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ABSTRACT

The electromagnetic interactions of muons in iron and lead have
been studied, using cosmic ray muons, at Durham, 198 feet above sea
level, and at London, 60 mew.e. underground, respectively. The
energies of the secondary particles from the interactions were determined
from the cascade showers which these particles produced in layers of
absorber.

As a result of these studies it has been shown that, over the
range of transferred energies from O.1 GeV to 30 GeV, there is ﬁo
discrepancybetween. the results predicted on the basis of quantum
electrodynamics and the experimental results. Since the production of
knock-on electrons is the dominant process over most of this trans-
ferred energy range, there is thus no evidence for a breakdown of
quantum electrodynamical theory in close collisions between muons
and electronse.

By combining this result with the result of an accurate measure-
ment of the anomalous magnetic moment of the muon it is further
concluded that, at the present time, there is no evidence for the

muon differing from a heavy electron.
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PREFACE

This thesis describes investigations of the electromagnetic
interactions of muons in iron and lead and the analysis and inter-
prétation of the results obtained.

| The whole of the work concerned with the interactions of muons
in iron was carried out at Durham under the supervision of
Dre A.W. Wolfendale. | |

The data concerning the electromagnetic interactions of muons
in lead were obtained from an experiment carried out by Dr. J.C. Barton
of the Northern Polytechnic, London, and analysed at Durham.

Both the operation of the experiment at Durham and the analysis
of the data from both this and the London experiment were the sole
responsibility of the author. Dr. M.Ge Thompson carried out the
numerical cajculations of the direct pair proauction probabilities

used in the determination of the expected results.



ABSTRACT
PREFACE
CHAPTER 1

CHAPTER 2

2.1
2.2
2.3
2.1
2.5
2.6
CHAPTER 3
3.1

| 5.2

3¢3
3.4

3¢5

CONTENTS

INTRODUCTION

THEORETICAL CONSIDERATIONS OF THE ELECTROMAGNETIC

INTERACTIONS OF MUONS
Introduction

Knock-on Interactions
Bremsstrahlung

Direct Pair Production
Comparison of the Energy Loss Probabilities
Discussion

SURVEY OF PAST EXPERIMENTAL RESULTS
Introduction

The Knock-on Process

3,2,1 Deery (1960)

3. 2. 2 Stoker et al.

3¢2.3 McDiarmid and Wilson
3.2. 1+ Backenstoss et al.
Bremsstrahlung

Direct Pair Production
3e4.1 Introduction

3.4s 2 Roe and Ozaki

3.4.3 Gaebler et al.

3¢t Stoker et al.

3.4.5 Chaudhuri and Sinha

Discussion

Page

ii

O o =N =

11
16
17
19
19
20
20
22
25
2k
25
25
25
26
27
28
31
33



CHAPTER 4 THE DURHAM EXPERIMENT

ho1
b2

k3
bl
k5
CHAPTER 5

5.1

ELECTROMAGNETIC INTERACTIONS OF MUONS IN IRON
Introduction

The Selection Sysﬁem

42,1 The Geiger Counters

4.2.2 The Scintillation Counter

L.2.3 Calibration of the Scintillation Counter
424t The Anticoincidence Tray

4.2.5 Summary of Selection Criteria

The Flash Tube Trays

The Recording System

Running Time

THE ANATYSIS OF THE DURHAM DATA.

Introduction

5.2 The Standard Shower Curves

5.3

S5e

Estimation of Shower Energies. Method 1

5¢3¢1 Introduction

5¢3¢ 2 The Total Electron Track Length

5.3¢3 Total Track Length from Standard Shower Curves

5¢3s 4 Determination of Total Track Lengths and
Energies for Observed Showers

5s3e5 Accuracy.of the Energy Estimates

Estimation of Shower Energies. Method II

5e 4.1 Introduction

5¢4.2 The Calibration Curves

Page

35
55
36
36
37
38
39
40
Lo
4o
43
Ll
Ll
L
5
5

bt
L8
Lo
49
50



5¢5
CHAPTER 6
6.1
6.2
6e3
6oLt
6.5

6.6

67

(SN

50

6.8

CHAPTER T

Tel

5e4e3 Estimation of the Number of Particles
Traversing a Flash Tube Tray

5¢lelt Accuracy of the Energy Estimates

Conclusions

RESULTS AND CONCLUSIONS FROM THE DURHAM EXPERIMENT

Introduction

Sélection Criteria

Experimental Conditions and Running Times

The Theoretical Curves

Experiment A

6.5.1 Final Classification of Events

6.5.2.The Transferred Energy Spectrum

Experiment B

6.6.1 Final Classification of Events

646.2 The Transferred Energy Spectrum

Comparison between Predicted and Experimental

Results

6;7;1 Introduction

6.To2 Correction for Fluctuations

<7436+ Te3 Correction for Detection Efficiency

6. 7.1t Discussion of the Experimental Results

Conclusions
THE»LONDON EXPERIMENT

ELECTROMAGNETIC INTERACTIONS OF MUONS IN LEAD

Introduction

Page

50
52
55
56
56
5T
58
60
60
60
61
62
62

63

63
63
6L
66
68

T2
T2



Page

T.2 General Description of Apparatus T2
Te3 'The. Scintillation Counters ip)
Te3+1 Construction T3
Te 3+ 2 Measurement of Output Pulse Heights if)
7.  Te3e3 The Fourth Scintillation Coﬁnter as part of
the Selection System . e
Teld4 The Index Trays ™
7«41 Introduction i)
TeL4e?2 The Geiger Counter Index Trays i)
Te 43 The Scintillation Counter Index Trays 76
7.5 The Selection and Recording of Events 17
7.6 The Dead Time of the Apparatus 78
T 7T The Resolving Time T9
7.8 Running Times 80
CHAPTER 8 ANALYSIS OF THE LONDON DATA 81
8.1 Introduction 81
8.2 The London Analysis 82
8.2.1 The Original Form of the Data 82
8.2.2 The Division of the Events 83
8.3 _ The Durham Analysis ' 8L
8.3.1 Introduction 8L
8.3.2 Grouping of the Events 85
8.3.3 Conversion from Channel Number to Number of
Particles 85
8e3e 4 The Calibration Curve 86

8.%.5 Discussion of Analysis. 87



CHAPTER 9 RESULTS AND CONCLUSIONS FROM THE LONDON EXPERIMENT
9.1 Introduction
9.2 The Predicted Results
9. 2.1 Introduction
9¢ 2.2 The Basic Spectrum
9.2+% The Target Thickness.
9.2.4 The Effect of the Incident Angle of the Muon
9.2.5 The Effect of the Point of Interaction on
the Estimated Energy of the Shower
9.2.6 The Predicted Enefgy Spectra
9+2.7 The Effect of Fluctuations
9.2.8 Discussion
9.3 The Experimental Results
9¢3.1 Conversion from Maximum Channel Number to
Energy
9¢3+2 Final Selection of Data
9.3.3 The Unbiassed Results
9.%.49,3. 4 The Biassed Results
9.4 Conclusions from the London Experiment
CHAPTER 10 CONCLUSIONS
ACKNOWLEDGMENTS
REFERENCES
APPENDIX  CASCADE SHOWERS
| 1 Introduction
2 Cascade Shower Development

3 Theoretical Results

Page
90
90
90
90
91
91
ok

9
96
98
98
99

99
99

100
101
102
103
105
106
110
110
110

111



Page

3el Infroduction o 111
3.2 Approximation A (Rossi, 1952) 112
3.3 Approximation B (Rossi, 1952) 112
3.4 Buja (1963) ’113
3.5 Comparison of the Theoretical Results 113
Monte Carlo Calculations 115
4e1 Wilson (1952) 115
L2 Crawford and Messel (1962) 116

L.% Discussion and Comparison of the Monte Carlo

Results ‘ 117
Experimental Results 118
' 5.1 Hazen (1955) 118
5.2 Backenstoss et al. (l965a) 118
Comparison of Results 119
6.1 Introduction 119
6.2 Thin Plate Experiment 119
6.3 Thick Plate Experiment 122
6.4 Burst Experiment 122

Discussion 123



1.

CHAPTER 1

INTRODUCTION

When it was first discovered that atomic nuclei were made up
of a mixture of protons and neutrons it was realised that neither
of the forces known at that time i.e. the electromagnetic force,
which acts through the electromagnetic fields of charged particles,
and the gravitational force, which acts between the masses of two
particles, could be used to explain the binding_of these particles
in the nucleus. For this reason Yukawa (1955), working by analogy
with the photon as the quantum of the electromagnetic force, pos-
tulated that the quantum of the nuclear force should be a particle
of mass between 100 and 200 times the mass of the electron and that
this particle should occur in both positive and negative charge
states.

Shortly after this, Neddermeyer and Anderson (1937, 1939) found
evidence for the existance in the cosmic radiation of charged
particles with mass between that of the proton and that of the
electron. When the mass and lifetime of these particles, now
known as "muons", were measured they were found to be within the
limits predicted for the Yukawa particle. However, an experiment
carried out by Conversi et ale (1947), in which muons were stopped
in absorbers of low atomic number, showed that, in carbon at least,
a large proportion of negative muons decayed before interacting with

a nucleus. This result was taken as indicating that the muoncould
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not be identified with the Yukawa particle, which was required to
be strongly interacting, and .so the search for the latter was
intensified.

A short time after the work of Conversi, Lattes et als, (1947), -
working with nuclear emulsions exéosed at mountain altitudes, found
an event in which one charged particle decayed into a second oné:..
On inVestigation'it was found that this second charged particle was
a muon. Further, a large number of tracks had been found in emul -
sions in which charged particles of the same type as the parent of
the muon had interacted with the nuclei of the emulsion. Because of
this it was thought that these incident charged particles could be
identified with the Yukawa particle and that the muon was the decay
product of the latter. Measurements of the mass, and lifetime of
these particles, now known as "pions", confirmed that they fulfilled
the requirements for the Yukawé particle. Thus it was concluded that
the pion, and not the muon, was to be identified with the quantum of
the nuclear force.

Since .the discovery of the pion a large number of other ele-
mentary particles have been discovered using cosmic reys and beams
of particles from high.energy accelerators. The more common of

these particles and their antiparticles are listed in table L.
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.TABLE I
Group Type of Particle |Symbol | Rest Mass, m Spin | Antiparticle
Photon Y 0 1 -
Neutrino v 0 3 v
Leptons ~ Electron e 1 3 et
-meson T 20649 % ut
n-mesons xt 2732 0 o
° 264 ©
Mescns T 27362 xt
K-mesons xt 966 0 K
K° 97543 K°
Nucleons g 1836.1 3 P
n 1838.6 7
A° hyperen A° 2182 3 a°
Baryons £ hyperons ot 2328 3 )
‘ b 2342+l (=)
20 233042 =)
. hyperons = 258l+h 3 (i+)
=0 —0
= ~258M &)

Reproduced from C.F. Powell, P.H. Fowler and D.H. Perkins,

'The Study of Elementary Particles by the Photographic Method',

Pergamon Press Ltd., (1959).
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In table I the particles are divided into four groups according
to their masses and spins, namely:
1) The photon.
2) Dieptons - particles with spin 1 and mass less thanthe
mass of the proton.
3) Meéons - particles with spin O and mass less than the
mass of the proton, and
4) Baryons - particles of proton mass or greater and with
spin.%s
It is found that the interactions between the groups are as
follows:
a) Between baryons and mesons the interactions are strong and
proceed. through the.Short range, or nuclear, force. These interac-
tions have lifetimes of the order of 10728 sec aﬁd an example of such
‘an interaction is the proton-proton colliéion in which pions are
produced, i.es P +p->p +t1n + xte
b) . Between baryons and leptons and between mesons and leptons the
inééractions'are weak and have a lifetime of the order of 10~1° secs.
Examples of weak interactions are the p-decay of a nucleus and the
decay of a muon. (pf - e¥ +v +v)s
Besides the two types of interactions described above charged
particles also undergo & third tyﬁe of interaction, the electromag-
netic interaction, which takes place through ‘the. electromagnetic
fields of the particless Such interactions have lifetimes of the
order of 102! secs and are thus weaker than the nuclear interactions

by a factor of approximately 102 but stronger than the weak interactions.
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Althéugh the muon seems to fit quite nicely into the scheme of
. elementary particles given in table I it still presents a problem
to physicists working in the field,of elementary particles. Although
it has been found possible, using quantum dynamics, to explain the
existence of all other elementary particles and in many cases to
predict the properties of particleé before they are discovered e.ge
the @~, no theory has yet been-put forward to explain the existence
of the muone.

It has been found experimentally that, apart from itsdecay, the
muon behaves as a heavy electron within the limits set by the
experimental conditions. However, attempts are still being made to
find deviatiohs of the interactions of the muon from those of the
electron. Such deviations, if found, would indicate that either the
muon was interacting with a particle field which is, as yet, undis-
covered, or that the muon has a structure which would lead to a
breakdown in the theory of quantum electrodynamicse

Since the muon~belongs to the lepton group it only undergoes
two types of interactions, the weak and the electromagnetic inter-
actions. OFf these the electromagnetic interactions are most
amenable to investigation.. This thesis is concerned with two
experiments carried out to study these interactions. Chapters 2
and 3 describe the theories of the electromagnetic interactions and
past investigations of these. Chapters 4, 5'and.6 contain a
description of an experiment carried out to investigate the

electromagnetic interactions of muons in iron and the results obtained
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from its Chapters T, 8 and 9 give the results of an experiment using
lead instead of iron for a target and Chapter 10 contains the conclu-
sions which are drawn from the two experiments and compares them with
those drawn from other experimeﬁts which have been carried out to

determine the properties of muons.
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CHAPTER 2

THEORETICAL CONSIDERATIONS OF THE ELECTROMAGNETIC

INTERACTIONS OF MUONS

2.1 .Introduction

The electromagnetic interactions of muons, and of all charged
.particles, are classified according to the results of the interactions,
namely :

i) Excitation and ionisation of the atoms of the medium through which
the muon passes. In this type of interaction the muon passes &t -
_some distance from the atom and interacts with the atom as a whole.
. The energy.transferred from the muon is then just sufficient to raise
one of the electrons associated with this atom to a higher energy
state (excitation) or remove it from the atom completely (ionisation).
ii) The knock-on processs This type of interaction is similar to
the ionisation process except that the muon passes much closer to the
. atoms The energy transferred to the electron in the knock-on process
" is so large compared with the ionisation potential that the interac-
.tion may be taken as being between the muon and a free electron.

iii) Bremsstrahlﬁng. Here the muon is scattered by the electro-
mégnetic fieid of the nucleus and emits a photon.

iv) Direct -pair production. This type of interaction is similar
to bremsstrahlung except that when the muen 1is scattered by the

electromagnetic field of the nucleus it produces an-electron-positron

pair rather than emitting a photon.
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As well as undergoing the elecfromagnetic interactions
described above the muon also undergoes what are. commonly known as
: inuclear‘ interactions. Such interactions are not actuallythe
interactions of the muons with nuclei, the muon being only weakly
interacting, but are interactions between photons of the virtual
photon cloud surrounding the muon, and the nucleus. Since, however,
the cross-section for this process is small compared with those for
interactions of types‘ii), iii) and iv) for incident muon energies
below 1000 GeV the effect of muon nuclear interactions on measurements
of the electromagnetic interactions ‘ean be allowed.for.

The electromagnetic interactions with which this thesis is
concerned are types ii), iii) and iv)e A brief description of the

theoretical results which have been obtained for these interactions

is given in the following paragraphse

2.2 Knock-on Interactions

The theoretical expression for the probability of a knock-on
collision for a primary particle of spin % has been derived by
Bhabha (1938) and by Massey aﬁd Corben (1939)s In the derivation
it was assumed that the particle has a normal magnetic moment of
unity. It is also assumed that the electromagnetic field of the
particle can be described as being due to a point charge dqwn to
distances smaller than 107*2 cem from the centre of the particle.

The result of this work is given by equation 2.1:



Oe
2Cm_c? '
1 1 - e dE’ a2 B! 1 E? .
Peory (B/ENAE! = — @:.—:FE e e (gad) | o !

where ¢coll(E,E’)dE‘ is the prdbabilit&/g cm—? that a particle of

kinetic energy E and rest mass mc?, will produce-a knock-on electron
with kinetic energy between E?! and E' + dE’.

C = 0.15 % em® g™t

7 is the atomic number of the absorber

A is the atomic weight of the absorber

B is the velocity of the incident particle in terms of the

p velocity of light

mec2 is the rest mass of the electron

and Em’ is the maximum energy which can be transferred to the

secondary electron and is given by

2 2
E ' = 2n_c? < .
m e mezc‘* + m*c® + 2mec2 (p°¢° + m°c- )%

where p is the momentum of the incident particle.

2.3 Bremsstrahlung .

When a charged particle passes close to an atomic nucleus it
experiences a force which causes it to undergo-an acceleration
resulting in the emission of a photon. The differential probability
for the emission of radiation by charged particles of spin -é— and normal
magnetic moment has been calculated by Christy and Kusaka (1951) on the

assumptions that 1) the kinetic energy of the incident particle is much
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larger than its rest energy, 2) the potential of a nucleus can be
described as being that due to a point charge for distances from

the centre of the nucleus larger than the nuclear radius, r. and
constant for distances less than T and 5) the screening of the

outer electrons is negligible. As a result of their analysis they
obtained the following expression:
(EE)dE =«—z2 <m_g_ OB F(u,v) cee 22
where ¢_ (E E')dE?! is the probability/g cm™® that a particle of rest
| massnﬁaand kinetic energy E will emit a photon with energy
between E! and E' + dE'
N = Avogadro?s number
« is the fine structure constant
Z,A anda:;mec2 are the same as in epation l.1
.@é.is the classical electron radius
and F(u, v) is a function of the total energy, u, of the incident
particle and the fraction of this energy emitted in the form
of a photon, ve This function is dependent upon the spin of

the incident particle and for particles of spin % is given by:

Flu,v) = 4 1+ @ve-2a- ] E;n 2u nﬁr _1.:?2 . _]

1
where r = 0,49 r A3 and
n e

4

N

1]

%ﬁ x Planck?s constant.



