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(i)
ABSTRACT

Tﬁe Durham spectrograph MARS, has been used to study the electromagnetic
interactions of cosmic ray muons in iron in the range 6 - 200 GeV. Single.
electrons and electron bursts of various sizes from the knock-on, direct pair
production and bremsstrahlung processes were observed.

The possible asymmetry in the interaction of positive and negative muons
as & function of muon energy and energy transfer was investigated. Also
investigated was the absolute value of the interaction probability for single
electrons and electron bursts of different sizes as a function of muon energy.
Experimental burst spectra for burst sizes up to 80 particles were established
and compared with prediction.

The results on the interaction asymmetry suggest no asymmetry for single
electron production and give an asymmetry value of 1-08 + 0°055 for production
of two or more secondaries. The resulthlquthe absolute values of the inter-
action probability are in good agreement’gﬁih expectation. Thus,it is concluded )

that there is satisfactory agreement with theory.



(ii)
PREFACE

The work presented in this thesis was carried out in the period 1969-
1972 while the author was a research student under the supervision of
Professor A. W. Wolfendale and Dr. M. G. Thompson in the Cosmic Ray Group of
the Physics Department of the University of Durham.

The work describes a study of the interaction probability for positive
and negative muons and also a determination of the absolute value of the total
interaction probability using the Durham cosmic ray spectrograph MARS.

The asuthor played a part in constructing the spectrograph and was solely
responsible for running the 'red side' of the instrument for interaction
studies, He was responsible for introducing the modifications to the
scintillation counters and the selection system used in interaction experiment
II. He was also solely responsible for thg collection of all data, and much
of its analysis and interpretation. Assistance was however received during
the analysis from Dr. C. Grupen and Dr. E.C.M. Young. The investigation of
the interaction asymmetry in the data of the Durham Mk II horizontal spectro-
graph was carried out by the author.

The theoretical probabilities of the direct pair production process were
derived by Dr. M. G. Thompson and they have been used in this thesis.

The results given in this thesis have been reported in three papers:

Ayre et al. (19T1), Grupen et al. (1972 I) and Grupen et al. (1972 II).
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CHAPTER 1

INTRODUCTION

1.1 Summarised features of cosmic rays

The hint for the existence of a penetrating radiation coming from outside
the atmosphere was supplied at the end of the last century by measurements on
the conductivity of gases. Soon afterwards a number of workers flew ionisa-
tion chambers in balloons to study the variation of conductivity with height.
In order to interpret their results, Hess (1912) put forward the hypothesis
of the existence of an extremely penetrating radiation, coming from outer
space and not of solar origin. This penetrating radiation sooh came to be
known as the 'cosmic radiation'.

The search for the origin of the cosmic radiation has been started ever
since the radiation was discovered and up to now the source is not known with
certainty. However, it seems to be generally accepted that the sun is, at
least partly, responsible for low energy radiation, whereas the more energetic
primaries are of galactic origin and it may well be that at very high energies
their origin is outside the galaxy. The complete solution of the problem
of the origin of cosmic rays must await further study.

At energies below sbout 10 GeV, the primary radiation is composed of .85%
protons, ~10% o-particles and 1 - 2% nuclei with Z>2. As for the intensity
of electrons in the primery radiation, this is thought to be very low .1%,
under normal conditions. The intensities of Y-rays and neutronsvare even lower
than that of the electrons.

On entering the earth's atmosphere the primery radiastion interacts with
the nuclei of the atmosphere where on average the primary particle loses

~50% of its energy in each collision. In these interactions a variety of
perticles are produced, such as pions, kaons, nucleon-anti n;cleon pairs and
other beryons. The primary particles carry on with residual energy to undergo
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further nuclear interactions in which more and more secondaries are
produced. The secondary particles either decay or interact and in either
case more and different secondaries Are produced. At low primary energies,
the emitted particles would probably have such low energies that none would
reach sea level. However, at much higher energy very many particles would
be produced and would arrive at sea level.

The charged pions (nX) produced in a nuclear interaction of the primaries,
will either decay or interact. Those decaying produce positive and negative
muons and neutrinos. A high energy pion has a higher probability for inter-
action than decay and the product of these interactions will be more pions
of lower energy which in turn by decay will produce more muons. Muons are also
produced directly from the decay of kaons in the ki”’ ki modes and indirectly
from the decay of pions produced by the decay of'kains. Shotons and electrons
are produced from the decay of the neutral pions and also from the decay of
low energy muons.

