100-18 655
57 H100-19 ' 850
58 H100-20 1351 48,4 3763 15.5 31
59 H1.00-21 1502
" 60 H100-23 1354 5.6 9 4.5
61 H101-1 1125
62 H101-2 850
63 H101-3 800
64 H101-4 925 5.5
65 H101-5 1906 1104
66 H101-6 1350 500 11,3
67 H101-9 650
68 +H101-10 1707 850 >80 - 140 21.8 37.3
69 H101-11 1109
T0 H101-13 1200
71 H101-14 1100
T2 H101-17 950
T3 H101~-20 850
T4 H101-21 1350
15 H101-22 2000
76 H101-23 2600
T1 H101-24 950
78 H101-25 850
T9 H101-26 750 13.5
80 H101-28 1200 22,6
81 +H101~30 7500 4.9 15.5 9.3 9.3
82 H02-3 650
83 H102-7 1750
84 H102-8 1050
85 H102-10 650 10.6
86 H102-14 1050
87 H102-19 950
88 H102-20 800
89 H102-21 1100
90 H102-22 900
91 H102-23% 850

92 H102-24 1900



No.

93
94

95
96
97
98
99
100
101
102
103
104
105
106

107
108
109
110

111
112
113
114
115
116
117
118
119
120
121
122

123
124

125

126
127

128

129
130
131
132
133
134
135
136
137
138
159
140
14
142

Film no,

H102-26
H102-27

H103-2
H103a3
H103-4
H103-6
H103-7
H103-9
H103-10
H103-21
H103-22
H103-24
H103-30
H103-33

H102~1
M04-6
H104-14
H104-17

mo5-1
H105-2
-HL05-3
H105-4
H05-6
H105-7
H105-9
H105-10
H105=-11
H105-12
+1105-13
+H105-18

~

H106-2
H106-3
H106-7
106--8
H106-10
H106-12
H106-13
+H106-14
H106-15
H106-16
H106-22
H106-23
H106~25
H106-26
+H106-27
H106-29
+1106-30
H106-33
+H106-34
H06-36
H106-37

Ne
undexr

1550

1250

1650
900
4500
1000
825
850

T20
1810

569
827

448

1480
620

193

900
501

2758.5
2750

Ne
under

850
1100

1100
1200
1650

700

250
1200
2710
1006

1300
1100
3000

950
1500
1650
1200

2050

854
6000
1700

1700
1714

1707
1705

586
586

150
950
1004
1200
1700
700
600

1002

M

Tl

27

17.1

3349
18,7

>80

>80

34.3

off
off

off

61

186.6
280

34-2

80,9
217.7

12,4

102,6
217.7

I
N
[ ]

Ut

62



No,

143
144
145

146
147
148
149
150
151

152
153

154
155

156

- 157

158
159
160
161
162
163
164
165
166
167
168

169
170
171
172
173
174
175

176
177
178
179
180
161
182
183
184
185
186
187
. 188
189
190
191
192

Film no.

H106-38
1106-40
H106-41

H107=2
H07-3
H107-5
H107-6
H107-7
Io7-8
H107-9
"H107-10
+H107-11
‘H107-~12
+H107-13
H107-14

H108-2
+H108-.35
+H108-4

H108-5

H108-6
+H108-7
+1108-9

H108+10

H108-11

H108-13%

H108-16

H108-21

H108-11

(2nd run)

H108-12

1108-14

H108-15

H108-16

H108-17

H108-18

H108-20

+H109-1
H109-2
H109-3
H109-4
H109-5
H109-6
H109-7
H109-8
H109-9
H109-10
H109-13
H109-15
11109-17
H109-21
1109-23
H109-25
H109-26

Te
under

1310

931
124

689.6
193
620

A48.3
700

2931
448

5772
193

450

451

517

Ne
under
TFe

700
570
500

1500
827

2000
758
655

3276

1896.5

1120.7
2344.8
517.2
689:6

741
2245
724
390

586

655
896
655
620
655
1034

827
127
655
1034
124

965
421
421
827
724
655
550
655
896
1379

AM A61
60,5
12,3
34 21,8
50 18,6

>80 217.7

>80 21,7
50.8 130.6
51 37
25.8 . 4
18 46,6
11 9.3
12 15.2

15.5
12.4

155.5
12,4

124
18,6

15.5

4
)
N

27.3

1
n

18.6

[
n



No.