2.4t Direct Pair Production

~ The original work onthe theory of the direct production of
electron-positron pairs by relativistic charged particles passing
ciose to atomic nuclei was that due to Bhabha (1935 A, B) who used
quantum electrodynamics to derive the cross section for the inter-
éction. Tn the derivation he assumed that the fields of the inc¢ident
and target . charged particles could be described classically, i.e. as
being due to point charges,that the target nucleus was infinitely
heavy and that the incident particle was not deflected during the
interaction. As a result of the derivation he obtained the second
order differential cross section for the process i.ee the cross
section for the production by an electron of an electron-positron
pair in which the electron has an energy between €_ and €_+de_ and
the positron has an energy between € and e+ﬁﬁ£*, For the region in
‘which mec2 $<oe_,6.3 7me02 >> e_je,, where 7 is the energy of the
incident particle in terms of the rest mass of that particle, and in

the case of no screening the value of this cross section is given by

5 T3€ €. ke ey k’mec y
vwhere k and k! are both numbers of the order of unity but are not always

the. same.

By integrating this cross section Bhabha then obtained an expres-

sion for the total cross section for direct pair production, namely,

( lOg k.7 ses 20)4-
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This crosssection 1is valid.o#er the region in which the total
energy of the pair is greater than 2mec2 and less than mecay.

About. the time when Bhabha'ls results appeared theoretical
values for the total cross section were obtained independently by
Nishina et al. (1955) and Racah (1937) which were in good agreement
with each other but led to numerical values a factor of two lower
than those of Bhabha.

By carrying out-a more precise integration of the second order
differential equations given by Bhabha, Davisson (see Rossi, 1952)
cbtained expressions for the first order equations in four different
regions,

l) the region vwhere alow energy pair is produced and where there
is no screening,
2)  the region where a low energy pair is produced and there is

complete screening,

.3)  the region where a high energy pair is produced and there is

no screening,- and
) the region where a high energy pair is produced and there is

complete screeninge

The expressions obtained . and the regions in which they can

be taken as valid (Rossi, 1952):are:-
om @ E, omc® E . (2 c?/E.)
. e T e T e 0
Region 1 <= < ;. T < T
E E me E 3
o o] o az




[k m 2 E_|
8 2 N2 2 T1 1 e o
¢.(EO,ET)dETd;é ==« 22 r % 5 -ETE‘ in [7]1—52— =

where me02 is the rest mass of the electron.

rest mass of incident particle

m02

CEo= energy of incident particle

(@]

total energy of created pair

e
li

« = fine structure constant

Avogadro's number

=
i

A = Atomic weight of absorber

7, = Atomic number of absorber
re = classical electron radius
kl,kj’_,ka’,kg,k4 = - . numbers of the order of unity.
Region 2. = ~
2 2 2
om c® B 2m_c - En (Emec /Eo)
< =< 5 = D> ———
E E 2 E E
0 me o} «< Z
kmc® E
¢(EO,ET)dEde'=§o:2gZ2 regg -ETl-zn z e -E—°
‘ - T T me 2 T
kz'
X in <i£% dEfdx
F Region 3.
om @ E om c? . B
' e T o]
<§<l, 'ET‘<< >0<Z <;-IT->
mec? o o mec? c®

13.

T—
X Zn '—""];-2"-]:_ dE dx 0002.5
6 Eq,

LR N 4 2.6
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2 % R
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me
ec2 ° EO
> zn <2k4 —_— se e 2. 8
mc2 mc2

(00]
(M

o(E ,E B dx = = «@ 3 22 2 Bg®
_o’ET ™ " =n A Te p——
7

=

Following this, Block et -al. (1954) further improved the integra-
tion of equation l.3 and cbtained a total cross-section which is in
good agreement with that due to Racah (19%7).

A more recent treatment of the theory of direct pair production
is that due to Murota et al. (1956) who calculate the cross-section
using the Feymmann-Dyson method in which the incident charged particle
is treated quantum dynamically and the target charged particle is
taken as being a fixed Coulomb fielde For the case of an incident
charged particle of mass many times that of the electron they show
that of the four lowest order Feynmann-diagrams for the process,
shown below, only two,those labelled A and A?, need be considered.

Using these two diagrams they obtain an expression for the
cross-section, 0, for the production of an electron-positron pair in

which the-electron has energy between €_ and e_ + de_ and the posi-

D

tron has energy between € and €, +'dg+, given by:



hotleus -2

A

lncidente
Pecticle

Figo 2o le

g

A &

Lowest order Feynmann-Dyson diagrams for Direct Pair

Production

= -12? (ze? )2 (ez/mec2 ) dey de_ L

[erte” | 4 1y _a
x{ T{(l +4x) log (1 +3) - :3}

= € € )
+2 :4' {(1 + 2x) log (1 +-}lz) - 2}]

El’" + E22
X
El-"‘-
+ 8 At 1 52_
3 4 1 +x E
- 1
T - 2

Te €
+ + - Ji_ 1 1 1
+ " {31+x+x-§log (l+x)}

E:L 3 E2 are the energies of the incident -particle before and after

th

ne?, mec2 are respectively the mass of the incident particle and

15 L]

€ +e€ ~ :
2 _* - 1.1 1 €
+ 5 {1 += - 2log (1+x)} X-E—‘g} cee 2.9

1

e interaction

the mass of the electron
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_ (2.4 2.4
x = (4 c—/ElEa).(e_}_e_/me cn)
I  is a term which depends upon the screening and is given by
L= log (2« e+§_/§M) - 1 for no screening and
' i
L = log («xe137 Z°3 M/mece) for complete screening
o« is a constant.of the order of unity
M - is the matrix element for the two Feynmann-Dyson diagrams used
and is
2 _ 2,4 2.4
M =mc” + (§+§_/E1E2)p ct.
Tis expression for the cross section is valid when
2 2 ! 2 2 _ .
ues >> m ", El - € >> puct, e <K, and € >> m C where € = € + €_.
When equation 2.9 is integrated with respect to the fraction of

the pair energy going to the electron:a second undefined constant,

nnmc

a = where n is greater than one, appears as one limit of the
mc

integration. The minimum value of a is a = in which case the

integral is carried out from e_ = 0 to €_ = mecz. However, since

.equation 2.9 is not valid for very low energy secondary electrons it

is usual to take n > l.

2.5 Comparison of the Energy Loss Probabilities

Curves are drawn in figures 2.2, 2.3, 2.4 and.2.5 of the
probabilities of producing # given energy transfer by each of the three
processes described above for the cases of 10 GeV an@ 100 GeV muons
incident upon iron and lead absorbers. These curves were calculated
from equations 2.1, 2.2 and 2.9 with k,, kl’, k2‘, k, and k, put equal
to unity. Also shown are.the results obtained using Bhabha's formulae

as presented by Davisson, equations 2.5, 2.6, 2.7 and 2.8.
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From these figures it is apparent that by a suitable choice
of incident energy and absorber material one may investigate either
direct pair production or the knock-oOn process over a large range
of transferred energies with very little background due to the other
two of the three electromagnetic interactions. It can also be seen
that in order to study the Bremsstrahlung process one must go to

very high incident energies and large energy transfers before

knock-on and direct pair production events can be ignored.

2.6 Discussion

The theories of both the knock-on process and Bremsstrahlung

derived ’
were —eeteutated on the basis of quentum electrodynamics and assume
that the magnetic moment of the inéident particlé isAnormal. Thus
any deviation from the theoretical values which might be obtained
experimentally would be evidence for the breakdown of quantum electro-
dynamics or for the incident particle having an anomalous magnetic
moment.

Whereas equations 2.1 and 2.2 lead to unique values for the
cross-sections for the knock-on and Bremsstrahlung processes the
direct pair production cross-section dbtaingd from equation 2.9
contains the two indefinite parameters @ and a.énd thus does not
give a unique value for theAcross-section. By a suitable choice
of experimental technique, however, it 1s possible to ignore the effect

of these parameters and obtain a direct comparison between theory and

experiment. The following chapter is a review of past experimental



18.

work on direct pair production, knock-on electron production and

the Bremsstrahlung processS.
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CHAPTER 3

SURVEY OF PAST EXPERIMENTAL RESULTS

3«1 Introduction

Early investigations of the electrcmagnetic interactions of muons
were carried out.to determine the spin and magnetic moment of these
particles. The resﬁlts of work done before 1958 are containéd in a
review article by Fowler and Wolfendale (1958). These results showed
that the measured cross-sections agreed with the theoretical predic-
tions for energy transfers of up to 1 GeV in the case of the knock-on
process and up to 100 GeV in the case of the bremsstrahlung process.
From the results it was concluded that the muon has spin % and an
anomalous magnetic moment of less than 0.8 Bohr magnetons. It was
also concluded that there is every reéson to believe that, apart from
its decay process, the muon is in all important respects simply a
heavy electron.

For the past five or six years interest has centred on the
investigation of the knock-on process for energy transfers of
greater than 1 GeV in order to determine whether or not quantum
electrodynamics is valid in this region. At the same time the direct
production of electron-positron pairs has been studied in an attempt
to check the theories which have been put forward for this process.
The advantage of using muons in this work is that the background due
to bremsstrahlung followed by the conversion of the photon into a

pair is negligible (a factor of ~10% down on that found with incident

electrons)s
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In the following paragraphs brief descriptions are given of

some of the more recent experiments which have been carried out.

3.2 The Knock-on Pfocess

3,2.1 Deery (1960)

Deery (see also Deery and Neddermeyer, 1961) used a cloud
chamber to study the production of knock-on electrons with energies
greater than 100 MeV by cosmic ray muons incident upon targets of
carbon and paraffin.

The clbud chamber, which was divided into three sections one
abOQe the othér, was placed in a magnetic field of 11,100 gauss. The
target, consisting of 23.1 g cm2 of carbon in one experiment and
17.0 g. em™® of paraffin in another, was placed above this chamber.
The chanmber was triggered whenever a coincidence occurred between
two trays of geiger counters, one above the target and the second
under 1l inches of lead below the cloud chamber, and a proportional
counter, placed directly bélow the target, which was biassed at the
level of 1% particles. In order to remove the electromagnetic com-
ponent of the incident cosmic radiation a further 1L inches of lead
was placed above the top geiger counter traye.

_The momenta of the incident muon-and the secondary electron were
determined from the radius of curvature of the tracks in the magnetic
field, the electron being jdentified by its catastrophic energy loss,
or the production of a cascade shower, in % inch lead plates at the
bottom of the top section of the cloud chamber and between the centre

and bottom sections.
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Events were accepted in which the muon had an energy between
5 and 50 GeV.and the secondary electron had energy greater than
100 MeV. Figure 3.1 shows a comparison between the theoretical
curve, calculated using equation 2.1 and the Cornell vertical muon
spectrum (Pine et al., 1959), and the experimental results obtained
with the paraffir target, arbitrarily normalised to provide the best
fit with the data in the energy range 0.3 to 0.9 GeV where uncertainty
in the theory and corrections for efficiency were small. The upper
‘and lower curves represent the limitations in normalisation possible
within the uncertainty of an estimate of the absolute rate based on
the Cornell spectrum.

Figure %2 shows the combined resﬁlts for the carbon and paraffin
targets, the results for carbon alone being very similar to those for
paraffin. From this figure it can be seen that there is a discrepancy
between theory and experiment for electron energies of greater than
1 GeV. Although this discrepancy is not gstatistically significant,
as shown by the errors marked on the points, the experimental results
are well fitted by & curve obtained by multiplying the theoretical
values by a 'form factor® F = 1 + |d®| %ﬁ where |g®| is the invariant
of the four-momentum transfer in units of h andu%p-is the Gompton
wavelength of the muon. This result gave the first indication of
the possible breakdown of standard quantum electrodynamics at

0-13 cm.

‘distances of the order of 1
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3e 2.2 Stoker et al.

In 1961 Stoker et al. published the results of a cloud chamber
investigation of the knock-on process. In this experiment they
studied the knock-on electrons produced in lead plates of thickness
0.15 cm and 0.33, cm, contained in a multiplate cloud chamber, by muons
in the energy ranges 450 to 1700 MeV.and greater than 1700 MeV. Events
were chosen in:.which & single electron accompanied the incident muon
from one of the plates. The energies of the electrons were determined
from. a previously obtained empirical range-energy relationship when the
‘electron did not interact. When the electron initiated a cascade shower
its energy was estimated from the transition curves of Wilson (1951)
which include multiple Couloﬁb scattering.

The energy spectrum of the knock-onelectrons obtained in this
experiment -was compared with that calculated using gquation 2.1 and
the differential intensity spectrum of incident muons. In the incident
energy range from 450 to 1700 MeV the spectrum used was that due to
Rossi (1948), approximated by (-0.0011E + 3.5)dE. For energies above
1700 MeV the spectrum of incident muons was described by the power
law E-1'8% 4E (Allkofer, 1960)e

As ;‘result of the comparison it was found that for the range

of transferred energies from 1 to 1000 GeV there was good agreement

between the theoretical and experimental resultse
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‘352.5 McDiamid and Wilson

A third experiment on the production of high energy knock-on
electrons was carried out by McDiarmid and Wilson (1962). These
workers used a multiplate cloud éhamber containing both lead and
iron plates. Below the target plates were seven %" thick lead
converter plates and at two positions in between these there was
a plastic scintillation counter. Above the cloud chamber there were
two trays of geiger counteré separated by 30 inches of lead and with
a further 5 inches of lead above the top tray. The chamber was trig-
_gered whenever a coincidence occurred between the top tray of geiger
counters, one counter in the bottom tray and one of the scintillation
counters, both of which were biassed to select =9 particles, i.e.
cascade showers produced by incident muons were selected. The energy
of the secondary particle was then determined from the total track
length of the shower in the chamber, using a value of 30 MeV per
radiation length for the average energy dissipated by an electron.

The energy spectrum of the cascade showers obtained was then
cémpared with that predicted using the knock-on, bremsstrahlung and
direct pair production theories and the differential muon energy
spectrum.

The result of this comparison for the case of the iron target is
given in figure 3.3. Although it is not possible to say which type
of interaction has occurred it can be seen from the graph that either
the knock-on or the bremsstrahlung process is dominant. From fhe

figure it can be seen that there is reasonable agreement between
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experiment and theory for energy transfers up to T GeV but that over
the remainder of the range in which the knock-on procéss is dominant
there is an excess of experimental events. A similar discrepancy
occurs for the case of the lead taréet. A possible explanation of
the discrepancy is the fact that there may be systematic errors in

the estimates of the shower energies. The results however do lend some

support to those obtained by Deery (1960).

‘34 2.4 Backenstoss et al.

The most recent investigation of the knock—on process “is: that
of Backenstoss et al. (1963b) who caused 8 GeV muons from the C.E.R.N.
proton synchrotron to hit atotal absorbtionspectrometer made up of
twenty 1 cm thick sheets of iron interleaved with 1 cm sheets of
plastic scintillator. The pulses from these scintillation counters
were added to give a single pulse which was proportioml to the total
particle track length in theapparatus. Before the experiment was
carried out the apparatus was calibrated using incident electrons of
known energy (Backenstoss, et al. 1963a) and so the experimental
pulse height.distribution could be easily converted to an energy
spectrum for the knock-on electrons.

The results of this experiment showed that for knock-on electron
energies from 1 GeV to 3o lt GeV,lthe maximum transferrable energy,
there was no deviation from the predictions of quantum electrodynamics
within the experimental error of-jﬁ%. It is thus concluded that any
small deviation from quantum electrodynamics must occur at distances of

0—13

approach <0.6ks1 Cllle




3.3 Bremsstrahlung

As was mentioned in §3.1, investigation of bremsstrahlung produc-
tion by muons which weré carried out previous to 1958 showed good
agreement between the measured and the predicted results.

A more recent study of the brems;trahlung process was that of
‘McDiarmid and Wilson (1962) who found that their results, although
statistically rather weak, were in good agreement with the théoretical
calculations for both the iron and lead targets (see §3.2). Their
resultsAfor the iron target are shown in Figure 3.3.

Other recent measurements which have included effects due to
bremsstrahlung i.e. those due to- Backenstoss et al. (1963b) and
Chaudhuri and Sinha, (196k4), also gave good agreement with theory in the
energy ranges where bremsstrahlung'was ﬁnportant,,so it can be con-
cluded that there is no evidence up to now for any deviation from

bremsstrahlung theory for erergy transfers of up to 100 GeV.

3.4 Direct Pair Production

3.4.1 Introduction /

By far the majority of recent work carried out to study the
electromagnetic interactionssof muons has been aimed at the deter-
mination of the cross-section for the direct production of electron-
positron pairs in order to check the theory of this interaction.

One of the earliest experiments was that due to Avan and Avan
(1957) who exposed nuclear emulsions at various depths underground.
From a total of 61 direct.pairs they obtained results which were in

close agreement with those predicted by the formula of Block et ale (l95h§.
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Since that experiment the results of measurements have been

compared with the theoretical treatment of Murota et al. (1956).

3.4e2 Roe and Ozaki

The first.of the post 1958 experiments was that due to Roe and
Ozaki (1959) who used a multiplate cloud chamber containing nine
.1.06 radiation lengths thick typemetal plates (essentially lead)
bYelow the Cornell magnetic spectrograph. The cloud chamber was
| expanded whenever a muon of energy greater than 8 GeV, as determined
by trays of geiger counters in the spectrograph, traversed it. In
order to remove the electromagnetic and strongly interacting compo-
"nents of the incident cosmic radiation a 1.5 inch thick lead block
was placed directly above the cloud chamber.