Starting from the top of the atmosphere, the abundance of the_primary
particles would decrease rapidly with increasing depth due to tﬁe absorption
in the atmosphere. The average absorption length is 120 gm/cm?. The
intensity of the muons rises rapidly with depth, goes through a maximum and
then falls off. The reduction occurs because of the loss of low energy muons
by deécay into electrons which are not balanced by the production of more
muons from the decay of pions and kaons because of the low. intensity of
protons. The fall off in the intensity of the muons is relatively slow
compared with that of the protons due to their very weak interaction with
nuclei.

The mean lifetime of muons is 2.198 psec is longer by about two orders
of magnitude than the life times of pions and kaons. Moreover, since the
muons are weakly interacting particles, the muons survive and penetrate a

large thickness of atmosphere, whereas pions and kaons decay or are absorbed,



near the point at which they are produced. As a result of the various processes,
the charged component of the cosmic radiation at sea level consists of .70%
muons, 30% electrons, 1% protons and'smaller percentages of other strongly
interacting particles. The mnoné and protons represent the so-called hard
component of cosmic fadiation whé;éés the electrons and photons represent the
soft component. The latter is almost entirely absorbed by 10 cm of lead.

An interesting festure of the muon component is an appreciable excess
of positively charged particles. This positiVe excess, characterized by

N +
the ratio —— , is significantly greater than unity over practically the

N -
u

entire muon momentum range examined to date. The existence of the positive

excess is due to the fact that the primary radiation is positively charged.

Owing to charge conservation, this excess is transmitted from pions generated

during interactions between primaries and atmospheric nuclei to muons produced

in their decay.

1.2 Electromagnetic interactions of muons

ElectrOmagnetic_intergctions of the muons, and of all charged particles,
with matter cﬁn be classified accordihg to the froximity to the nucleus
of the position at which the interaction occurs. If the 'impact parameter'
is large compared with the atomic radius, the atom reacts as a whole to the
variable field set up by the passing particle. The result is excitation
or ionisation of the atom.

If the impact parameter is of order of the atomic dimensions, the
interaction no longer involves the passing particles and the atom as a
whole, but rather the passing particle and one of the atomié electrons. And
if the energy transfer to the electrons is large compared wi*“ its ionisa-
tion potential, then the process ﬁay be considered as being between the
incident particle and a free electron. In this case the elec£ron is ejected
from the atom with considerable energy. This interaction has become known

as knock-on process.

|



On further reduction of impact parameter to distances smaller than the
atomic radius, the deflection of the trajectory of the passing particle in the
electric field of fhe nucleus becomés the most importanf. The deflection will
be accompanied by the emission of photons whose total energy is usually a
small fraction of the energy of the incident particle. However, there is a
definite probebility that the incident particle will radiate a photon of
considereble energy and this process is known as bremsstrahlung.

A proceés that is similar to bremsstrshlung except that when the muon
is deflected in fhe eleétroﬁagnetic fiéid of the nucleus it produces an
electron-positron pair rather than emitting a photon, is known as direct pair
production. It is interpreted as an interaction between the electromagnetic
field of the nucleus and a photon of the virtuai photon flux of the incident
particle.

Another process for the muon to undergo in interacting with matter is
what is known as nuclear interaction. The interaction is regarded as being
between photons of the virtual photon cloud accompanying the muon, and the
nucleus, which results in pion production. The cross section for this
process is small compared with the others.

Muons produced in the atiiosphere lose energy during their propagation
to sea level by undergcing the above mentioned interaction processes. .he
dominant process of energy loss is the ionisation process, but at higher
energy transfers and higher muon energies the other_pfocesses become also
important. Electrons suffer more energy loss than muons due to the fact that
bremsstrahlung for the electron is more important. This results in few very
energetic electrons at sea level.

In propagation underground, electrons lose energy rapidly by bremsstrahlung
and protons lose energy by nuclear interactions. Thus, at deptﬁs below ,10
meters all electrons apd protons present at sea level have.been effectively

absorbed and only muons are left. The muons do produce a small flux of

secondary electrons by the knock-~on process as they pass through, but this




only emounts to ~5% of the muon flux. Thus the cosmic ray flux deep under-
ground consists mainly of muons and many experiments have been mede there

to take advantage of the nearly pure beam.