193
194
195
196
197
158
199
200
201
202

203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
24

242
243
244
245
246

Film no,

H109-31
H109-33
H109-35
1110939
+H109-41
+H109-~43
H109-48
H109-49
H109-50
H109-53

+H110-1
K110-2
+H110-3
A110-4
H110-10
H110-12
H110-13
H110-14
H110-15
H110-17
H110-19
I1110-20
H110-21
H110-23
H110-24
H110-25
H110-26
H110-29
H110-30
H110-33
H110-34
H110-38
H110-39
H110-40
H110-41
1110-42
H110-43
H110-45
H110-47
H110-48
11110-49
H110-50
+H110-51
H110-52
H110-53
H110-56
H110-57
M110-58
+1110-59

HI111-2
H111-3
H111-28
H111-29
H111-36

Ne
under

448
2998

280
1700
517

3068
3250

1551
517

517

450

620 .

1600

966
896
966

620
689

a7

Ne
under
Fe

655
1505

1034

4714

1034
1206

1158
2413
1034
1896
1430

1224
1396
827
655
1034

689
2758
780
586
827

758
586
758
566

827
827

193
2620

655
827
689
1054

1054
193
5448

4741
1034

800
1300
3500

39.2
>e0

>80
10
>80
16

7.2

30

- 18.7

>80

5.1

31.1 37-3 25-8
180.6 93.3 164.8

68,4 31,1 2449

15.2
140 108 171
9.2
21
21,2
18

12. 4 6.2 3.1

146 124 28

15
30



No,

247
248
249
250
251
252
253
254

255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

277
278
279
280
281
282
283
284
285
286
287

288
289
290
291
292
293
294
295
296
297
298
299
300

Film no.

H11-37
H111-38
+H111-43
H111-45
4H111-46
mil-47
H11l1l-48
H111-51

H112-1
H112-2
H112-3
i112-4
+112-5
H112-6
m12-8
H112-10
H112..11
+H112-13
H112-.15
H112-17
H112-18
H1l2-21
H112-23
+H112-26
H112-27
H 112-28
H112-.30
H112-31
+1112-~32
H112-3%3

H114-2
H114-3
H114~5
H114-6
H114-9
M114-11
H114-13
H114-17
H114-20
H114~-22
H114-23

H115-1
H115-2
H115-3
H115-4
H115-5
M15-6
i1115-7
H115-8
H115-9
1115-11
H115-12
H115-13
H115-14

410

2500

517
1310

517

2758

517

1300
217
689

896

1172

Ne -
under
Pe

1700

6500
1200

1150
950

1430
1401
1566
1502
827
829
890

1379
1034

660

1465
1172
1420

890
655
1420

2600

896
3820
1379
1034
2068

896
1034

2830
655
896
710

1034
724
465
724
655

1758
896
896

11,6

41
>80

>80

>80

10.6

>80

43,5

545

12,5

6.5

138

35

21

133.7

9.3 .

9.3

60.6

(%o ]
°
(S}

12,3

61

9¢3

155.5

3.1

9.3

60

143

24.5



No.

301
302
503
504
305
306

307
508
309
310
311
312
313
314
315
316
517

318

319
320

321.