Out of 6,046 cloud chamber photographs U51 contained showers
initiated by single incoming particles. Of these only 98 were finally
used in the analysis as for the others either the flash-tube trays used
in the determination of thg momentum of the incident particles did not
function correctly or the energy transfers were so low that the data
were difficult to interpret.

In order to determine the energies of the secondary particles from
the cascade showers produced in the plates of the cloud chamb er
extrapolations were made of Wilson's Monte Carlo results (Wilson, 1950)
- to obtain fheoretical shower curves for the energy region from 200 MeV
to greater than 1 GeV. By using these shower curves, and assuming that
thé knock-on and Bremsstrahlung cross-sections were in aéreement'with

theory, it was found that the ratio of the experﬁﬁﬂm&ldirect pair
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production cross-section to the theoretical value, calculated from
the formula of Murota et als with & = 2 (Equation 2.9), was

T

]

0.48 + 0,11 by one method of analysis

f = 0,63 + 0.17 by a second method.

34 4e? Gaebler et al.

Following the work of Roe and Ozaki, Gaebler et al. (1961) used
a multiplate cloud chamber at a depth of 1,032 ft underground to
study the direct pair production interacfionsﬂ. This cloud chamber,
which contained twelve %“ lead plates, was triggered on vertical muons
by means of a coincidencé arrangement between trays of geiger counters
sbove and below it and the pictures obtained were then scanned for
cascade showers produced by energetic particles traversing the chamber.
In this way 222 useble events were obtaineds

The energies of the cascade showers were determined by comparing
the showers with those obtained using a Monte Carlo method.(WilSon,
1952)« The energy spectrum of these showers was then compared with
that calculated using equations 2,1 and 2.2 for the knock-on process
and bremsstrahlung, equation 2.9 with & = 2 and a = Bmecz/e for direct
pair production and folding in a muonenergy spectrum obtained from the
results of Barrett: et ale (1952).

In order to differentiate between showers produced by knock-on
electrons and those produced by direct pairs they took showers with
only one electron accompanying the muon from the plate in which the
interaction took place to be knock-on events andall others as being

due to direct pair production (for the incident muon spectrum considered
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bremsstrahlung was negligible for energy transfers up to 5 GeV)e
When these results, corrected for the cases in which a direct pair
lost one electron in the first plate or a knock-on electron gave rise
to two or more electrons leaving the firs§ plate, were compared with
the theoretical predictions it was found thaf the events which were
taken as being knock-ons gave good agreement with theory while the
pair production events agreed with the theoretical results up to 1 GeV
when a cross-section of exactly half that given by equation 2.9 was
used (see figure 3.4)s Above 1 GeV the experimental points tended to
lie above the theoretical curve and it was thought that this might
have been due to a breakdown in quantum electrodynamics.

This experiment has since been repeated by Kearney (1962) who
has obtained reéults which are in good agreement with those of Gaebler
et al. up to 1 GeV but do not show any excess of experimental results

above this energy.

3.4.4 Stoker et al.

In 1963 Stoker et al. carried out an experiment similar to those
mentioned above using a multiplate cloud chamber containing four O.15 cm
thick lead plates as the target and a further five 0.33 cn thick lead
plates which were used to estimate the energy of the produced pairs
from the path lengths of the electrons or from the cascade showers

produced by these electrons. This cloud chamber was triggered on

_ vertical cosmic ray muons with energies greater than 1700 MeV using

a three-fold geiger counter telescope with 1354 g em~? of lead between
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thé bottom of the cloud chamber and the lowest geiger counter tray.
From>12,082 traversals of the cloud chamber by muons of energy greater
than 1700 MeV they obtained 274 usable events.

When the secondary particles from the interactions produced a
- cascade shower the energy of this shower was estimated using a semi-
empirical fbrmula due t ‘Roe and Ozaki (1959). If this formula gave
an energy of greater than hQO MeV then the shower energy was re-
estimated by measuring thetotal track length, T = £nt where n is the
mean number of electrons entering and leaving a pléte of thickness t
radistion lengths,and then putting the energy EO = KT where K= 29 +3
MeV per radiation length. In the cases where the secondary electrons
did not produce cascade showers their energies were originallf estimated
-from the multiple scattering which took place. The mean energies esti-
mated in this way were found to fit on the absorbtion curve found by
Wilson (1951), including the scattering correction, and thus the final
estimates of the electron energies were determined from this curve.

As a check on the energy estimates for the electrons the knock-on
.energy spectrum was obtained from the 250 events in which only a single
electron accompanied the muon from the target plate in which the
interaction took place. When thig spectrum was compared with that
calculated using equation 2.1 and the Durham vertical muon spectrum
(Brooke et ale, 1962) it was founa that there was good agreement between

theory and experiment. It was thus concluded that the methods of

estimating electron energies were correct.




30
The results obtained from the 24 pair production events are
shown in Table 3.1 in which the observed number of events in a given
energy range zis: compared with the predicted number calculated using
the Durham vertical muon spectrum and a simplified version of the
Murota et al. formula as given by Stoker and Haarhoff (1960). In this:
it is assumed that the energy of the produced pair is very much less
than that of the incident muon and that each electron has a minimum

energy of 10 me02 where me02 is the rest energy of the electron, with

Q’:l, Zandﬁ.

TABIE 3.1
~ Energy transfer Theoretical predictions Observed Numbers
(MeV) a=1 a=2 Qa=3
25-60 9.5 13.1 16. 14 13
| 60-150 5T 7.6 8. 4 6
150-350 2,2 2.8 3.1 3
350-800 0.81 0.95 1.15 2
800-2000 o 0.27 0.3 0.39 0
2000-10000 . 0.11 0.13 0:15 0

When a X° test was carried out for the agreement between the experi-
mental and theoretical numbers for & = 1,2 and 3 the values obtained for
P(X?) were 55%, 89% and TO% respectively when all events were considered
and 66%, 76% and T1% when the transferred energy range from 25to 60 MeV

was neglected because of possible uncertainties in the energy estima-

tions.
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From this experiment it was concluded that the results were
consistent with the theory for direct pair production cbtained by a
.re-evaluation of the Murota, Ueda and Tghaka theory and that the best

correspondance bétween theory and experiment was obtained for the

indefinite constant ¢ = 2.

3.4.5 Chaudhuri and Sinha

The most recent investigation of the direct pair production process
was that carried out by Chaudhuri and Sinha (1964) who used a multiplate
cloud chamber containing, in one case, twelve 1.6 cm thick ifon plates
.andvone 1.25 cm thick lead plate, and in the second case nine 0.54% cm
thick iron plates and one 125 cm thick lead plates. The chamber was
triggerea on vertical cosmic ray muons using a coincidence arrangement
' between four geiger counter trays above the cloud chamber in the first
case and between three geiger counter trays, two above the cloud chamber
and one under 5 cm of lead below the cloud chamber, in the second case.

Thoée events were chosen in vhich a single penetrating particle
passed right through the chamber and in which this particle was
accompanied by two or more electrons when it left one of the iron
target plates. The energy transfer in the interaction was then
estimated as follows:-

1) For energy transfers between 40 MeV and 1 GeV the energy was
determined using the relationship found by Hazen (1955) for cascade

showers in copper, i*e.
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=

ct
coso N

Bl

E =
(0]

where Eo is the shower energy

Ec is the critical energy of the material

cosO is the inclination of the shower axis to the vertical

t is the thickness of material traversed, and

N is the total number of tracks seen in each gap.
2) TFor energy transférs greater than 1 GeV conventional shower
theory as given by Bhabha and Chakrabarty (1948) was used.
3) Where the energy of the pair was less than 40 MeV the results
of Wilson's Monte Carlo calculations (Wilson, 1951) were used.

The values of the cross-sections obtained from 13519 traversals
of the 0.54% cm thick iron plates and 43623 traversals of the 1.6 cm
thick iron plates are given in table 3.2 where they are compared with
the values predicted by equation 2.9 with & = 2 and a = 3 mecz/e,
using an incident muon spectrum given by

wejaE o 2120F o
(E + 32.6)°

where E is in GeV and the mean energy of the muons was 32.6 GeV.
In obtaining the measured cross-sections the experimental results

were corrected for events in which an electron from the pair was

absorbed in the target plate.
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TABLE 3.2
Energy Range Values of the cross section in barns/ Theoretical
in MeV nucleus from set A and set B experiments values of cross

section in
A (target thickness B(target thickness barns/nucleus

= 1.6 cm) = 0.5k cm)
35'- 100 0.0433 + 0.0027 00377 + 0. 00Th 0.0415
100-500 0.0195 + O. 0018 0.0205 + 0.0051 0.0196
500-1000 0.0015 _'I_' 0. 0005 0.0029 + 0.002 0.0016

Experimental values of the cross-section for the direct pair
production process at three energies (N.B. in the interval 500-1000 MeV
the cross-sections given contain almost eqﬁal contributions from brem-
sstrahlung and direct pair production. The bremsstrahlung contribution was

calculated from equation B.2).

The conclusion drawn from this experiment was that in the range
of transferred energies from 35-1000 MeV the results are satisfactorily

explained by the theory of Murota et al.

3.5 Discussion

‘From the results quoted in the preceding paragraphs it can be seen
that, except in the case of bremsstrahlung, there 1is conflicting evidence
as regards the electromagnetic interactions of muonsin which there are
"large energy transfers. In the case of the production of knock-on
‘electrons the two most important experiments, those due to Deery (1960)
and Backenstoss et al. (196%) are in coﬁplete di?agreement, with Deery

finding an excess of events at energy transfers of greater than 1 GeV

.
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while Backenstoss et al. find complete agreement with theory. Of
the two experiments that ~- due to Backenstoss et al. is more accurate,
the quoted error being +5%, and so it is probable that Deery’s result
is due to a statistical fluctuation. The other experimental results'in
the energy transfer region abo&e 1 GeV are statistically so poor that
it is not;gxsibie to take any excess of experimental results asbeing
evidence in support of Deery's result.

As in the case of the knock-on process the experimental results
for direct pair production are in conflict with each other. While
Roe and Ozaki (1959) and Gaebler et al. (1961) find cross-sections
which are‘a factor of 2 down on the predicted values, Chaudhuri and
Sinha obtain good agreement between theory and experiment. (As Stoker
et ale (1963) compared their experimentai results with a modified version
of the pair production theory the fact that they got good agreement
between theory and experiment cannot be taken as evidence either for or
against the ummodified theory)s. It is possible that the conflicting
results are due to a difference in calculating the theoretical values
_since both Roe and Ozaki and Gaebler et al. used valués for the
theoretical direct pair production cross-section evaluated by Roe
(1959) while Chaudhuri and Sinha (196L4) did a separate calculation of
the results.

In conclusion it is clear that much work remains to be done
before the knock-on and direct pair production interactions can be

said to be fully understood.




CHAPTER 4

THE DURHAM EXPERIMENT

ELECTROMAGNETIC INTERACTIONS OF MUONS IN IRON

4o1 Introduction

The electromagnetic interactions of muons in iron were investi-
gated at Durham by selecting vertical cosmic ray muons which interac-
ted in an iron target. The electrons or photons which were produced
in these interactions then initiated cascade showers in a further
amount of iron placed below the target. The energy of these secondary
particles was estimated by comparing the cascade showers produced with
experimental results forthe development of such showers in iron.

In the experiment the vertical muons were selected by coincidences
between two tréys of geiger counters and events in which the muon
interacted were selected by a further coincidence between the geiger
counters and a scintillation counter.

The experiment was done in two parts. In the first the target
consisted of two iron plates giving a total thickness of 22,04 g cm™2
of iron, see Figures 4.1l.and 42, and the converter was made up of
eight plateslgiving a tdtal of 8l.53 g em™? (5.91 radiation 1engths)
of iron in which the cascade shower could develop. In the second case
the target was again made up of 22,04 g em™? of iron but the converter
was increased in thickness by putting a further 2.54 radiation lengths

of iron in place of one of the detecting levels, giving a total of

8,455 radiation lengths of iron for the converter.
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In both parts of the experiment the incident muon and the shower

electrons were detected visually using trays of neon flash tubes

" placed above the target and in between the iron platés.

4,2 The Selection System

4, 2.1 The Geiger Counters

‘The two trays of géiger counters, one above the target and the
other below the converter, see figures 4,1 and 4e2, were 192 cm apart
and selected penetrating particles which traversed the apparatus at
a small angle to the vertical (16016‘ in one plane and 13012’ in the
other). The top tray consisted of twelve, 26 cm long counters (20tﬁ
Century, G26)Aand the bottom tray of twenty, 60 cm iong counters
(20th Centuryp, G60)s The counters in the top tray were connected
- together in three groups of four counters each and those in the bottom
>tray were connected together in four groups of five. Each gfoup of
counters wasaconnected to a single electronic quenching unit which
reduced the déad time of the counters in the group.

The outputs from the quenching units in the top tray were mixed
and fed into a two-fold Rossi coincidence circuite. Similarly the
output pulses from the bottom tray were mixed and fed into the
coincidence circuit. An output pulse was then obtained from this
circuit whenever a coincidence was obtained between the pulses from

the two geiger counter trays.




L4, 2,2 The Scintillatioh Counter

The scintillation couhter, vhich was situated between the target
and the converter, see figures 4.1 and 42, consisted of a rectangular
slab of plastic scintillator, NelO2A (Nuclear Enterprises (GeB. ) Ltd.,
Edinburgh) of area 24 x 15 inches® and thickness 1 inch. This had been

 coated, by Nuclear Enterprises (GeB. ) Ltd., with a special white paint
+Nuclear Enterpfises type Ne560) on all except the two smallest faces.
In optical contact with each of these two faces was a perspex light
guide through which the counter wés viewed by a. single photomultiplier
tube {Philips type AVP55). The whole of the scintillation counter was
enclosed in thiﬁ aluminium foil to maske it light tight while putting
the minimum amount of absorbing material in the path of particles
passing through the counter.

| The output pulses from each of the photomultiplier tubes were fed,
by way of head amplifiers with a gain of unity, to a linear adding
circuite The output pulses.from this adding circuit were then attenua-
ted before being fed into an amplifier with a gain of 10* (Dynatron type
14%0A) from which they went into a discriminator (Iynatr;n type N101).
The output pulées from this diseriminator were then delayed for 2.5 us
before being taken into a second Rossi coincidence circuit. Pulses
from the geiger counter coincidence circuit were also fed into this
second coincidence circuit énd an output pulse was obtained whenever a
coincidence occurred bgtwéen the delayed scintillation counter pulse

and the two-fold geiger counter pulse.




| 4.2.5.Calibrétion of the Scintillation Counter

‘The scintillation counter was calibrated in its experimental
position by feeding the output pulses from the adding circuit into
a 100 channel pulse height analyser (Marshall, type HeS. 100) which
was gated on the output pulses from the geiger counter coincidence
circuite In this way the differential pulse height distribution for

single particles traversing the counter was obtained. Since the

2 of iron

scintillation counter was below the target of 22,04 g cm™
soﬁe of the counts obtained in this single particle distribution were
due to pairs of particles e.ge the ﬁuon plus a knock-on electron which
had been produced in the targete In order to correct the distribution
for‘this effect the pulse height distribution for pairs of particles
was calculated from that for single particles. The two particle dis-
tribution was then normalised to be 5% of the single particle distribu-
tion and subtraéted from this to obtain a good estimate of the true
single particle distribution (5% being the value given by Lloyd and
Wolfendale (1959) for the percentage of muons leaving a block of
absorber accompanied by knock-oﬁ electrons)s From this new distribu-
tion the final distribution for pairs of particles was calculated as
before. This latter distribution did not differ noticeably from that
obtained initially.

Finaily curves were drawn of the percentage of events in theA
| single and two particle distributions which gave pulses which would
be registered by the pulse height analyser as being larger than those

required to count in a certain channel as a function of channel number;
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(Figufe 4%.3)s These curves give the efficiencies for the detection
of single particles and pairs of particles as a function of channel
numbers |
 Immediately after the pulse height distribution for single

particles had feen obtained the pulses from the adding circult were
Afed into the pulse height analyser without the gate and thus the total
couﬁting rate of the scintillation counter was obtained. A curve,
corrected for the dead time of the P.HeA., was then plotted of the
counting rate of pulses which would give a count in a channel higher
than a chosen one as a function of the chosen channel number (the
integral counting rate), figure k3.

From figure 4.3 it can be seen that by measuring the counting
rate of the scintillation counter with.a given discriminator bias it
is possible to determine the efficiency of the counter for the detec-

tion of single particles and of pairs of particles.

42,4 The Anticoincidence Tray

In order to reject some of the events in which a showgrof particles
was_incident upon the apparatus a tray of eight 60ch long geiger coun-
ters was placed one metreaway from the tray of 26 cm long counters.
These counters were connected in pairs, each pair having its own
‘quenching unit. The output pulses from the four quenching unité were
mixed and then fed into an anticoincidence circuit together with the
output pulse from the second Rossi coincidence circuite This anti-
coincidence circuit only transmitted the pulse from the second Rossi

coincidence circuit when there was no coincident pulse from the anti-

coincidence tray of geiger counters.
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4e2,5 Summary of Selection Criteria

For an event to be selected there had to be & coincidence
between the geiger counter trays above and below the apparatus and

the scintillation counter, and no coincidence between these counters

and the anticoincidence tray.