1.3 Importance of the study of the electromasgnetic interactions of the muons

The study of the electromagnetic interaction of muons is of importance
because it tests interaction thedry and also because it may throw some light
on the existence of the muon by perhaps distinguishing it from a heavy
electron. It is also important in view of the fact that the magnitude of the
energy loss of the muon and hence the important range-energy relation is
derived from a knowledge of the interaction theory. Precise information about
the range-energy relation is necessary for both sea level and underground
méasurements.

Besides all the above reasons the present work was strongly motivated by
the striking results from previous cosmic ray experiments. Two recent
experiments with cosmic ray muons reported a totally unexpected result, that
is they observed a different interaction probability for differently charged
muons. At the present time this is perhaps the mést important reason to

study the electromagnetic interaction of the muons.

1.4 Present work

This thesis describes two experiments which were undertaken to study
the electromagnetic interactions of high energy cosmic ray muons arriving at
sea level in a vertical direction using the new Durham cosmie¢ ray spectrograph
MARS . In particular two experimentel questions were put:
1. Are the interagtions probabilities for positive and negative muons
equal, ér might there exist a charge asymmetry in muon interactions?
L2 What are the dbsolutemizgéraction probabilities of the muon?

Chapter 2 gives a brief review of the recent experimental developments

concerning muon interactions. Chapter 3 gives a description of 'MARS'




as far as the present work is concerned. The two experiments on the interac-
tion asymmetry are fully described, together with analysis and results in
Chapters 4 and 5. Chapter 6 gives a direct comparison of the results of the
interaction experiments of the present wqu and more details of the experiments
mentioned in Chapter 2, together with & comparison between the results from
all the experiments on the interaction asymmetry. Chapter T gives the

analysis and the results for the absolute interaction probebility of the muon
from the present work and also a comparison with results from previous
experiments. Finally, Chapter 8 contains the conclusions that can be

drawn from the present work.



CHAPTER 2

PREVIOUS STUDIES OF ELECTROMAGNETIC INTERACTIONS

2.1 Introduction

In the past few years a number of experiments have been perfommed with
cosmic reys to measure the probebility of production of bursts (due mainly
to knock-on electrons) by muons traversing absorbers. The results are
summarised in figure 2.1 where the ratio of the measured to the observed
probsbilities are plotted against the energy transferred to the electron. A
feature of these data is a large deviation in the region of energy transfer
1l - 10 GeV in some experiments. This possible deviation fram the accepted
theory has contributed considerably to the interest in investigating the
dependence of the knock-on, and burst-probabilities on muon energy and also
on muon sign.

Kotzer and Neddermeyer (1965) investigated the knock-on probsbilities
possible charge asymmetry in muon interactions using cosmic ray muons. Their
work was followed by that of the Keil group (Allkofer et al., 1971) and later
by the Durheam group (Ayre et al., 1971, to be described in this thesis).

This chapter will be devoted to giving a brief description of the above-
mentioned experiments with particular reference to the results on the possible
charge asymmetry in cosmic ray muons interactions. Moreower, results from

accelerator experiments will also be mentioned.

2.2 Previous Experiments on Knock-on Electrons

2.2.1 Neddermeyer and associates

Deery and Neddermeyer (1961) and Kotzer aﬂd Neddermeyer (1965) used
cloud chambers to study the production probsbilities of knock-on electrons,
with energies > 100 MeV , from carbon and paraffin targets for cosmic ray muons
of energy in the range 5 - 50 GeV. Their instrument was essentially a

vertical array of three cloud chambers placed in a magnetic field of 11 K gauss.
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The target was placed on top of the upper cloud chember:. Events were selected
by a fourfold coincidence between two trays of Geiger counters, one above
the target and the other under 14" of lead Below the chamber, and two
proportional counters, the first being placed between the target and top of
the upper chamber while the second was placed on top of the second cloud
chamber.

The proportional counters were designed to permit efficient selection of
electromagnetic interaction processes of high energy transfer. Electron
energies were determined from their ranges using the range-energy relation
or from their shower production in3"and I"lead plates at the bottom of the
upper and the top of the lower cloud chamber respectively.