Film no,

H115-17
i115-18
H115-19
+H115~20
E115-21
H115=31

H116-1
+1116-2
H116-4
H116-6
H116-7
H116-8
+H116~9
H116-11
H116-12
H116-13
+116-16

H116-21
H116-22
H116-25

H116-28
H116-29
H116-~30
H116-31
H116~34
m16-35
H116-36
+H116--38
H116-40
H116-41
H116-51
H116-55
H116457

- H116-53

H116-58
H116-59
H116-61

H117-4
H117-7

H117-10
H117-11
H117-12

H117-14
H117-15
H117-18
H117-19
H117-20

+H117-21
H117-22
H117-23%

H117-28
H117-29

Ne
under

4000

1034
862

966
2700

2035

1110

1000
505

5603

966
605

o17
517

1000
517

Ne
under
Fe

1034
1034

1750

827
1410

o4
1086
1086
1010
1379
1824
1060

1964
1896

2035
1034

1000
2053
1041

2071
965
724

*1778

1551
1885
1428
1401
1086

603
603

586

1431

580
1034
1600
1600
1000

584

1571

1000
827

1

>80

Te2
>80
T.2

>80

>80

>80

off

140

12,5
140
15.2

137

143

942

137

13.3

AC A12
93 59
6.2
115, 149
6.2
95 143
21.3
3.1 56
9.2
49 46
3.5 84

14

15

11.5

16

6.2



o,

354
5355

356
357
358
359

360
361
362

363
364
365

366
367
368
369

370

371
372
373
374
375
376
377
378
379
380
381
382
383
384

385
386
387
388
389
390
391
392
393
394
395
396
397

598

399
400
401
402
403
404
405

Film no,

+1117-32
F117-33

H117-39
H17-42

H117-44
H117-47

n17-50
H117=-52
H117-54

H18-2
H18-3
+M118-4

H118-7
mis-8
H118-10
H118-12

H118-16

+H118-18
1118-19
H118-20
H118-22
H118-23
H118-24
+H118-26
H118-27
H118-28
H118-29
+H118-30
H118-31
H118-32
H118-34

H118-37
H118-38
H118-39
H118-40
H118-42
H118-44
H118-46
M 18-47
H118-49
H118-50
H118-51
H118-53
H118-56

H19-4

+H119-6
H119-7
H119--8

+H119-9
H119-10
H119-11
H119-13

Ne
under
Pb

2655
448

517

1000

1724
517
217

517
512

448

450
700
650
517

517
400

896

400
620

482

517

YNe
under

2586
603

700
965

2412

586
1596
1034

2844

586
124

586
655
656

586
896

655
1428
724

1100

655
1896

8217
465

1034
1241

2276
2276

750
586
1100
827
655
586

465

603
586
827
1060
1402
896
1379

off

off

off

off

off

15

25

21.7

168

171

168

118

62

140

30.5

9.3

\D
.
W

174

17



No.

406
407
408
409

410
411
412

43
414
415
416
417
418

419
420
421
422
423
424
425

426
427

428

429
430
431
452
433

434
435

436
437
438
439
440
44
442
443

444
445
446
447
449

450
451
452
453

454
455

Film no,

H119-17
H119--18
H119-23
H119-24

H119-28
H119-30

+H119-31"

H119-35
+H119=-37

H119-40
H119-41
H119-46
H119-49

1120-2
H120-3
H120-4
H120-6

+H120~7

H120-14
H120~-17

m20-20
H120-.21

H120-25

H120-29
H120-30
H120-31
+H120-32
H120-33

H120-41
H120-42

I1120-47
H320-48
H120-49
H120-51
H120~52
+H120-53
H120-54
H120-56

H120-59

+H120-63

H120-64
H120-67
H120-68
H120-69

H121-5
H121-6
H121-7
H21-8

H121-11
H121-12

Ne
under
Po

448

689
620
3448
966

124

517

1379
1551
689

517

517
517

448

680

448

955
‘1241

620

1034
896

Ne
under

827
1401
655

1379
896
1000

896
480

724
827

655
586

2241

724
724

586
827

124

896

655

1054

655
586

586

586
1896
655
827
827
3879

3448
1962
1379

655

M

off

off

off

off

off

off

off

off

68

168

53

124.4

143

177

Ao by
68 53
59 7L

21,7  12.4

25 25

5.1 28

18.6  15.5

G

AX#)



No.

456
457

493
494

495
496
497

498

499
500
501

502
503

Film Mo.

H121-15
H21-19

I121-26
H121-28

H122-1
H122-3
+H122-4
H22-5
H122-7

H122-11
H122-12
H122-13
H122-14
H122-15
H122-16
H122-19
H122-22
H122-23
H122-25
H122-26
H122-27

H122-34
H122-36
H122-37
H122-39

H122-49
H122-50
H122-52
H122-53

+1123-4
H123-6
H123-7.
H123-9
H123-11
H123-13
H123-15
H123-18
H23-19

H123-26

H123-29
H123-31
H123-32

+H123-40

m24-7
H124-18
H125-2

+H125-3
H125-4

Ye
under
b

517

450
793

794

1000

456
517

517

517

450

896

650

966
620

3554
. 517

1310
2700

1310

Ne
under
Fe

1379
1744
2586

655

" 1034

2321

896
2275
2106
1034
1034

827
1034
1896
2321

896

827
896
724

655
1034
896

1240
1379
896

586
896

655
1379
124
5357
960

1700
1500
586

827
655

>80 162 124 171

18.5

71.3

3¢5 30.1 9

25.5

>80

>80

40.3 68.4 62.2 59.1

18

3.1



Yo.