4% The Flash Tube Trays

The neon flash tube, originally developed by Conversi et al.
(1955), consistsigf é glass tube filled with neon. When a high voltage
pulse is applied across the tube a short time after the passage of an
ionising particle the gas in the tube glows sufficiently brightly to
be photographed. In order to prevent the photoionisation of adjacent
tubes by the discharge, which would cause these tubes to glow spuriously,
the tubes are painted black over the whole of their surfaces apart from
a plane window at one end through which the discharge is viewed.

The flash tubes used in this éxperﬁment were of the type developed
by Coxell (Ph.D. thesis - 1961), for the investigation of ;Exténsive Air
Showerse These tubes have an internal diameter of l.5 cm, external
diameter 1.8 cm, and are greater than 80 cm long. They are filled with
Commercial Neon (98% Ne, 2% He, <200 Vepeme A, 0, and Né) to-a pressure
of 60 cm Hg and have a sensitive time (the time between the“passage of
the particle and the application of the high voltage pulse in which the

efficiency drops to 60%) of 120 us with no applied d.c. clearing field.
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Each of the twelve trays of flash tubes used in the experiment
con;isted of two‘layers of tubes placed one on top of the other, see
Fige 4els The botiom layer of tubes rested upon a sheet of thin
aluminium which acted as one electrode and the second electrode, also
a sheet of thin aluminium,was placed on top of the upper layer.

Since the sensitive region of a flash tube is dependent upon the
. length of the_tube covered by the smaller of the two electrodes the top
electrode of each tray was made 80 cm long. Thus the sensitive area
of any one layer of tubes is given by N x 1.5 x 80 cmz, where N is the
number of flash tubes in the layer.

Of the twelve flash tube trays ten were placed with the}axes of
the tubes parallel to the axes of the geiger counters vhile the tubes
"in -the other two, namely those between the target plates and above
the scintillation counter, had théir axes perpendicular to the axes
of the geiéer counters. These léfter two trays were used to give an
indication as to whether a shower might have left the front or back
- of the apparatus.

Since the light output from flash tubes is highly collimated
along the axis of the tube, see Coxell et al. (1961), the flash tube
trays were tilted in such a way that the camera used to record the
events looked along the axes of the tubes, Fig. h;2.

The highw: voltage pulse for the flaéh tubes was obtained by
triggering a small hydrogen thyratron, CV79T7, with the output pulse
from the anticoincidence circuit. The output pulse from this thyratron

was then applied, through a Ferrox cube pulse transformer, to the grid
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of a large hydrogen thyratron, XH8-100, which in turn was used to
trigger a trigatron, CV85 (see Fig. 45). The output pulse from the
trigatron was then applied, by way of a pulse transformer and resis-
tance chain, across the electrodes of each of the flash tube trays.
The values of the trigatron anode voltage and the tapping on the
resistance chain for maximum tray efficiency, with the minimum of

spurious flashes, were determined emperically and are shown in Fig. U4.5.

4oL The Recording System

The selected events were recorded photographically on Ilford HPS
film using a camera with an f/l.9 lens situated at a distance of 14 feet
from the front of the apparatus. This camera viewed the ten main trays
directly and the two trays at right angles to these through a mirror
which was inclined so that the camera looked along the axes of the tubes.
Since it was not practicable to open a camera shutter in the time, 5 ps,
between the selection of an event and the application of the high voltage
pulse, the laboratory in which the apparatus was situated was blacked
out and the camera operatéd without a shutter.

-As well as recording the tubes which flashed the camera also
recorded the positions of three fiducial lamps and the time at which
the event occurred.

When an event was selected the high voltage pulse was applied to
the flash tube trays and then the Rossi coincidence circuit was para-
lysed for three seconds while the fiducial lamps and clock were ill-
uminated and the ca;era was wound On.

A schematic diagram of the experimental arrangement is shown in

Fig. ll-o 6.
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445 Running Time

The apparatus was run during the period June 10th, 1964 to
{fuly 30th, 1964, in Whichhtime a total of 54 hours 39 minse of film
was obtained. Of this 33 hours 4 minutes were obtained with the
. apparatus as shown in figures 3.1 and 3.2 and the remaining 21 hours
%5 minutes were Aobta.ined with the eighth flash tube tray replaced by ‘
, 2.545 radiation lengths of iron. In what follows the initial run will

bé known as experiment A and the second run as experiment B.




CHAPTER 5

THE ANALYSIS OF THE DURHAM DATA

5«1 Introduction

In order to estimate thewénergies of the secondary particles
produced in interactions which took place in the iron target, the
cascade showers produced -in the converter plates were compared with a
set of standard shower curves. The following paragraphs contain a
description of the standard curves and details of the methods used in

comparing the showers obtained experimentally with these.

5¢2 The Standard Shower Curves

The choice of the standard shower curves was made on the basis
of the following requirements:

i) The material in which the shower developed must have been
either iron or some materialwith values of the radiation length and
critical energy similar to those of iron.

ii) The cut-off energy of the shower electrons i.e. the minimum
energy at which the electrons are considered as contributing to the
‘measured, or predicted, shower, must have been of the order of 1 MeV
or less. This requirement was necessary since in the Durham experiment
electrons required very little energy to cross the gaps between the
converter plates and be detected by the flash tubes.

After studying the theoretical results due to Butcher and
Messel (1960) and Crawford and Messel (1962),. and the experimental

results of Backenstoss et al. (l965a) it was decided that the last

a
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were most amenable to use in the present analysis. These results,
which were obtained using a total absorption spectrometer, consisting
of twenty sheets of 1 cm thick plastic scintillator interleaved with
iron plates, in an electron beam from the C.E.R.Ne proton synchrotron,
are shown in the form of average shower curves in figure 5.l. Since
all electrons were included in these curves which had sufficient
energy to traverse one of the scintillator sheets (~2 MeV) these
results Pulfil the second of the two requirements stated above. The
first requirement is fulfilled by the fact that the showers were
allowed to develop in the iron plates of the absorption spectrometer.
Once this choice of standard showers had been made, shower curves
were constructed for incident electron energies of 1, 2, 3, 4L and 5 GeV
by interpolation and extrapolation of the curves of figure 5.1. These
new shower curves, which include the incident muon, are shown in
figure 5.2 and are the curves which were used as standards in the

analysis of the experimental results.

5.3 Estimation of Shower Energies. Method 1

5¢3e¢1 Intfoduction

The first method adopted for estimating the energies of the
experimentally observed cascade showers consisted of comparing the
total electron track lengths in these with the total electron track

lengths of the standard showers.
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Because the method of determining the track length of an observed
shower contained assumptions with regard to the number of particles
and the thickness of the converter plates, §5e3.4, method 1 was only

used for low energy, completely developed, showers obtained in experi-

ment A,

- 5e3¢2 The Total Electron Track Length

The total track length 8f a cascade shower is defined by

T= Znt radiation lengths 5e¢1
1

vhere T is the total track length,

n is the mean number of electrons entering and leaving a converter
plate of thickness t radiation lengths, and

m is the total number of converter plates which the shower
traverses.

From the theory of cascade showers using Approximation B it can
be éhown that the total track length of a cascade shower is related
to the energy of the electron producing the ghower by the expression
(Rossi, 1952) -

T = KEo radiation lengths 5e2
where Eo.is the energy of the incident electron in MeV, and
1/K is the critical energy in the material of the converter.
For.iron converter plateé, one should then expect that
T = 41.7 E, radiation lengths,

where EO is in GeVe.
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5¢3¢3 Total Track Length from Standard Shower Curves

Rather than use the theoretical relationship when converting
from total track length toemergy it was decided to construct a cali-
‘bration curve using the standard shower curves of figures 5.l and 5.2
(without the incident muon)s The total track lengths for the various
shower energies were obtained directly by measuring the areas under the
shower curves. The calibration curve cbtained in this way is shown in
figure 5¢3.
It is of interest to note that a least squares fit to the points
used in constructing this curfe gave

39.3 E %%, 53
which is in fairly good agreement with the theoretically predicted

Cuﬁe,‘ §5- 3. 2

5e3¢ 4 Determination of Total Track Lengths and Energies for

Observed Showers

In determining the tofal track lengths of showers observed
experimentally the following assumptions were made:

'i) All of the iron plates; both in the target and the converter,
were of equal thickness. This was true in the case of experiment A
but not for experiment B.wﬁere the eighth flash tube tray was replaced
by an extra amount of iron, thus increasing the thickness of the con-
verter ‘'plate! at that levele

ii) When the number of particles traversing a flash tube tray was
determined it was assumed that only one particle had traversed each

flash tube which had fired. It was also assumed that when two tubes,
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one below the other, had fired a single particle had traversed both
and that when two tubes either in the same layer or in different
layers, but separated laterally by at least one tube, had fired then
two particles had been present. These aséumptions are correct for
low energy showers in which there are few shower electrons and these
.are widely spread laterally. As the shower energy, and thus the |
number of electrons at any one depth in the shower, increases the
accuracy of these assumptions falls. For this reason only showers
which had developed completely in the apparatus, and were thus of
relatively low energy, weré analysed using the total track lengthe.
Using these assumptions the total track length of a shower was
determined by taking the product of the number of shower particles
traversing a flash tube tray and the thickness, in radiation lengths,
of the converter plate immediately above this tray, and then summing
over all flash tube trays. The energy of the shower was then obtained

from the calibration curve, figure 5.3.

5¢3¢5 Accuracy of the Energy Estimates

The main error on the estimate of the shower energy from the total
track length was the statistical error on the sum of the products of
the number of particles in a flash tube tray and the converter thickness
i.é. on;{%t. Since all the converter plates were of equal thickness
(0.738 radiation lengths), then

T =_tzn

'Puttingj{% = N then the statistical error on T is given by




.daT 4N
T - AN
3,

Now, from equation 5.

T = 39.3 E°"%%, "¢ aT = 39.3 x 0,96 EO(O‘QG"I) a8,

. dE dE
. . dT _ O (0] _ daT _
= = 0.96 E, and E - Lok == = 1. ok/JN.

From this it can be seen that as the energy, and thus N, increases
the fractional error on the energy due to statistical fluctuations

dE
decreases e.ge —Eg goes from 43% at O.1 GeV to 20% at 0.5 GeV.
o

Apart from the statistical error on the energy estimate the only
‘other soﬁrce of error lay in the second of the two assumptions made in
53¢ 4 i.e. the assumption‘that only one particle had traversed any
flash tube which had fireds For showers in which the shower particles
were reasonebly well separated laterally the error in detemmining the
value of N is unlikely to have been greater than 20% and in the majority
of cases would be less than this.

It is thefefore reasonable ﬁo assume that the errors on the energy

estimates in no case exceeded 45% and were probably of the order of 50%.

5;h Estimation of Shower Energies. Method II

5e 4.1 Introduction

The second method used for estimating the energies of the observed
~ showers consisted of making a more accurate estimate of the number of

particles traversing a flash tube téay than was done in method I. This
was done by determining the most‘pfdbable number of particles required

to trigger the flash tubes observed to have fired in a given flash tube

tray. The energy of the shower was then estimated by comparing this
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number with a calibration curve showing the number of‘particles at a
given depth, as a function of the shower energye.

- This method of analysis was used to estimate the energies of
those showers in experiment A which had not developed campletely in

~ the stack and all of the showers cbtained in experiment B.

5¢4.2 The Calibration Curves

The calibration curves were obtained directly from the standard
shower curves of figures 5.1 and 5.2, including the incident muon in
both cases, by reading off the mean number of particles found at any
one depth in the shower for each of the incident energies. Examples
of the calibration curves obtained in this way are shown, for three

different depths in the shower, in figure 5.k

5.%.3 Estimation of the Number of Particles Traversing a Flash

Tube Tray

The method used to estimate the number of particles traversing a
flash tube tray and triggering those tubes which were seen to have
.fired was based on Poisson statistics. It was assumed that the
dengity of shower particles was uniform over the whole of the area
of the shower.

If one considers £ counters, each of area s square metres, then
the probability that k of these counters would be triggered by a

shower of particles with a uniform density of A particles per square

metre is given by
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By differentiating this equation.with respect to A and then
putting % = 0 one cbtains an expression for the most probable

particle density which will trigger the k out of £ counters, namely:

o l' . .
A=< lbg (ﬁ particles/m? 5¢5

S

In analysing the results from the present experiment it was

: decided to calculatethe. number of»"-pq.rticles»present at the centre of
‘& converter plate rather. than. the_r;umber traversing a flash tube tray.
' To do this the:values used for s, £ and k were determined as follows:

s was the sensitive area of a flash tube. . This was taken'to be

-the length of the smaller electrode multiplied by the internal diameter

of ,the flash tube. From the dimensions quoted in g4e3 one obtains
‘s = 1.2 x'lQ’2 m2,._,_1 |

It is to 'be noted here that this value of s assumes that the
.flash tube was ~;LOO% efficient over the whole of its internal diameter, X
an‘a.ssumptior; which was borne out by measurements of the layer effici-
encys

If the distribution of flash tubes which had fired in the trays

'

" above and below-a converter plate was as shown in figure 5.5 then the
value of £ was taken-as being

2= (&, +15)/2
' vhere El was the maximum lateral distance between any two flash tubes

which had fired in the upper flash tube tray, expressed as a number of
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flash tubes, and 22 was the same.value for the lower flash tube tray.
The value of k was taken as being N/4 where N is the total number of
flash tubes which had fired in the two “trays together.

Using the values of s,£ and k obtained in this way the most
probable particle density was then calculated using equation 5.5.
To obtain the number of particles present at the centre of the con-
verter plate the value of A was multiplied by the area of the shower,
given by 1.2 £s, where the factor 1.2 allows for particles which passed
through the glass walls of the flash tubes ‘and did not cause the tubes
to fire.

The energy of the shower was then estimated by comparing the
calculated number of particles present at the given depth with a

calibration curve similar to those shown in figure 5.l

5e 4ot Accuracy of the Energy Estimates

The estimates of the shower'energies obtained by using method II
to analyse thé experimental data. are subject to three types of error,
namely :

i) The statistical error. .Equation 5.5 contains the two measured
&ari&bles, £ and k, both of which are subject to statistical errors.

If the standard errors are represented by their differentials it can

be shown that

2 il enm(l) o
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1
=377

Now, §5.43, £ = (Zl + zz)/e and hence

- _ & 1
Similarly k = N/4, hence k= o5

- By putting these values into equation 5.6 one obtains

%=%ﬁ.&:‘ﬁﬂ / (z'k)mge<z : k>

Since the number of particles, Né, was given by

1

Né = C where C =-1.2 £s, then
aN_ = AdC + CdA
Me_xc,a__1  a

N~ C Y

5%+

DT

5.8

It can thus be seen that the fractional error in the calculated

number of particles is a fairly complex function of the measured

varisbles# and k« However it can be shown that, except for very small

values of k, the fractional error in Ne is made up almost entirely by

the fractional error in £ and decreases as £ increases.

The error in the value of the shower energy could then be obtained

using the value obtained for dNé/Né and the calibration curve. For

example, for a shower in which k = 8, £ = 1T.5 and hence Ng = 16. 4 the

energy is found to be (3.85 +2:22) GeV i.e. a fractional error of
, o.

approximately 20%.

ii) The second error to which this method of analysis is subject

is due to the fact that in using equation 5.4 it is assumed, a priori,

that.all particle densities are equally probable. However, since low

energy showers, and thus low particle densities, were more probable

then high energy showers, see figures 2.2 and 2.3, this assumption is
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not correct. Thus, instead of using equation 5.4 to determine the

most probable density an equation of the form

' Y AN £ A\EE
P(k,A)dA = m) <l-e > <e AA—7 dA

should have been used, where AN7 da is the shower density spectrum.
Because of the fact that the values taken for k and £ could be
conveniewn tr
non-integral, it was not pessible-to use such an expression to deter-
- mine the most probable density.

In carrying out the analysis of the results, Chapter 6, the error
due to the use of equation 5.4 has been allowed for by taking into
account the fluctuations of the energies allotted to a single shower
by considefing a number of depths in the shower.

iii) The final source of error in the energy estimates obtained by
method IT is due to the assumption, §5.4.3, that thedensity of the
- shower particles was uniform at any me depth in the shower. It can
be seen from an examination of cloud chamber photographs of cascade
showers that this assumption is incorrect, the particle density being higher
near the axis of the shower. It is not possible, however, to calculate
the effect of this assumption on the energy estimates since no details
are avallable for the radial distribution of shower particles in
showers ﬁhich develop in an inhomogenous medium i.e. iron and air.

An indication that the uncertainty introduced by this assumption
was not very great is given by the fact that for low energy showers
the number of particles found using equation 5.5 is not very different

from N', the number which would be expected if only one particle had
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gone through each tube which had fired, e.g. in figure 5¢ 4

Nl = 11/2 = 5.5, N= 7'19

5.5 Conclusions

From the arguments put forward in the preceding paragraphs it
is concluded that the energies of the cascade showers obtained
experimentally can be estimated with an uncertainty of 30% in

* method I and .with an uncertainty of 25% in method II.
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CHAPTER 6

RESULTS AND CONCLUSIONS FROM THE DURHAM EXPERIMENT

6.1 Introduction

Tt has already been stated, §k.4, that events which fulfilled the
requirements of the selection system were recorded photographically.
Thé films were then projected and scanned and the events divided into
four groups, namely:

1) Single particles

2) Incident showers

3) Interactions

4) Random coincidences

The events which were classified as interactions were then re-
examinedand those which showed more than one penetrating particle
leaving the interaction were rejected as being nuclear interactions. K
These were either interactions of incident protons in the target or
Tnuclear! interactions of incident muons, as defined in Chapter l.

The remainder of the interactions, the electromagnetic interactions,
were then analysed using the methods described in Chapter 5 and the

energy spectrum of the secondary particles from the interactions was
compared with that predicted theoretically.