Their results show an excess of events with energy transfer in greater
than 1 GeV (Figure 1). When they examined their .data in terms of the sign
of the muon which produced the event, they found that whereas negative muons
exhibit a behaviour agreeing with expectation, the positive muons persisted
in showing upward deviations. If we define N* and N~ as the number of
interaction events produced by equal numbers of positive and negative muons,
respectively, then according to this experiment n = N'/N" = 1460 t 030,
This is to be compared with an expected value of one. Such a result can be
characterised as an asymmetry in the interaction of two differently charged

muons with electrons.

2.2.2 Allkofer et al (1971)

Allkofer et al. (19?1) have used the Keil spectrograph to study the
possible charge asymmetry in muon-electron interactions.

The Keil spectrograph consists of a solid iron magnet placed symmetrically
between six double gap spark chambers and four scintillation counters. The
spectrograph is situated at a zenith angle of 83° in order to take advantage

of the higher intensity of high energy muons. The momentum range determined



by the spectrograph is T - 1000 GeV/c. Operated in coincidence with thé
spectrograph is an interaction calorimeter which consists of multiplate
spark chambers (Fe-type and Af~type). The momentum and the sign of each
muon entering the calorimeter is determined from the spectrograph data. The
mﬁons traversing the calorimeter have a mean energy of about 27 GeV and
their passages through the spectrogreph and the calorimeter are photographed.
When an interaction takes place in the calorimeter with energy transfer
exceeding 0°2 GeV, an electromagnetic shower is developed and its entire
section can be observed. In this case the energy transfer in the calorimeter
is determined by shower calculations. Thus, for every interaction event
it is possible to determine the muon energy, muon sign and the transferred
energy. The results reported by Allkofer et al. (1971l) show an overall
asymetry favouring positive muons, the asymmetry quoted being 1°20 * 0-11.
(The equipment is currently being improved prior to a further study of

this problem).

2.2.3 The Durham MkII horizontal spectrograph

Ashton et al. (1965) studied the electromagnetic interactions of cosmic
ray muons in iron using the Durham MkII horizontal spectrogreph.

This spectrograph consisted of six trays of Geiger counters, five trays
of flash tubes and two identical solid iron magnets. The spectrograph was
inclined at a mean zenith angle of 87°. Muons were selected by the Geiger
counters trays, four of which were placed vertically in order to define the
trajectory. The remaining two trays of counters were placed symmetrically
over the instrument and connected in anticoincidence to the others so aé
to reduce the frequency of extensi;e éir showers triggering the system.

The maximum detectable momentum (m.d.m.) of the spectrograph was about
1000 GeV/c¢c and the mean muon momentum selected by the spectrograph was

about 30 GeV/c. An interaction in either magnet could be observed in the



10

flash tube tray placed behind each magnet. The data on interactions from the
spectrograph have been reanalysed in 1971, by the present author .

with particular: emphasis on the sign of the muon producing the

event. 'The results emerging from the data suggest no asymmetry greater

than about 11%, The integral asymmetry value for shower production being

097 £ Q-11.

2.3 Experiments giving the total interaction probabilities

Many experiments have been carried out which relate €o total probabilities.
A useful summary has been given recently by Allkofer et al. (1971) and a
figure from this paper is reproduced in Figure 2.2 It can be seen that
there is a widespread of values about the expected result and no systematic

trend is apparent.

2.4 Experiments with Machine muons

Interaction probabilities of muons have also been studied using machine-
accelerated particles. Backenstoss et al. (1963) carried out an experiment
with a beam of negative muons arising from particles generated 5& the |
CERN proton synchrotron. Muons with momenta peaking at 8¢5 GeV/c were
caused to pass through an iron-scintillation sandwich counter. Their
results in the region of energy transfer of 1¢6 to T GeV show & normal
behaviour for the negative muons with no deviation greater than 3% from
their predicted value. They stated that the small differences that were
observed were probably due primarily to uncertainty in their effective
target thickness.