204
505
506
507
508
509
510
511
512
513

514
515
516

517
518

519

520

521
522
223
524
525

526
527

528
529
530
531
532
533
254
535
536
537
238
239
240
541
542
545

544

545
546

541
548
249
550
551
552
553

Film no,

H125-5
1125-7
H125-9
I1125-10
+H125-12

H125-16
+H125-17
+H125-18
+H125-19

H125-20

H126-1
+H126-4
H126-18

H126-21
M.26-22
H126-24

+H127-2

H127-5
H127-7
H127-8
H127-10
H127-13

H127-21
H127-27

H128-2
H128-3
H128-4
H128-5
H128-6
H128-8
H128-9
Hl28-11
HI28-14
H128-15
H128-18
H128-19
H128-21

+1128-22
H128-23
H128-24

H128-27

+128-31
H128-32

H128-34
H128-36
H128-37
+H128-40
H128-41
H128-43
H128-44

Ne

under

1150

2068

410
448

517
1310

517

793
1138
517
1724

Ne

under

655
655
670
586
2413

124
1724
1034
1206

1034

827

2034
827

1379
827
896

6004

827
655
124
655
586

2500
1054

655
655
1379
655

586
827
1579
827
655
724

1034
1896

1054

1069
827

124
1579
1034
1034
1379

62

12,4

18.7

16.5

oo

9.2

46



No

554
555
556
357
258
559
560
561
562
563
564

565
566
568
569
570
571
572
573
574

575
576
577

578
579
580

581
582
283
284
585

586

587
588

589
590
291

592

593
594
595
596

597
598

299
600

601

'ilm No.

H128-145
H128-46
H126-48

+H128-49
H128-51

+H128-53
+1128-56
H128-58
H128-60
H128-62

+H128-63

m29-1
H129=4
H129-5
H129-6
H129-11
+H129-14
H129-15
H129-16
H129-18

H129-25
112926
H129-27

H130-8
F130-9
H130-16

H130-18
H130-20
H130-22
H130-23
H1%0-24

H130-28

H130-31
M130-32

H130-34
H1350-35
+H130-36

H130-46

+H130-50
H130-51
H130-53
H130~

F150-57
H130-62
E130-66
H130-68
H130-72

Fe
under
P

689
517

193
500

780
1300
5000

620
896

1655

448
450
450
620
517

720

500

Ne
under
Fe

3017
2275

1069
724
1579
980
1551
1241
655

1241
827

896
556

3879

724
724
827

896

1379
724
827

3193
724

724
586

550
900

800

640
900
480
540
660

>80

>80

80.5

off

14.5

>80

Ay DBe
18.6
22 16
56 34
65 15.5
143 37.3
30. 4
7.7 25

A,  Dg
5.6

25 0

B S IRE
18.6 0]
6.6 0
22 0



No.

602
603
604
605
606
607
608
609

610

611
612
613
614

615
616
617
618
619
620
621

622

623

Film No.