The following paragraphs contain details of the criteria used to

classify the events, the results of the analysis, a discussion of the

results and the conclusions.
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6.2 Selection Criteria

The criteria used in the division of the events were as follows:

1) Single particles

These events contained a single particle track in at least eleven
out of the twelve flash tube trays in experiment A, and in at least
ten out of the eleven trays in experiment B. Also classed as single
particles were events in which, as well as the single particle track,
the track of a low energy knock-on electron was visible in one or more
of the third, fourth and fifth flash tube trays but stopped before it
réached the sixth tray, or in Which a knock-on electron track or cas-

cade shower was seen to start in any flash tube tray other than the

third, fourth or fifth.
2) Incident showers
All events in which two or more particle tracks were visible in
the top two flash tube trays, aﬁd in which at least one of these
particles left the bottom of the apparatus, were classed as incident
showers.
3) Inferactions
For an event fo be classed as an interaction it had to satisfy
the following criteria:
a) Only a single particle track was visible in the top two
flash tube trays. .
b) Two or more particle tracks werevisible in the third,
fourth or fifth flash tube trays.
¢) Two or more particle tracks were visible in the sixth

flash tube tray, and
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d) At least one particle track was seen leaving the bottom
of the apparatus within the area defined by the bottom
tray of geiger counters, figure 4. 1.
4) Random coincidences
These were events in which the apparatus had been triggered
by one or more particles traversing the scintillation counter and
one of the geiger counter trays in coincidence with a particle
traversing the second geiger counter tray. Such events appeared
as a single track, or a shower, passing through the scintillation
counter and one geiger counter tray and then leaving the side of the
apparatus.
Examples of events in classes l), 2) and 3) are shownin plates

2, 3 and k4.

6¢3 Experimental Conditions and Running Times

A summary of the experimental conditions and the running times
for experiments A and B are given in table 6.1. -This table also
includes the results of the initial analysis of the films.

In constructing this table the value for the total sensitive
time, 14, was obtained from the total running time, 7, by subtracting
from the latter the total time for which the apparatus was paralysed.
The calculated number of incident muons was obtained from the total

sensitive time, 1l4, and the two-fold geiger.counting rate, 3.




PIATE 2

A SINGLE MUON







PLATE 3

AN INCIDENT SHOWER







PIATE L

AN ELECTROMAGNETIC INTERACTION

ESTIMATED ENERGY 1.6 GeV







59

40T (T:0 ¥ T°9)

goss ¢oa.m:m.w

Leit

octh

g0t

8oh

Teh

utw/s3umod. (G0*0 + 0 °T)
goqnutw ¢ mnros T

298 /squnoo (920 T GCx)

ap 06

s9ToA Gh

088 /squnod (20°0 + £§°0)

o] sU3SUST UOTIBIDPBI Gh*Q
o Mo 8 qo*22

g quowrxsdxy

OT (T°0 + T°T)
§09s 0T GHO°T
Lngh
TOL
21¢
92HT
gote
ﬂﬁa\mvﬂdoo (90°0 H.om.mv
S94NUTW m#iog 4
09s /s3wmod (GI°0 + 22 *6)

ap 0S

 83T0A O
098 /s3umod (60°0 + TO°T)

o1 sU3BUST UOTIBIPBI 06°S
o .mwo 8 wo*22

v quempIadxyg

T*9 TIEVL

SUONW QUSPTOUT JO JSqUMU PI3BINOTBY

SWTq SATATSUSS TBIOL

_PO9OSTOS S3USA® JO Jaqunu TBIOL

SOOUSPTOUTOD WOPUBI JO

Po309Te8 SUOTAOBIDIUT JO

P9309T9S SISMOYS JUSPTOUT JO

pojoaTes sororqxed oT3uts JO

Joqumi
Joqump
Jaqumpy

Joqumpl

Wo38As UOTFO9TES JO 93BI JUTIUNOD UBSH

swT4 SuruunI TBIOL

IDUNOD

UOTABTTIAUIOS JO 9381 JUTFUNOD UBSK

gosTnd

I99UNod UOTAETTIFUTOS JO UOTIBNUSIIY

ToAST §BIQ J93UNOD UOTFETTTIUIOS

SSOUIPTOUTOD WOPUBIL

J0JI

P9308II0d f978I SUTHUNOD J98198 PTOI-2

J9QISAUOD

19318

*¢T
T
T
2T
*TT
*0T



60.

6.4 The theoretical curves

The theoretical curves, with which the results from the two
e@MMmmwaew@Mw,mmcﬂwhmdmmgwmﬁms&L2£
and 2.9 (witha = 2, a = 10 meca/e) and folding in the sea level
vertical muon momentum spectrum, for muon momenta above 400 MeV/c,
as measured at Durham (Hayman and Woifendale, 1962). The calculation
was carried out using the Durham University Elliott 803 computer and
the curves obtained are shown in figures 6.1. From figure 6.1 it can
be seen that for energy transfers upitol5 GeV the dominant process is
knock-on production and that above |5 GeV bremsstrahlung becomes domi-

nant.

6.5 Experiment A

6.5.1 Final classification of events

The 312 interactions found in the initial analysis of experiment
A were analysed further and divided into groups as follows:
a)'Nuclear interactions - these events have already been described,
g6.1, as those in which two or more penetrating particles were seen to
leave the target plate in which the interaction took place.
b) Doubtful events - these were events in which, although only a single
particle track was visible in the top two flash tube trays the distri-
bution of flash tubes which had fired in the third and fourth trays was
such that the event.could possibly have been an incident shower.
_c¢) -Electromagnetic interactions - this group, which contained all
events except those described in a) and b) was further sub-divided

into i) events in which the cascade shower was completely developed in
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the apparatus, and ii) events in which the shower left the bottom of
the apparatus.

After consideration it was decided that, in the final analysis
only those electromagnetic interactions should be used which appeared
to start above the third or fourth flash tube trays, and not those
starting sbove the fifth flash tube tray.

The numbers of events which wefe put in the different classes are

shown in table 6.2.

TABLE 6.2
Class of event Number of events
a) Nuclear Interactions 12
b) Doubtful events 33

c) Electromagnetic interactions

i) Complete : 88
ii) Incomplete 91
iii) Starting above tray 5 88

6.5.2 The transferred energy spectrim

To determine the spectrum of transferred energies the energies
of the secondary particles in the case of the complete events were
detefmined using method I, §5.3s For the incomplete showers the
energy of the secondary particle from the interaction was taken as being
the median value of five energy estimates. These estimates were obtained
by applying method II, §5.4, to.the centre points of the five lowest

absorber plates, figure k. l.
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The final spectrum of secondary particle energies is given in
table 6.3. The comparison between this spectrum and that predicted

theoretically is described in §6.T.

. TABLE 6.

Energy range, GeV Number of Events Number of Events/GeV

0.1 - 0.3 57:“22 18533:;
0.3 - 0.5 50100 150722, 5
0.5 = 1.0 3“fg:8 68j%g
1.0 = 2.0 | M*f? Mf?
2.0 - 3.0 ‘ 7_??5 7:62:195
3.0 - 5.0 102?:2 | 5:'5:;5
5.0 - 8.0 2 067015
8.0 - 15.0 1:%:%3 0.5 1,33
Experiment A

The differential transferred energy spectrum obtained from 165

events with secondary'energies greater than O.1 GeV.

6.6 Experiment B

6.6.1 Final classification of events

The 108 interactions selected from the experiment B films were
subdiifided in the same way as the interactions from experiment A but
with the complete and incomplete events grouped together. The result

of this subdivision is given in table 6. L.
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TABLE 6.4
Class of event Number of events
a) Nuclear interactions 1
b) Doubtful events : | 12

¢) Electromagnetic interactions
1), Starting in trays 3 and L 82

ii) Starting in tray 5 13

6.6.2 The transferred energy spectrum

In determining the transferred energy spectrum from experiment
.B thé energies of the secondary particles in class c i) events were
determined using method II, §S«4% For incomplete showers the energy
was taken as the median value of four energies, these being obtained
by determining the number of shower particles at the centres of the
bottom four converter plates. For complete showers the energies were
determined from the number of particles.at the mid points of the last
one or two converter plates traversed by the shower.

The transferred energy spectrﬁm obtained from experiment B is

given in table 6.5 and is compared with the predicted spectrum in §6.7.

6.7 Comparison between prédicted and experimental results

6eT.1 Introduction

Before comparing the experimental results with those predicted
by theory it was first necessary to make certain corrections to the

latter. These corrections were made to allow for a) the fluctuations
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TABLE 6.

Number of events

Energy range, GeV Number of events/GeV

0.1 - 0.3 Tonis 551005
0.5 - 0.5 533 002
0.5 - 0.1 23:’3:2 ~ L;6f95

1.0 - 2.0 19?? | 19:’5:?
2.0 - 3.0 135, 1573,
-0 - 5:0 ot 5572
vo-se B s

Experiment B

Differential transferred energy spectrum obtained from T7 interac-

tions with secondary energyAgreafer than 0.1 GeV.

in the energies allotted to the experimental cascade showers, due to
the fluctuastions in the number of shower particles at a given depth in
the shower, and b) the efficiency of the scintillation counter for the

_detection of 1, 2 and 3 particles and the overall detection efficiency

for low energy showers.

6472 Correction for fluctuations

The correction of the predicted transferred energy spectrum for
fluctuations was carried out using the method due to Lloyd and
-Wblfendale (1955). These workers show that if the wmcorrected differen-
tial distribution is represented by f(E)dE and the exﬁerimental errors

in E are nomally distributed with standard deviation ¢ then
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—f—gZ—;-:%exp( 02/2) l+erf< -m0>

Eo+mc
+ exp (EmEO) 1l + erf —aé——> } 6.1

where g(EO)QEO is the corrected differential distribution,
f(Eo)dEo is the uncorrected differential distribution,
and f(E)dE = A exp (-mE )dE.

Since the term in the brackets is almost 2 for Eo >> mo® then the
ratio of the corrected to the uncorrected distribution is, to a good
approximation, _

g(Eo)/f(Eo) = exp (m?c2/2). | 6e2

Tn calculating this ratio for the two experiments the value of 0
was taken as being the standard deviation of the curve of log N versus
log F, where 1/F is the ratio of the median energy allotted to a
shower, method II, to the energies allotted to this shower from
measurements at different depths in the shower, and N is the frequency
with which the values of F occurrede. |

m was the slope of the differential transferred energy spectrum,
figure 6.1,

The values used and thelcorrection factors obtained for the two

ekperiments are given in table 6.6.
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TABLE 6.6

Experiment A Experiment B
m 2.65 ' 2.65
o 0.18 10,15
g(Eg/f(Eo) 1.12 1.08

6eT+3 Correction for detection efficiency

In correcting the theoretical curve for the detection efficiency
for showers of various energies it was assumed that the fluctuations: in
the number of particles at any one depth in a shower could be described
by Poisson statistics. Since the particles in the shower are not indepen-
dent this assumption is not strictly correct. It is believed, however,
. that.the difference in the'fesults obtained using Poisson statistics and
those using Pdlya statistics,.és-pr0posed by Bertanza and Martelli (1954),
is ndt very great. |

In the experiments twé types of selection operated, namely:
i) The selection of events by the scintillation counter, i.e. instrumen-
tal selection, and
ii) The selection of events from the film by requiring two or more
ﬁarticies in flash tube trays thfee or four plus two or more particles
in flash tube trays five and six (figure 4.1).

Knowing the efficiency of the scintillation counter for the detec-
tion of n particles, n= 1, 2, 3 etc., the overall detection efficiency

for interactions was obtained as follows:

Consider a shower of enérgy EO starting in the target at a height
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of t g cm~2 above the scintillation counter. Let this shower contain
an average of n, particles at depth t from the startAof the shower,
I, particles at depth t + T ‘and n, particles at depth t + 2T, vhere
T is the thickgéss of the converter plates above the fifth and sixth
flash tube trays.

Now, from Poiséon statistics, if the ﬁean number of particles is n
the prdbability of getting m is (e mn)ﬁnl

If the efficiency of the scintillation counter for the detection
of k particles is e(k) it can now be shown that the gfficiency for the

detection of a shower starting t g em—2 above the scintillation counter

is:

€p = [1-e772] [1-e77) {.-e'nl }; <}——> +e ™ e a)
‘ 6(3)}

N.B. In determining this expression it must be remembered that the
incident muon was present at all points in the shower.

To determine the total detection efficiency for a shower of
energy EO the values of n, naand n,.were then found for different
values of t and the average value of ef was determined for showers
starting at all points in the target. The results obtained for the
two experiments are given in table 6.7, as are the values of e(k) used
in the calculationse These values were obtained from the curves of
figure 43,and a curve for the detection efficiency for three particles,
. using the counting rates given in table 6.1 (6). The values of n,, n,
and ng were obtained from the standard shower curves, figure 5.2, with-

out the incident muon.
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TABLE 6.7
Experiment A Experiment B

e(2) | 0,35 0.11
€ (}5 ) 0.99 0.39
Detection efficiency
for 0.15 GeV shower ° 0.22 0.11

0.24 GeV " 0.39. 0. 24

0.5 GeV " 0.65 0. 47

1.0 GeV " 1..00 0.65

The theoretical curves, corrected for fluctuations and detection
efficiency, are shown in figures 6.2 and 6.5? where the number of
events/GeV energy transfer expected in the two experiments are plotted
as a function of the energy transfer. Also plotted are the experimen-

tal results, tables 6.3 and 6.5.

6+To4 Discussion of the Experimental Results

From a comparison of the experimental and the theoretical
results it can be seen that the results from both experiment A and
experiment B follow the same pattern. Below energy transfers of 1 GeV
fhere are less events than predicted while above this energy there is
an excess particularly in the case of experiment B. Since the only
differences between fhe two experiments were i) the converter in
experimént B contained 2.55 more radiation lengths of iron than in
experiment A, and ii) the scintillation counter bias level was higher

in experiment B than in experiment A, the difference between the two

sets of results must be due to one of the following:
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a) A difference in the incident muonspectrum in the two
experiments - by introducing the further amount of iron into the
cohverter in experiment B the minimum momentum required by a vertical
muon fo traverse the apparatus was raised from 280 MeV/c £0:335 MeV/c.
.Since the theoretical curves were calculated using the momentum spec-
trum of muons above 400 MeV/c such a change in the minimum required
momentum should make no differénce to the. theoretical curves. How-
ever, it can be seen from the values of the two-fold geiger counting
rates quoted in table 6.1 that the cuunting rate in experiment B was
83% of that in experiment A. Thus it would appear that by introducing
the extra iron in experiment B.17% of the incident muons were stopped.
Since the stopped muons would have had too little energy to produce
0.1 GeV knock-on electrons the probability per muon of getting an event
should have been increased by approximately 20% as compared with that
for experiment Ae This would have the effect of reducing the dis-
crepancies between the two sets of results.

b) An error in the energy estimates - the most probable error in
eﬁtimaﬁing the energies of the cascade showers is due to the fact that
the standard shower curves, §5.2, give the apparent number of electrons
with energies greater than 2 MeV at any point in the shower. Since, in
a scintillation counter, two, 1 MeV electrons would appear as a single
_electron in constructing the shower curve the actual number of electrons
present at .that point in the shower would be underestimated. Also,
because the energy required'by an electron for it to traverse the gap

between two converter plates and trigger aflash tube was less than 1 MeV
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it follows that the energies obtained using the standard shower
curves would be overestimates of the true energy.

By examining figures 6.3 and 6.4 it can be shown that, if the
true energy of the shower was EO and the estimated energy was E,
then the experimental points are a good fit to the theoretical line
above' 1 GeV if E «~ 2B for experiment A and E = MEofbr experiment B.
Since the energies in experiment B were estimated at depths 2.55
radiation lengths further down the shower than in experiment A, and
since theAaverage energy of the electrons in the shower decreasés
with depth, the difference in the two ratios E/EO is probably due to
the effect of electrons with less than 2 MeV, there being more of
these at the aepths considered in expériment B than at those in
experiment A.

Because of the discrepancies between the experimental and
predicted number of events in the different energy ranges, and the
fact that these were possibly due to the choice of standard shower
curves, the ratio of observed number of events to predicted number was
calculated'as a function of the transferred energy as estimated from
three sets of shower curves.

The sets of shower curves used were:

a) The results of Backenstoss et al. (1963a).

b) Approiimation B .as given by Rossi (1952).

¢) The results due to Buja (1963).

These results, which,applyrto showers produced in lead were converted

to showers in iron using the expression
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gﬁe
Po

‘where EFe is the energy of the shower in iron, EPb is the shower
energy in lead, and e and €p, are the critical energies in iron and
lead respectively.

| The results of these calculations, for the mean depths at which
the shower energies were determined, are shown in figure 6.4 in the

case of experiment A.

6.8 Conclusions

From figure 6.4 it can'be seen that, although the results calcu-
lated from the three sets of shower curves give widely differing values
fof the ratios, the ratios calculated from each set do not show any
tendency to increasewith increasing energy above 1.5 GeVe Below this
energy the ratios decrease with decreasing energy. This is probably
due ﬁo an underestimation of the correction for the detection
efficiency of the apparatus. Also contributing to this effect is the
féct that, due to the assumptions used, the energies estimated using
method I may have been underéstimates of the true energies.

‘The resuits obtained from experiment B follow the same pattern
aé those from experiment A.

The final conclusion which can be drawn from the two experiments,
A and B, is that there is no evidence from an increasing discrepancy
between the experimental and theoretical cross-sections for the elec-
tromagnetic interactions of muons with increasing energy. This result

is in contradiction to that of Deery (1960), §3.2.1 and figures 3.1
and 3.2.
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| CHAPTER 7

THE LONDON EXPERIMENT

ELECTROMAGNETIC INTERACTIONS OF MUONS IN LEAD

Tel Introduction

The electromagnetic interacticns of muons in lead were studied
using data provided by Dr. J.C. Barton of the Northern Polytechnic,
London, from an sexperiment carried out at a depth of 60 m.W.e. in
. the lsboratory on Holborn Underground Railway Station. In this
experiment events were selected in which incident cosmic ray muons
interacted in shcets of lead to produce secondary electrons and
photons. The energies of these particles were determined by comparing
the cascade showers produced by them in further sheets of lead with a

set of standard shower curves.

~Te2 General Description of Apparatus

The apparatus used in this experiment consisted of six large
liquid scintillation counters interleaved with sheets.of lead. Each
of these lead sheets was lh k4 g cm™2 thick and was supported by

2 of aluminium, see figure T.l.

2.7 g cm™
Both above and below the stack there was a sef of five index

trays. Those above -the stack were trays of geiger counters while

those below were small liquid scintillation counters, figure T.l.

| Events were selected by’requiring a coincidence between one or

more of the t0p‘index trays, the fourth scintillation counter and one

or more of the bottom iﬁdex’trays. The logarithms of the pulse

heights from each of the scintillation counters were then converted
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into digital form and recorded on punched paper tape. Also recorded
_on this tape was information as to which of the index trays had been

triggered.

Te3 The Scintillation Counters

Te3.1 Construction

The six large liquid scintillgtion counters used in this experi-
ment were similar to that described by Barton et al. (1962). Each
counter consisted of a tank of area 150 x 75 cm® and depth 10 cm
.constructed of % ine thick Perspex. This was filled to a depth of

;9.u cm with liquid scintillator (medicinal paraffin (liquid paréffin,
~ B.P.) + 0.8 g £ p-terphenyl + 0.008 g £~ POPOP).
.. The tank was viewed through each of its two smallest faces by a
give inch photomultiplier tube (EM.I. type 9579b) with its photo-
cathode at & distance of 22 cm from the tank. In order to improve
the-light collection efficiency of the counter the space between the
tank'and the photomultiplier tube was made into a rectangular light
guide, with thesame cfoss-section as the smallest face of the tank,

by surrounding it with plane mirrors, figure T.l.

For each of the six scintillation counters the output pulses from

the two photomultiplier tubes were added in a simple mixing circuit.

The output pulses from this circuit were then fed into a logarithmic
pulse height analyser (Barton and Crispin, 1962). This comverted the

‘logarithm of the pulse height into a train of pulses, the number of
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pulses in the train being directly proportional to the logarithm of
the pulse height.

Whenever a sufficiently large pulse was obtained from the fourth
scintillation counter, §7.5.3, the number of pulses in the pulse train

was recorded, in digital form, by a 64-channel register.

Te3¢3 The Fourth Scintillation Gounter as part of the Selection

§zstem

As well as being fed into the pulse height analyser the pulse from

the fourth scintillation counter was also used to control both the
recording of the pulse heights from all six scintillation counters and
the selection of events.

To contrel the recording of the pulse heights the pulse from the
fourth scintillation counter was fed into a variable attenuator. The
output pulse from this attenuator, which was used in the same way as the v -
variable bias in a discriminator circuit, was then fed into a fast amp-
lifier with a fixed gain and a resolving time of O.1 psece The pulse
from this was then fed into a master circuit with a fixed trigger
level. If the output pulse from the amplifier was of sufficient size
to trigger this master circuit the latter carried out two operations:
i) It opened a 200 pus long gate between the pulse height analysers and
. the 64-channel registers, and
ii) It quenched the photomultiplier tubes of the six scintillation
counters by comnecting together two of the dynodes in each of the

photomultiplier tubes, thus reducing the gains by a factor of between




15 and 20. The length of timefor which the photomultiplier tubes
- were quenched was 800 usec if no event was selected and 700 msec
if an event was selected.

In its role as part of the selection system the output pulse
from the fourth scintillation counter was fed into a tunnel diode
-fast coincidence circuit which gave an output pulse whenever a
coincidence was obtained between this pulse and a pulse from the
bottom index trays. This coincidence circuit had a measured resolving

time of 150 ns.

T4 The Index Trays

T+ 4.1 Introduction

It has already been mentioned, §7.2, that both above and below
the scintillation counter - lead stack there were five index trays.
These were incorporated into the apparatus for three reasons, namely:

i) They indicated the number of particles incident upon, and
leaving, the stack. |

ii) They indicated the direction, in one plane, of incident single
particles which traversed the apparatus, and

iii) They acted as part of the selection.system.

Te4.2 The Geiger Counter Index Trays

Each of the five upper index trays consisted of a tray of eight,
60 cm ldng geiger counters (20th Century, type G.60) connected in
parallel. From these trays of counters the output pulses were used

in two ways:
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i) The output pulses from each tray were fed into a register
which recorded whether or not a particle had passed through
that tray. .In this way én indication of the number of
particles iﬁcident upon the stack, in terms of the number of
index trays which had been triggered, and the positions at
which these had arrived, was obtained;

ii) The output pulses from all five of the index trays were fed
into a Rossi coincidence circuit which was part of the selec-

tion system.

Te4e3. The Scintillation Counter Index Trays

Each of the five lower index trays consisted of a liquid scin-
tillation counter, of area 27 x 1l in.? and depth 2 inches. These
counters were constructed in a way similar to the large scintilla-
tion counters except that instead of using two photomultiplier tubes
the scintillatpr was viewed by a single 2 inch photomultiplierjtdbe
(BeMeIo type 9584b ). |

In thesame way as the upper index trays were used as part of the
selection system and also to indicate the number and positions of
particles incident upon the stack, the lower trays were used as part
of the selection system and indicated the number and positions of
particles leaving the stacke The method used to indicate which of
the trays had been traversed by particles was identical with that for
the upper trays. At thesame time the pulses from all five trays were

mixed and fed into the tunnel diode coincidence circuit, §T.3e3.

This circuit then gave an output pulse whenever a coincidence occurred
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between a pulse from one of the scintillation counter trays and a
pulse from the fourth large scintillation counter.

The output pulses from the tunnel diode coincidence circuit
were then fed into the Rossi coincidence circuit, §7.4.2, which
gave an output pulse whenever a coincidence occurred between one

of these pulses and a pulse from the gelger counter index trays.

7.5 The Selection and Recording of Events

Both the selection and the recording of events were controlled
by the fourth lérge secintillation counter. The selection was carried
out by requiring a Ast coincidence between the output pulse from this
scintillation counter and the lower set of index trays. This coinci-
dence was selected using a tunnel diode coincidence circuit which gave
an output pulse whenever a coincidence occurred. The output pulse
from this coincidence circuit was then fed into a Rossi coincidence
circuit. This gave an output pulse whenever a -°coincidence occurred
between a pulse from the upper index trays and the tumnel diode
coincidence circuit. Hence events were selected by requiring a
coincidence between both sets of index trays and the fourth large
scintillation counter.

In controlling the recording of events the output pulse from

the fourth large scintillation counter was used to trigger a master

circuit, the size of pulse required to trigger this circuit being
set by a variable attenuator. The master circuit then carried out

three operations:
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1) It quenched the photomultiplier tubes of the six large scin-
- tillation counters, g7.35.3.

2) It opened a gate between the pulse height analysers, 87+3.2, and
allowed the pulse heights from each of the large scintillation
counters to be recorded by the 64-channel registers.

3) It opened a gate between the output of the Rcssi coincidence
circuit -and the circuit controlling the read out of the des-
cription of the event onto punched paper tape. \

If the master circuit had been triggered but no coincidence had
occurred at the Rossi coincidence circuit then-a pulse was sent to
each of the registers to reset them. ¥¥, When a coincidence occurréd
at the same time as the master circuit was triggered the read out
circuit caused the information contained in the registers to be
recorded on punched paper tape. Thus a description of the event,

in terms of the index trays which had been triggered and the pulse

heights from each of the large scintillation counters, was obtained.

T.6 The Dead Time of the Apparatus

The dead time of the apparatus was controlled by the master
circuit. In the case where the master circuit was triggered but no
event -was obtained the imposed dead time was 800 us during which the
photomultiplier tubes were quenched. When an event was selected and
ﬁhe master circuit had been triggered the dead time was 70O msecs

during which the tape punch was operated.




7.7 The Resolving Time

In carrying out a purely counter experiment, such as this one,
an important parameter is the resolving time of the apparatus, which
controls the number of random coincidence events which could be
expected. Since the selection of events in this experiment was carried
out using a fast-slow coincidence system, l.e. a fast coincidence is
required between the fourth large scintillation counter and the lower
index trays, followed by a slow coincidence between the upper set of
index trays and the coincidence pulse from the fast coincidence
circuit, it is not possible to give a definite value for the resolv-
ing time. An estimate of the expected rate of random coincidences
can be obtained, however, by comparing the components of the selection
system separately i.e.
l)-The amplifier into the master circuit - this amplifier had a

resolving time of O«l us. Since the counting rate of the fourth
large scintillation counter was 10-15 counts/sec the probability
of two pulses arriving within O.l us of each other was negligible.
2) The tunnel diode coincidence cireuit - this had a resolving time
of 150 ns. Since the lower index trays counted at a rate of
200 counts/sec and the fourth large séintillation counter at 10-15
counts/sec the expected rate of random coincidences was
(4 > 6) 107%/sec.
5) The Rossi c;incidencecircuit - as no attempt was made to
measure the counting.rate of the tunnel diode coincidence
circuit it was not possible to put a value on the rate of

random coincidences from the Rossi circuit.
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A further possible sourcevof error is present in the pulse height
analysers. If two scintillation counter pulses arrive at the ringing
circuit within 200 ps of each other than, depending upon their relative
times of arrival, the pulse height would be greater or smaller than
either of these two pulses. Since the counting rates of the large
scintillation counters were 10-15 counts/sec the probability of this

happening was ~e~>%C and was thus negligible.

7.8 Running Times

The data obtainedAfrom this experiment was in two parts. In
the first of these the fourth lérge scintillation counter was biassed
to accept single particles and the total sensitive time, corrected
for the dead time, was 422 minutes.

In the second run the fourth large scintillation counter was

biassed to accept four or more particles. The total sensitive time

was 6760 minutes.
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CHAPTER &

ANALYSTS OF THE LONDON DATA

8.1 Introduction

It has already been mentioned, §7.5, that a description of each
event selected by the apparatus was recorded on punched paper tape.

A preliminary analysis of this tape was then carried out, using the
I&ndon Atlas computer, in which the events were sorted into four
groups, namely:

1) Incomplete events

2) Incident muons

3) Incident showers

4). Interactions

The descriptions of the interactions were then converted into
. a more convenient form than the original and re-recorded on punched
paper tape.

A copy of this tape -was sent to Durham where the interactiona.:@ -
were grouped according to the maximum pulse height obtained from one of
the six large scintillation counters and the direction of incidence of
the muon undergoing the interaction.

By comparing the number of particles at the maximum of ﬁhe cascade
shower, detemmined from the maximum pulse height registered, with the
number predictéd by theory the energy of the secondary particle from the
interaction‘was estimated.

This chapter contains descriptions of the London analysis, the
Durham analysis and the theoretical shower curves used in the energy

estimation.
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8.2 The London Analysis

8.2,1. The Original Form of the Data

The description of an event was recorded in the form of two
numbers, one containing five digits and the second twelve digits.
The Tirst of these numbers indicated which of the index trays had been
triggered. In order to do this each digit represented one pair of
. index trays, an upper tray and the one vertically below it (figure T.1).
Depending upon which of the pair of index trays had triggered this digit
could take one of four values, i.e. 0, 1, 2, or 3. The meaning of each

of these values is given in table 8.1

TABIE 8.1
Value of digit Event
0 Neither of the index trays triggered.
1 The top index tray triggered. .
2 The bottom index tray triggered.
3 Both index trays triggered.

The twelve digit number contained the information obtained from
the six large scintillation counters. Each of these counters was

repyesented by a two digit number which represented the pulse height

obtained from the counter. These two digit numbers were actually
the number of pulses from the logarifhmic pulse height analysers,
g§7.3%+2, which had been recorded by the 64-channel registers and will

be known as the ?Ichannel numbers?.



Thus it can be seen that between them the two numbers, the
five digit and the twelve digit number, contained information
about the number of particles incident upon; and leéving, the
apparatus, their angles of incidence and the number of particles,
represented by the pulse height, passing through each of the six

large scintillation counters.

8.2.2 The Division of the Events

In dividing the events into the groups named in 88.1 the following
selection criteria were used:
1) Incomplete évents - events in which one or both of the numbers
describing them contained more or less than the required number of
digits, and those events in which no pulse was recorded from either
of the sets of index trays or from one or more of the large scinti-
llation counterse.
2) Incident muons - those events in which only one upper and one
lower index tray had triggered and in which the pulse height from
each of the large scintillation counters was within the limits for
single particles, as determined from a calibration run.
3);Incident showers - events in which more than one of the upper
index trays had triggered and events in which the pulse héight from
the first large scintillation counter was greater than that for a
single particle.
4). Interactions - this group contained those events in which only
one of the top index trays had triggered, the pulse height from the

first large scintillation counter was that for a single particle,. the
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pulse height from at least one of the femaining five large counters
was equivalent to more than one particle, and one or more of the
lower index trays had triggered.

Once the events had been sorted into these groups the interac-
tions were givgn a category number, in place of the five digit number,
which represented the pattern of index trays which had triggered. The

descriptions of the interactions were then recorded on punched paper

tape.

8.3 The Durham Analysis

8.5.1 Introduction

To determine the energy of an electron or photon from the cascade
shower which this particle produces in an absorber one may use one Or
more of the following parameters of the shower:

1) The total electron track length in the shower (§5.3).
2). The number of particles at a depth t in the shower (£5.k4).
3) The number of particles present at the maximum of the shower.
This is a special case of (2).

| In the present experiment it was only possible to use the last
of these three parameters. The reaéons for rejecting the first two
were -
1). Since the lead plates in which.the showers developed were each
2,47 radiation lengths thick (1ll.4 g cm™2), §7.2, the uncertainty in
determining the total track length in the shower would be large.
2). The determination of the depth in the shower at which the measurement

of the number of particles was made would be subject to an uncertainty
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of the order of the thickness of one of the lead plates. Although
this also applies to the determination of the number of particles
at the shower maximum it will be shown in §8.3.5 that, at least for
high energysshowers, the uncertainty in the position of the shower

maximum is relatively unimportant.

A third reason for using the number of particles at the shower

~maximum, rather than the number at a depth t, to estimate the shower

energy is thatvit has been shown experimentally (Nichiparuk and
Stmgal®skii, 1964) that the fluctuations on the number of particles
at shower maximum are smaller than at any other depth in the shower.

8.3.2 .Grouping of the Events

The interactions contained on the paper tapes from the London
analysis were grouped according to a) the category of the interactionm,
§8.2.3, b) the maximum channel number in the interaction, and c) the
large scintillation counter in which this maximum occurred.

The reasons for carrying out this grouping procedure were:

1) to determine the angle of the incident muon (a}
2)'to réject events which had an apparent maximum in the sixth large
scintillation counter. Such events could not be used in the analysis

3). to obtain the differential spectrum of maximum channel numbers.

The logarithmic pulse height analyser, §7Q5.2, gave a cycle of 16
channels for-an increase in the pulse height recorded of a factor of
10. Thus it can be seen that if the mean channel number for a single

particle is T and the recorded channel number for a shower_is ¢ then
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the number of particles present in the scintillation counter is
N = exp (S-S log_ 10 8.1
= exp (g 1og, y

From this expression it can be shown that the width of a channel

is lL]-o 5%-

8e3e k4 The Calibration Curve

In predicting the number of particles present at the maximum of
a cascade shower which develops in a sandwich of lead and scintillation
counters and is seen in a scintillator it 1s necessary to take into
aééount the following factors.

a) The effect of electrons with energy less than that required to
traverse the counter. Each of these electrons can be taken as contri-
buting an amount to the pulse height from the counter proportional to
its track lengths in the counter.

b). The interactions of photons in the counter which give rise to
eléctrons which are seen by the countere.

c) The angular spread of the shower particles. This causes each
particle traversing the counter to have a .greater track length than a
vertical particle and thus appear as more than one particle.

Using the Monte Carlo results of Crawford and Messel (1962) and
Messel et al. (1962)‘shower curves were constructed taking the above
effects into account.

Since these results only applied for shower energies up to 1 GeV

the shower curves cbtained in this way were compardd with those due to
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Buja (1963), Belen'’kii and Ivanenko (1959) and Approximation B
(Rossi, 1952). As a result of good agreement in the overlap energy
region it was decided to use the.results of Buja which cover shower
energies from 0.5 to 10° GeV.

The calibration curve cbtained from Bujals results is shown in
figure 8.1. From this curve it is found that the number of particles
at the shower maximum, N, and the energy of the incident electron,
Eo, are related by the expression

N = 13.60 EO°'9L2 8.2
"which 1s in fair agreement with element;;y cascade theory (Rossi,
1952). which gives
N=XK EO
By combining equations 8.1 and 8.2, and taking into account the

incident muon, it is possible to determine the energy of a shower

with a maximum channel number, C.