H131-4
F131-6
E131-T
H131-9
H131-10
H131-11
H131-13
H131-14

H131-18

H131-22
H131-23
H131-24
H131-25

H131-28
H131-29
H131-30
H131-31
H131-33
H131-34
H131-35

H131-39

m32-3
H132-4
+H132-5
H132-7
K132-9
+H132-12
H132-15
H132-19
H132-21

H132-23
H132-24
H132-25
+H132-26

H133-2
H133-5
H133-6

+H133-T

+H154~3
H134-5
+H134-7
m34-8

H135-12

H135-13 -

H135-15
H135-17
H135-22
F135-23
H135-24

Ne
under

450
793
3571

1100
517

2155
450

655
2069

1379

6000

620

448

960

. 480
620

420

793

Ne
under

896

1034
1379

655
448

1241
1379
3392

827

1051

655
586

1379
1069

1707
1034
896

586
655
4643

827
900
827

620
655
124

465
1034

1034
465
655
463

32

>80
745

35

>80

3245
35

>80

535
off

off

>80

146.2

46.6
3643

143

146
145
143

9945

99.5
81
46.6

I T,

68

\O

6.2

56



No,

650
651

652
653
654
655
656

657
658
659
660

661
662
663

664
665
666
667
668
669
670

671
672
675
674
675
676
677

678

679
680
681
682
683
684
685

686
687

688

689
690

691
692
697
694

¥1lm No,

H150-7
+H156-2

H136-1
H136-6

H136=7
H136-9
H136-15

H137-1
A137-2
H137-3
H137-7

+H138-1
+H138~2
+H138-3

+H139-1
H139-3
H139-4
H139-5

+H139-T7
H13%9-8
H139-11

H140-7
H140-8
H140-9
H140-10
H140-11
H140-13
H140-14

H41-5
H14-1
H141-10

H142-2

H142-5
H142-6
H142-7
14210
H142-12
H142-13

+H142-18

H142-20
H154-3

H143-1
H143-2
H143-2
+H143-6

Ne

under

Pb

5172

820

1034

124

Ne

under

500
1035

724
586

1724
465
462

586
124
827
1551

450
550
450

1379
586
724

1034
640

1800
610

724
1379
896
655
124
124
827

465
586
655

1724

655
1054
586
1800
586
896

896

1724
2400

689
1586
1034
1034

52

off
off
off

off

60

off

off

off

74,6
15.5
140

218

145

103

186.6

1537

49.8
12.4
62

93

50

34

95 -

46.6

12

943
93

40

109

21.7

off
off



No,

695
696

697
698
699
700
701
702
703

704

705
706

707
708

709
710

711
712
113
714
715

716

117
718

719
720
721
722
123
124
125
726
127
728
729
730
151

132
133

754
135

736
137

738
139

Film no.

H143-8
E154-4

H144-1
1442
H144-6
H144~1%
H144-14
H144-15
H144-17

H145-4

+H145-12
H145-13

H146-1
+1146-2
+H1 46-3

H147-2

H147-4
H147-5
+H147-6
ML 47-=7
H147-8

+H148~1
H148-2
+H148~3

+H172-2
H149-2
H149~3
H149-5

H149-6

+1149-9
H149-12
H149-13
H149-14
H149-17
1149-18
H149-19

4G149-21

+H1150-4
+H151~1

+H152-3
+H152-4

H153-1
H15%~2

+H154~2
+H154-6

Ne Ne
under undex

400
780

1379
586
2500
1034
655

586

2700 2931

3700
615

655
655
1480
480 710

940

680
640

710

940

400 500
1050

420 640

723

960

900

5200

1700

1800

: 2000
900 960
1300

960

1300

2100

440

586 -

520 760
1379

780
780

900
720

off

off

off
off

off

off

off

off
off
off
off
off
off
off
off
off
off
off
off
off

of f
12

off
80

off

off
off

34.2

373

95

31

140

137
130

133

12.4

217.7

68
62,2

21,7

93

41
63

28

A, A
12,4 0
249 130
9.7 6
U0 9.3
12 0
131 0
31
31 0
29,9 0
62 0
31 0
28 0
93 0
15,5 31
6.2 0
12.4 0
5.5 0



No.

740
4

142

143
TA4
745

746
147

149
750
751
752
153
754
755
756
157
758
759
760
761
762

Film no.

+H156-1
M171-4

HH174-4

+Hi174-23
11102-15
H102-1

H101-18
H109-32
H109-45
H109-46
H114-5

H114-16
H114~19
H114-21
H114-25
H114~26
H114-27
H115-10
H115-15
H115-23
H115-30
H116-47
H116~54

Ne

under

Pb
966

Ne
under
e

1100

700

1700
3450
5000

675
710
658
658
3500
655
655
724
655
.124
724
655
655
695
710
603
603

M

off

off
off

130

143
137

56
124

12

31
62

= g

R
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