8.3.5 Discussion of Analysis

In taking the maximum channel number to determine the shower
energy it is assumed that the shower maximum always occurs in
a scintillation counterd Although this is obviously not correct
the errors in the energy estimates can be shown to be small,
particularly at high energies, by consideration of figure 8e 24
From this figure it can be seen that if one considers depths l%
radiation lengths on either side of the shower maximum then in

the case of a 0.3 GeV shower the number of particles is

3,5 as compared with k6 at the maximum. Thus the
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shower energy would be underestimated by 2h%, This factor by
which the energy is underestimated decreases with increasing
energy, being T% at 10 GeV and 5% at 100 GeV.
Apart from the above uncertainty, which always gives rise to
underestimates of the shower energies, the major uncertainty is
due to the statistical fluctuations in the number of particles at
the shower maximume While the calculations due to Buja (1963) do
not give estimates for these fluctuations the Monte Carlo calcula-
tiens Of.Messel (private communication), in which he considers shower
electrons with energy greater than 10 MeV, and the experimental
results of Nichiparuk and Strugal’skii (l96k) and Backenstoss et al.
(1963a) contain details of the fluctuations. Table 8.2 shows the
value éf the standard deviation of the number of particles at shower
maximum according to these workefs.
TABIE 8.2
Workers Standard deviation on N particles
at shower maximum

JN
0.25 J/N
0.50 N

R

- Messel (private communication, 196k)

R

Nichiparuk and Strugal’skii, (1964)

R

Backenstoss et al. (1963%a)

dE
0 1 : .
Hence E - W vwhere EO is the shower energy, N is the number

of particles at the maximum and k 1s a constant of value greater than l.
As the value of N, and thus E_, increases the uncertainty upon the
energy estimate decreases until it becomes less than the uncertainty

due to the channel width, §8.%.3. This point is reached at different
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channel numbers, depending upon the value of k taken.
It is of interest to note here that the uncertainty due to

statistical fluctuation is in all cases greater than that in deter-

mining the shower maximume
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CHAPTER 9

RESULTS AND CONCLUSIONS FROM THE LONDON EXPERIMENT

9.1 Introduction

This chapter contains details of the results obtained when thé
interactions selected by the apparatus were analysed by the method
described in Chapter 8. These results, in the form of a differential
transferred energy spectrum, are then compared with the predicted
spectrum and the result of this comparison discussed.

In carrying out the comparison betweén experiment and theory the
experimental results are considered in two sets, namely:

l) The unbiassed set i.e. those results which were obtained with the
fourth large scintillation counter biassed to accept all pulse heights
equal to, and greater than, the pulse height for a single particle.

2) The biassed set i.e. the results which were obtained with the
fourth large scintillation counter biassed to accept only those events

which gave a channel number egual to, or greater than, 20.

9. 2.1 Introduction

In the calculation of the predicted transferred energy spectrum
‘& basic spectrum, in the form of the probability/muon/GeV/g cm™2 Pb that
an incident muon, at a depth of 60 m.w.e. underground, would undergo an
electromagnetic interaction giving rise to secondary particles with

energy E as a function of E, was obtained. For each of the two parts

- of the experiment this spectrum was then multiplied by the number of
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muons incident upon the apparatus, and the target thickness seen by

these muons, to give the predicted differential energy spectrum.

9.2.2 The Basic Spectrum

The basic transferred energy spectrum was obtained using the
probabilities for the electromagnetic interactions given by equations
2.1, 2.2 and 2.9 (with & = 2, a = 10 m,c?/e) and folding in the inciZ
dent muon energy spectrum. This spectrum, which is shown in figure 9.1;
was derived from the sea level muon.momentum spectrum due to Hayman and
Wolfendale (1962). In the derivation the depth of the apparatus,

60 MeWees, was divided into 1 m.w.é. intervals and then the energy of
an incident muon upon leaving one of these intervals was determined
from its incident energy using the energy loss equation due to Hayman
et al. (1965). This was repeated for all muon energies for each of the
sixty intervals to give the final energy spectrum at.60 e We €4

The basic transferred energy spectrum obtained from these calcula-
tions, which were carried out on the University of Durham Elliott 803

computer, is shown in figure 9.2.

9«23 The Target Thickness

The target thickness to be used in the cglculation of the energy
spectrum depends upon a). the typ§ of interaction considered, and b)
the development of the cascade shower produced in the interaction,
and thus the method of selecting events. The reasons for the dependence
~upon these factors and the way in which this was allowed for are as

follows:




Intensity(MeV> cr® stered™™ sec™?)

lo»&@-

10=&!.

1073¢

0%

o~ 3 o] . 2
o= L iU 10° 1

Energy, CGaVo

The diiierential iacident Muon emergy spectrum &t 60 moWoe.
calculeted from the sea level spectzum of Hayman and
Wolrendale {1962} using the anergy loss equation due to
Heyman et alo, (3963)o

S




Probability/g i FBo/m [GeV,

Figure 9.2

l@ @ ] 1] i ] ] [} ] '
10|
1078 -
I AN
| \ . Total
1078 d

/ NN __ Rnockeon

Bremssitrahlung "\

el y

1077 i

1078 Pair production < -

0% \

10739 .

lgsg 1] a ﬂ A 1 H I 1] 4J,
0ol i 10 102

Energy, CGeV

Diiierentinl Probebilities ror the Electromagnstic
Interactions of Muons in Lead at 60m.w.e.




92.
a) The type of interaction considered - since the apparatus contained,
as well as the lead, a relatively large amount of liquid scintillator,
perspex aﬁd aluminium (Chapter 7) these materials must be ponsidered
when calculating thetarget thickness. To do this account is taken of

2 of a muon:cundergoing knock-on

the fact that the probability per g cm™
production is proportional to Z/A, vwhere Z is the atomic number of the
target material and A is its atomic weight. For bremsstrahlung and
pair production, on the other hand, the probabilities are proportional
to Z2/A. For cne unit of the apparatus, consisting of one scintillation

counter, cne lead sheet and one aluminium sheet, the target thicknesses

for the various interactions are as given in table Q. 1.

TABLE 9.1 .
Effective
Target thickness g cm 2

Material g cm—? 7 A K.O. Br. P.P.
Scintillator

and perspex (C) 9.2 6 12 11.6 0.85 0.85
Lead Lho bt 82 207.2 1hl 1k 40 1h.4O
Al 2.7 13 o7 3.3 0,52  0.52

Totals 29.3  15.77 15.77

From this table it can be seen that by taking into account all

of the material in one unit the amount of target present for knock-on
production is almost twice that for both bremsstrahlung and pair-
production. It will be shown later that this fact has quite an effect

upon the energy range over which knock-on production is dominant.
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b) The cascade shower development - Because only those events were
used in the analysis which hdad a maximum in or before the fifth large
scintillation counter, §8.5.2, and because a cascade shower requires
a finite thickness of absorber to reach its maximum the amount of
target available for the interaction depends, in the unbiassed case,
upon the rate of development of the showere In the biassed case account
has also to be taken of the fact that a certain minimum number of
particles must be present in the fourth large scintillation counter.
To allow for these facts it was assumed that the development of a
cascade shower was simply proportional to the amount of absorber,
independent of the type of absorber, in radiation lengths that was
present between the point of interaction of the muon and the large
scintillation counter in which the maximum was expected to occur.

Using this assumption the amount of target available for different
shower energies was calculated, in the unbiassed case, by assuming
that the shower started at the top of the apparatus and finding the
scintillation counter in which the number of particles would be a
maximum, using the cascade shower curves due to Buja (1963) (figure 8.2).
By moving the point of interaction of the shower down through the
apparatus, at intervals of 0.1l units for 0.3 GeV showers and 0.2 units
for greater energy showers, until the maximum fell in the sixth large
scintillation counter the target thickness, in units, for each shower

energy was determined. To convert from units to g cm~2

gceount was
taken of the fraction of a unit made up of C(scintillator and perspex),

Pb and Al (Teble 9.2) to determine the amount of each of these materials

present in the target.
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TABLE 9.2
Material g cm 2/ unit Fraction of unit
C 9.2 0. 0Tk
Pb ' 1ok 0. 886
Al 27 0.0LO

For the biassed set of results the calculation was carried out
in exactly the same way as fof the unbiassed set with the added proviso
that the number of particles in the fourth large scintillation -counter was
greater than, or equal to, 3.5. In the case of showers of low energy,
of the order of 1 GeV or less, this had the effect of making the first
point at which the interaction producing the shower could occur part of
the way through theapparatus and not at the top as in the unbiassed case.
For both knock-on production and direct pair production the cascade
shower curves used were those for electron induced showers while for

bremsstrahlung, photon induced shower curves were used (Buja, 1963).

Qe 24 4 The Effect of fﬂé‘iﬁéident Aﬁglé>of the Muon

Since themuons incident upon the apparatus did not allarrive in
the vertical direction it was necessary to take into account the
increase of target thickness due to the angle of incidence of the
muons. To do this the mean angles of incidence of muons in different
categories of events, §8.2.2, were detemmined from the ratio of the
mean pulse height for vertically incident single muons and the mean
pulse height for muons in the category considered. The results of

this calculation are shown in table Je3.




TABLE 9.3

Category  Mean Angle 6 Descriptions of events (§8.2.1)

Vertical 0
6,7 10° 9! ‘\\\‘50000, 03000, 00300, 00030, 00003
J J
8 26°15° sg\\\leooo, 21000, 01200, 02100, etc.
9 39° L4 10200, 20100, 01020, 02010, ete.
\0020,20060,0iooz,0200|
10 48°28" 10002, 20001

To allow for these angles in calculating the target thickness
it was simply necessary to increase the thickness of each unit by

cos 671 when carrying out the calculations described in §9.2.3.

9.2.5 The Effect of the Point of Interaction on the Estimated

Energy of the Shower

It was stated in §8.5.l that one reason for determining the energy
of showers obtained experimentally from the maximum number of particles
at any point in the shower was that the inaccuracy in determining.the
position of this maximum point, due to the thickness of the lead
sheets, was less than for any other point in the shower. However,
as a check of this assumption and in order to correct for any error
which may be introduced in this way for electron induced showers, and
to allow for the fact that photon induced showers contain less particles
at their maxima than do showers due to incident electrons, the mean
value of the maximum which would be seen for a shower of a certain

energy was determinedas follows.

At the same time as the target thickness was being calculated,
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89 2.3, the maximum number of particles in any one large scintillation
counter was determined for each point of interaction of the muons.
The arithmetic mean value was then calculated for this particular
shower energy and the equivalent eﬁergy which would be allotted to
such a shower was determined from the calibration curve, figure 8.L. I,

Examples of the results of this calculation are given in table 9. k.

TABLE 9.k
Incident Energy, Equivaleht Energy, Equivalent Energy,
GeV GeV, e dnduced GeV, 7 induced
1 0.97 0.76
10 9 T3 To 86
100 - 97.60 80. 76

Prom this table, which applies to showers produced by vertically
incident muons in the unbiassed run, it can be seen that for electron
induced showers the error which would have occurred if it had heen
assumed that the maximum seen was the true maximum of the shower is,

for energies greater than 1 GeV, less than 3%.

59.2.6 The Predicted Energy Spectra

To obtain the final predicted energy spectrum for the-unbiassed
and biassed sets of results the basic probabilities of figure 9.2
were multiplied by the calculated target thickness and the number of
muons traversing the apparatus. This was done for each of the
angles of incidence given in table 9.3, the values of the probability

from figure 9.2 being that for the incident electron or gamma energy
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and the result being plotted at the equivalent energy (table 9. L),
The number of muons selected in each category is given in
table 9.5 for both the unbiassed and biassed runs and the resultant
curves, obtained by summing the curves for all of the categories are
shown in figure 93 for the unbiassed run and figure 9.5 for the

biassed rune.

TABLE 9.5

Category Measured Number of Muéns Estimated Number of Muons
: (unbiassed) (biassed)
Vertical 1.5 10% 2.303% 10°
6,7 1.930 10% - 3.076 10°
8 9. 402 105 1.499 10°
9 3,472 10° 5.5%4 10%
10 8430 102 1.323 10

From an examination of figure 9.3, and a comparison of these
curves with the basic probability curves of figure 9.2, it can be seen
that, due mainly to the difference in target thickness contained in
one unit of the apparatus for knock-on production, as against brems-
strahlung and direct pair production, knock-on production is more truly
the dominant process than if only lead had been the target. Also, for
the same reason, plus &the fact that the equivalent energy for a
bremsstrahlung shower is approximately 80% of the incident energy,
table 9.4, the knock-on process is dominan£ over a much larger range
of energy than in the case of a lead target alone, i.e. up to 15 GeV

as against 5 GeV.
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9¢ 2.7 The Effect of Fluctuations

During the calculation of the predicted number spectra two
assumptions have been made concerning the growth of cascade showers.
These are l) that the development of the shower 1s that calculated by
Buja, i.e. a shower of a certain energy, E, always reaches its max imum
after a distance x radiation lengths, and 2) that a shower of energy E
always contains the same number of particles at its point of maximum
development. Neither of these assumptions 1s correct, however, since
both the distance to the maximum of a showér and the number of particles
at this maximum are subject to fluctuations. Of these fluctuations an
attempt has been made to allow for the fluctuation in the distance
to the maximum when determining the experiﬁental differential energy
spectrum.

The effect of fluctuations in the number gf particles was calcu-
lated using the formula due to Lloyd and Wolfendale (1955) (see §6.7.2)
with a standard deviation on the number of particles, N, at the shower
maximum of /N and‘JN/B, these values being the standard deviation for
fluctuations which fit a Poisson distribution and the value estimated
from the results quoted in table 8.2. Of these values «/N/3 is probably
correct anduJN represents the absolute upper limit of the fluchmtions.
The predictedicurves corrected for these fluctuations are shown as the
dashed lines in figure 9.3.

9.2.8 Discussion

In the calculation of the predicted curves the main assumpfion

used was that the development of a cascade shower depends only upon
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the number of radiation lengths of material present, and not upon
the type of material. While this assumption is not correct, as can
easily be seen from the figures of Butcher and Messel (1960) which
indicate that heavy elements have a greater effect upon shower develop-
ment than light elements, it does lead to a maximum value, in units of
the apparatus, for the target thickness. At the other extreme if it is
assumed that only the lead plays any part in the shower development then
a minimum value for the target thickness in units of the apparatus,
59.2.%, is obtaineds In the case of the knock-on process the difference
between the two values is of the order of a few percent while for

bremsstrahlung and pair production it is approximately 11%.

9.3 The Experimental Results

9.3.1 Conversion from Maximum Channel Number to Energy

In order to convert the value of the meximum channel number obtained
experimentally to the energy of the shover equations 8.1 and 8.2 were
used with the value of E, equation 8.1, taken as the arithmetic mean of
all of the mean pulse heights for single particles. Tnis value was
found to be

c = 9.55.

9e3¢2 Final Selection of Data

During the calculation of the target thickness, §9.2.3, it was
found that, as would be expected from the method used, as the shower
energy increased the number of large scintillation counters in which
a maximum could occur was reduced. When the data from both the un-

biassed and biassed runs was examined it was found that events had
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occurred for which the maximum was in a large scintillation counter

" which was not allowed from the theoretical point of view. In order

. to make the analysis of the experimental results consistent with the
theoretical calculations it was decided to reject events of this type
as being due to fluctuations in the distance from interaction to
shower maximum.

The effect of this correction, which was only carried out for
events with energy greater than 1 GeV, can be seen from figure 9. 4 where
both corrected and uncorrected points are plotted for the case of the-
unbiassed run. From this figure it can be seen that this correction,
while having a noticeable effect upon the results, is not so great as
to indicate an error in the nature of the correction. 3

While this correétion takes into account the fact that some
showers develop more gquickly than others it does not allow for showers
which take longer than the average to develop and thus would give
maxima in the sixth scintillation counter and be rejected. However
it seems probable that the number of these showers is approximately
equal to the number which would be expected to have maxima in the
sixth large scintillation counter but which, because of fluctuations,
would show maxima in the fifth large scintillation counter.

9.%+3 The Unbiassed Results

The final results from the unbiassed run are shown in figure 9.4
where they are compared with the predicted results. From these results
it can be seen that the agreement between theory and experiment is very

good over the whole of the transferred energy range above 0.2 GeV.
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Below this energy there is a slight excess of experimental results
over theory but, as can be seen from the dashed lines, this excess
can easily by explained as being due to fluctuations in the number

of particles at shower maximum, .§5.2.7T.

9+3.,4 The Biassed Results

The results from the biassed run are compared with the predicted
results in figure 9.5. From this figure it can be seen that there is
reasonable agreement between theory and experiment for transferred
energies of greater than 2 GeV while below this energy there is a
deficiency of experimental results. Since this region is that in
which the biass on the fourth large scintillation counter has most
effect it is probable that the deficiency is due to one of the
following:

a) The mean, pulse height for single particles varies according
to the positioﬁ'in the scintillation counter through which the particle
travels and the angle of incidence of the particle. Thus the number of
particles required to give a pulse height greater than some value fixed by
the biass level also depends upon the position and angle at which the
shower traverses the counter. Because of this some showers traversing
the fourth large scintillation counter will be detected with less
efficiency than others. This effect decreases as the energy, and
thus the distance traversed by the shower, increases.

b) In the case of low energy showeré>the total distance travelled

by the shower is relatively small and thus any fluctuations in the
SRR
Q)Q{:“' SLET, ™
1e iggge;Tcould have the effect of reducing the

AN

growth and decay of t
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number of particles'present in the fourth large scintillation counter

to below the bias level.

9«4 Conclusions from the London Experiment

In figure 9.6 the results obtained from both the unbiassed and
biassed runs are shown plotted as the ratio between the observed and
predicted number of events as a function of the transferred energy.
Also shown are the predicted curves which are obtained when the cross-
section for direct pair production is taken as one half that given by
theory (cf Gaebler et al., 1961).

From the graphs in figure 9.6 it can be seen that, as has already
been stated, B9.%.3 and §9.3.4,%the agreement between theory and
experiment is good in the case of the unbiassed run over the whole
of the transférred energy range. For the biassed run, while results
below 2 GeV are completely different from theory, for reasons which
are stated in §9.3.4, there is no evidence above this energy for any
marked discrepancy.

When the modified predicted curves are considered, dashed line,
the agreement is not sufficiently good in the unbiassed case to be
taken as evidence for any discrepancy in the theory of direct pair
production such as is proposed by Gaebler et al. (1961).

The final conclusion that can be drawn from the results of the
London experiment is that, for energy transfers up to 30 GeV the
electromagnetic interactions of muons in a sandwich target of lead, carbon =

and aluminium are in agreement with theory.
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CHAPTER 10

The results from both of the experiments described in this thesis are
in the range of transferred energies from 0.1 to 50 GeV (figures 6.2,
6.3, 9.5 and 9.4). Since over most of this energy region (up to 15 GeV
in the case of the Durham experiment, and up to 20 GeV iﬁ the case of
the London experiment) the dominant process is that of knock-on produc-
tion these experimentsmay be considered primarily as behg tests of
the theory of this interaction.

Because of the éreater statistical accuracy achieved in the London
experiment, and. the fact that there are less uncertainties in the
analysis of this experiment, especially in the case of the unbiassed
run, than in the analysis of the Durhah experiment, the conclusions
must be based mainly upon this experiment. At the same time the results
of the Durham experiment, while being subject to large uncertainties,
do provide some evidence in support of the conclusions from the London
‘eéxperiment.

The final conclusion obtained from the two experiments is that, in
the region of energy transfer where the knock-on process is dominant,
the results are fully consistent with the theory of Bhabha (1938).

This conclusion, while in agreement with the results of Backenstoss

et al. (1963b), is contradictory to that of Deery (1960) (see also
Deery and Neddermeyer, 1961), who found an excess of events over the
number predicted by theory which, furthermore, increased with increas-

ing energy above 1 GeV. Since, as reported by these workers, it is
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not possible, with any degree of certainty, to exclude the possibility
that this excess is due to a statistical fluctuation, and also
because the energy transfers do not extend into the region where
bremsstrahlung is dominant, and where the evidence is that theory is
correct, it is doubtful whether much reliance can be placed upon this
result.

Apart from Deery, McDiarmid and Wilson (1962)also found indications
of an excess of events in the region where knock-on production is
dominant. However in this case the statistical accuracy was rather
poor and uncertainty existed in the energy estimates. Thus, by
decreasing the energy estimates for the secondary particles, obtained
from cascade shower curves, by 10% (a reascnable estimate of the un-
certainty) the authors showed that the disagreement between experiment
and theory was considerably reduced.

In conclusion the evidence of the experiments carried out in
Durham and London, when taken along‘with statistically very accurate
work of Backenstoss et al. (1963h) at lower energies (up to 3.4 GeV
energy transfer) indicates complete agreement between experiment and
theory for the knock-on process for transferred energies covering the )

wnole range from 0.1 GeV to 20 GeV. By combining this with the result

from the CERN g-2 experiment, in which it was found that the anomalous
magnetic moment of the muonwas equal to the theoretical value to
within 0.5% (Charpsk et al., 1961), it can be stated that, at the
present time, there is no evidence for the muon differing from a

heavy electron.
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APPENDIX

CASCADE SHOWERS

ls Introduction

In order to determine the energy of an electron or photon from
the electromagnetic cascade shower which this produces in an absorber
it is necessary to know the variation of the parameters of the shower‘
with the energy of the incident particle.

This chapter contains a qualitative description of the way in
which a cascade shower develops. This is then followed by descrip-
tions of-the results, obtained from a) cascade shower theory, b)
Monte Carlo calculations, and c) éxperimental measurements, for
the shower shape, the variation of total track length with energy, and
the variation of the number of particles at a given depth in the
shower with energy. In particular the special case of the number of
particles at the shower maximum is considered.

Finally a comparison is made between the various results and an

indication is given of the types of experiments for which the parameters

are most suitable.

2+ Cascade Shower Development

When an electron is incident upon an absorber with an energy greater
than the critical enepgy then it 1s likely to lose energy through the
emission of a photon, i.e. the bremsstrahlung process, and will carry
on with reduced energy. This process continues until the energy of
the electron falls below the critical energy when the dominant way by

which the electron loses energy is by the ionization process. BEach of
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the photons produced in the passage of the original electron may
materialise to form an electron-positron pair after travelling a
short distance through the absorberand these particles will then
behave in exactly the same way as the incident electron.

Thus it can be seen that the number of particles in a cascade
shower will increase with increasing depth, while the average energy
of these particles decreases. This continues until the average
energy falls to the critical energy, beyond which point the number of
particles deéreases. The final result is that all the energy of the
incident particle is lost through ionisation, energy being lost by
ionisation the whole of the way through the shower.

From this simple description of the development of a cascade
shower it can be seen that:

1) The number of particles at the shower maximum would be
expected to be N = Eo/c-:O where E5 is the energy of the incident
electron and €, is the critical energy of the absorber, and

2) The total track length in the shower would be Eo/eO radiation
lengths since, in tﬁe end, all of the incident energy would be lost
through ionisation and the critical energy is defined as the ionisa-

tion loss per radiation length.

e Theoretical Results

3s1 Introduction

Because the ®heory describing all of the processes involved in
the development of a cascade shower is extremely complex most calcula-

tions have been carried out to describe only the average behaviour of
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showers as they traverse matters In this section the results con-
sidered are those due to Approximation A and Approximation B ( as
given by Rossi; 1952) and %he results quoted by Buja (1963).

Iﬁ what follows the approximations used in each of the calcu-
lations are outlined and the results obtained are indicated. Finally
the results are compared With each other and any discrepancies are
explained.

3.2 Approximation A (Rossi, 1952)

In the calculation of shower behaviour under Approximation A the
only processés considered as contributing to the shower development
are bremsstrahlung and pair production. 'The calyulations are further
simplified by using the asymptotic formulae for complete screening
to describe these processes. Because of this the results only apply
to shower electrons with energies greater than that given by
A7 me02 Z-%; where Z is the atomic number of the absorber.

Exampleé of the average shower curves obtained by Approximation A,
which apply for all absorbers so long as the distances are measured in
terms of the radiation length, are given in figure A.l.

343 Approximation B (Rossi, 1952)

The Approximation B method of calculating the behaviour of
cascade showers is an expénsfon of the Approximation A method. In
this method, instead of the energy loss through knock-on production
.and ionisation being neglected, this is taken into account by sub-
tracting a constant energy per radiation length, equal to the critical

energy, from the energies of the shower electrons.
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The results obtained from this method of calculation, examples
of which are shown in figure A.é, apply to all absorbers if the dis-
tances are measured in terms of the radiation length and the energy
in terms of € . It is important to note, however, that thevcalcula-
tions are most accurate for low Z absorbers, for which the asymptotic
formulae used apply down to the critical energy, than for high Z
absorbers for which the theory is expected to overestimate the shower
development.

3«4 Buja (1963)

The results due to Buja, which are an extension of the results
obtained by Ott (1954), were calculated using exact formulae for
bremsstrahlung and pair production and taking into accountthe Compton
effects 1In order to take into account ionisation losses the electron
enefgy, E, in the integral energy spectrum for the shower electrons is
replaced by E +-E, where € is proportional to the critical energy €.
As a further modification of the theory € is replaced by a function e,
proportional to the critical energy and the mean angle of scattering,
to allow for the increase in track length due to Coulomb scattering.

The average shower curves obtained from these calculations are
shown in figure A.B/ﬁgg case of electrons incident upon lead.

%5 Comparison of the Theoretical Results

In order to compare the various sets of theoretical results the
Approximation A and Approximation B results will be converted to apply
to the case of a Pb absorber. Also the comparison will also be carried
out with regard to the variation of total track length and number of

particles at shower maximum with energy.
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The results obtained from the.various theories are given in

table A.1 below.

TABLE A.1l
Theory Bnin- Track length vse. B Nﬁé¥~§s}-ﬁ
App. A 10 MeV T = 0.04 E 6.40 EP*9%
App. B 0 T= 0,12 E 18.22 EP°°3
Buja 0 T= 0.11 E 13.60 EO*°1

In this table the total track length, T, is in radiation lengths

and the energy E is in MeV.

From table A.l it can be seen that, as would be expected from
conservation of energy, the values of K in the expression T = KE obtained
from Approximation B and the results due to Buja are very nearly equal, any
slight difference being due to the integration under the shower curves.

A more interesting fact is that, in spite of the different factors
included in the calculation of the shower curves, the exponent b in

the expression

N = ak
max

is practically constant no matter which of the theories is considered.
Thus, the differencesin the value of a, which are due to the minimum
shower electron energy considered and the approximations used, only
affect the.absolute values of the energies assigned to showers using

this expression and not the relative energies.
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L. Monte Carlo Calculations

4e1 Wilson (1952)

The first Monte Carlo calculations of cascade shower development
were due to Wilson who used a *wheel of chance! to investigate the
behaviour of each of the component particles of a shower as they
travelled through a lead blocke In this way it was possible to
calculate the behaviour of individual showers and, from a large number
of these, to determine the average behaviour of a shower initiated by
an electron or photon of a known energy.

The cross-sections used in these calculations were the values
predicted by Bethe and Heitler (193k4) adjusted to fit experimental
results. To allow for ionisation a constant energy per radiation
length, equal to the critical energy, was subtracted from the elec-
trons.

In order to satisfy energy conservation the average shower curves
were normalised so that the area under the curve times the critical
energy, l.e. the total energy lost by ionisation, was equal to the
energy of the incident particle.

The calculations were carried out in two pérts. In the first no
allowance was made for multiple scattering while in the second the
electron was assumed to travel in the direction of the shower axis
until 1t reached an energy,Er, below which the motion was considered
as being random.

Examples of the results obtained by Wilson are shown in figure A.k4

for photons incident upon lead and no multiple scattering. In figures
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A.5 and A.6 the average shower curves for lead which were obtained
when all shower electrons with energy less than 8 MeV, Er for lead,

ware neglecﬁed.

k.2 Crawford and Messel, (1962)

Some of the most recent Monte Carlo calculations have been those
of Messel and his colleagues (Butcher and Messel (1960), Crawford and
Messel (1962) and Messel et al. (1962)). Of these the most useful
results for the present work are those of Crawford and Messel which
give the number of electrons and photons with energy greater than
10 MeV, the number with energy less than 10 MeV, the number back
scattered, the total track length for electrons with greater than
10 MeV, and the degradation of energy, as a function of the depth
in the shower.

These results, which were calculated on the SILLIAC computer,
take into account a) bremsstrahlung, b) pair production, c) Compton
effect,'d) multiple scattering, and e) ionisation loss. For
processes a), b) and c) the accurate cross;sections were used,
and for d) the Moliéfe theory of multiple scatteriﬁg, as givén by
Bethe, was appliede Finally, in order to take into account ionisation
loss an amount of energy E was subtracted from the electron energy
after each flight through t radiation lengths, where

E = 0.34 t {19. 15. + loge (Eo/zmec’-)} MeV for lead.
The results of the computations are shown in figures A.7 and A.8

-

which refer to showers initiated by electrons incident upon“lead.
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4.3 Discussion and Comparison of the Monte Carlo Results

The most noticeable point when the shower curves of figure A.6,
which give Wilson's results for the number of electrons with energy
greater than 8 MeV, are compared with those of figure A.7, Crawford
and Messel results for the number of electrons with energy greater
than 10 MeV, is the large difference between the numbers of particles
in showers of the same energy i.e. for a 0.5 GeV shower Wison gives a
maximum of 4«15 particles while Crawford and Messel give 2.51 particles.
While some of this difference could be explained as being due to elec-
trons with energies between 8 MeV and 10 MeV it seems likely that the
most probable explanation of the discrepancy is that the energy degra-
dation found by Crawford and Messel is greater than that found by
Wilson due to the different methods of allowing for the ionisation
loss and the efféct of multiple scattering in the former work increasing
the path lengths of electrons through the absorber.

If the variation of total track length with energy is determined
for the two sets of results the values obtained are:

Wilson T

0.0L45 E_ radiation lengths

Crawford and Messel T

0.03%2 EO radiation lengths.
Where EO is the incident energy in MeV and T is the total track
lengthise
Hence, the rate of energy loss is
22.2 MeV/radiation length from Wilson
and 51.2 MeV/radiation length from Crawford and Messel, and it is
almost certain that the discrepancy between the results is due to the

rate of energy degradation of the showers in the two cases.
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5. Experimental Results

5.1 Hazen, (1955)

The results due to Hazen were obtained from an analysis of
cloud chamber photographs of cascade showers produced in a multiplate
cleud chamber byelectrons whose energies were measured in a magnet
cloud chamber.

. The conclusion reached from this work is that for showers of
energy between 100 and 1000 MeV the total track length in copper,
defined as the smm of the number of track segments below each plate of
the cloud chamber multiplied by the thickness of the plate, is related

to the shower energy by
E= (24 +3) T MeV
iee. T = (0.042 + 0.005) E radiation lengths.

5.2 Backenstoss et al., (1963a)

The most recent investigation of cascade shower development is
that of Backenstoss et al. who used é total absorption spectrometer
in a beam of electrons from the C.E.R.Ne proton synchrotrone From
this experiment they obtained average shower curves for the case of
both lead and iron absorbers. Examples of the shower curves obtained
are shown in figure A.9 which refers to the case of an iron absorber.
From these curves it is found that the variation of Nﬁax and T with

energy are given by

T = 0.0%9 E°°®® radiation lengths with E in MeV

Il

and N 5,95 EO*7S with E in GeV.

X
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6. Comparison of Results

6.1 Introduction

In order to compare the results of the various theories it is
advantageous to consider the energy estimates which would be obtained
for showers obtained experimentally. To do this consider three types
of experiments, namely:

1) An experiment in which the absorber is in the form of numerous thin
sheets separated by layers of detector e.g. a multiplate cloud chamber
experiﬁent or a totai absorbtion spectrometer.

2):An experiment -in which the absorber is in ahhuﬁber of thick sheets
sebarated by detectors e.g. the London experiment described in this
thesis.

3) An experiment in which the absorber is in the form of a solid block
e.ge & cosmic ray burst experiment.

For each of these types of experiment the shower parameters which
can be used to determine the energy are limited by the design of the
experiment. These parameters and the variation of estimated energy

with the shower theory used are described in the following paragraphs.

6.2 Thin plate experiment

In this type of experiment it is possible, since the shower is
sampled at many points in its development, to use the following
parameters to determine thé shower energy, i.e.

1) The shower profile,
2). The number, of partiéles at the shower maximum, and

%) The total electron track length in the shower.
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Of these only the second and third will be considereds Of
these the parameter which gives the best stafistical accuracy is
the total electron track length, although this may only be used when
the shower is completely developed in the absorber. Thus there is an
upper limit to the shower energy which can be determined using this
parameter. On the other hand, the number of particles at the shower
maximum, while giving less statistical accuracy, can be used to extend
the range of energles which can be determined with a piece of apparatus.

Consider two cascade showers, in a multiplate cloud chamber
containing thin lead plates, with total track lengths of 120 radiation
lengths and 1200 radiatiﬁn lengths respectively when all electrons are
counted. From the values given for Appfoximation B and Buja's results
in table A.1l it can be seen that the estimated energies for these

showers would be as given in table A.2.

TABLE A.2
Total track length 120 r.l. 1200 r.l.
Approximation B 1 GeV 10 GeV

Buja 1.09 GeV 10.9 GeV

If, however, the electrons used in the determination of the
total track length have energies greater than 10 MeV then the
theoretical results which can be applied to determine the shower
energies are those of Approximation A, Crawford and Messel, and Wilson;

The estimated energies in these cases are shown in Table A.3>.
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TABLE A.3
Total track length 120 r.l. 1200 r.l.
Approximation A 3 GeV 50 GeV
Crawford and Messel 3.5 GeV 3T.5 GeV

Wilson 2.67 GeV 26.7 GeV

From tables A.2 and A.3 it can be seen immediately that the
variation of estimated energy with the theory considered is much less
when all shower electrons are considered, of the order of 9% variation
between the two theories considered, than when only electrons of energy
greater than 10 MeV are considered. In this latter case a difference
between the estimated results of 25% is quite probable.

One important point to notice here is that the difference between
the theories leads to a constant factor between the energy estimates
obtained and thus the uncertainties may be removed by normalisation of

experimental data.

If the shower energy is to be estimated from the number of particles
at the shower maximum then the calibration curves shown in figure A.lD
would be used. Rom this figure the ratios of the energies estimated

using the different theories are given in table AL,
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TABLE A k4
Number of electrons 10 102
Buja : App. B 1.38 L.k
(App. A : Buja) (2.86) (4a 76).
(App. A : App. B) (3.55) (6.88)

From this table it can be seen that the discrepancy between the
estimated energies increases with increasing number of particles at

the shower maximum.

In this type of experiment only the number of particles at the
shower maximum can be used to estimate the energy and so the same
reasoning applies as in the thin plate experiment.

6.4 Burst experiments

In this type of experimeﬁt the only measurable shower parameter
is the number of particles leaving the block of absorber. To indicate the
effect of the theory used in estimating the shower energy curves are
plotfed in figures A.11l, A.12 and A.13 of the number of particles at a
fixed depth in a cascade shower as a function of the shower energy for
the different theories.

From these curves, which apply to Approgimation B results and the
results due to Buja, it can be seen that as the number of particles
increases the ratio between the energy obtgined from Approximation B
and that from the results of Buja decreases. Also, as the depth in the

shower increases the number of particles for which both theories give
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the same energy ihcreases, bels/ this number Approximation B gives
7
the greatest energy, while above it Buja!s results give the greatest

energy.

Te Discussion

"From the preceding paragraphs it can be seen that the method of
energy estimation which is least likely to introduce uncertainties
is that using the total electron track length in the shower. Thus,
if electron, or photon, energies are to be determined from the cas-
cade showers which these produce ani experiment in which the absorber

is in the form of a number of thin plates will give the most accurate

values.
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