Kirk and Neddermeyer (1968) used beams of positive and negative muons
with momente pesked at 5+¢5 and 10+5 GeV/c respectively to compare the
interaction probability for both signs of the muon. Their results show no
asymmetry greater than 10% in the region of energy transfer frcm-O-l to

6 GeV. The absolute probabilities agree with theory to within * 30%.
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Jain et al. (1970) studied the elastic muon-electron scattering in
emilsions using beams of 10°1 and 5 - 14°5 GeV/c positive and negative
muons respectively. Excellent agreement with theory was claimed for both
negative and positive muons for transferred energies up to 1*4 and 3 GeV
respectively (although oh exsmining their results it appears that an

asymmetry as high as 20% could be present).

2.5 Discussion

Three experiments were made using cosmic rays to investigate the
possible charge asymmetry in muon interactions. Those experiments were
carried out in different ways with different zenith angle and muon mean
energies. The first aﬁd the second experiments suggested a generally
larger burst probability for positive than for negative muons for energy
transfer above 1 GeV, yet the third experiment (Ashton et al.) showed no
asymmetry > 11%. Experiments with machine muons show no deviation from
the normal behaviour. Cosmic ray results, which are in contradiction to
accelerator data, are most unexpected and if substantiated (the statistical
precision is not great) cannot be explained by the normal behaviour of
the muons. It is important to stress that the deviation from the norﬁal
behaviour appears to take place in the region of energy transfer D1 GeV
where knock-on production is the dominant process of energy loss. If there
is in fact such a deviation from normal behaviour, which has not been
observed with maching mions, then serious consequences will follow for
many parameters in cosmic rays. An interpretation which immediately arises
is that the so-called cosmic ray 'muons' contain a significant fraction of
non-mions which behave in a different manner (e.g. an excess of positive,
more strongly interacting particles). Before such a conclusion can be
drawn it is of course necessary to put the phenomenon of charge asymmetry

on a much stronger experimental basis.



Detailed discussion and extended comparison between the various
experiments on charge asymmetry will be given in Chapters 6 and 8, and

details about burst frequencies will be given in Chapter T.

12
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CHAPTER * 3

MARS: CHARACTERISTICS OF THE INSTRUMENT

3.1 Introduction

The Durham magnetic automated research spectrograph, MARS, consists
essentially of four solid iron magnet blocks, A, B, C and D. A scale
diagram of the spectrograph together with its approximate dimensions is
presented in figure 3.1. Each magnet block has dimensions 1°24m x 2+13m x
3+66m and weighs Tl tons. A magnetic field of approximately 16 K gauss is
produced in eech block by an electric current of about 50 A passing through
the energising coils. Scintillation counters and trays of neon flash tubes
are placed between the blocks. The scintillation counters determine the
acceptance and are used to trigger the spectrograph. The flash tube trays
are used to determine the trajectory of each of the triggering particles.

In addition to the flash tube trays placed between the magnet blocks,
two more trays of flash tubes are placed on top of the spectrograph (azimuth
trays). The flash tubes in the azimuth trays are placed in the transverse
direction with respect to the flash tubes in the remaining trays. This
enables an estimate to be made of the entry angle of each particle in the
back plane of the spectrograph to within * 0:5°,

The spectrograph is symmetric about a vertical plane through its centre
which divides the spectrograph into two similar sides. For simplicity the
two sides of the spectrograph are called the 'red' and the 'blue' sides and
they are the western and eastern sides of the spectrograph respectively. The
main characteristics of the instrument are listed in Teble 3.1. In its
final form MARS will be fully automated, however, the work described in
this thesis is concerned with running the red side of the spectrograph.only

and the method of photography is used to record the data.
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TABLE 3.1

M.A.R.S5. : The Main Characteristics of the Instrument

Dimensions of a Magnet Block 3¢66m x 2¢13m x 1+2km
Weight of a Magnet Block T1 tons

Overall Height T+62m

Acceptance of each side at infinite momentum 420 cm® ster.

Angular Range (neglecting magnetic deflection
and multiple scattering)

(i) Deflection Plane + 7°
(ii) Rear Plane + 15-5°
Magnetic Induction 16+3 + 0+1 XK. gauss
[ Baf 8:09 x 106 gauss cm
<> scatt n 0012
¢ mag
Minimum Detectable Momentum (Zero Fieid) 6+9 GeV/c
Minimum Detectable Momentum (Maximum Field) 7°5 GeV/c
Maximum Detectable Momentum n 6000 GeV/c
Zero field rate (no paralysis) 2840 + 1.0 min~t

Expected rates through each side of the Spectrogreph using Integral Spectrum

of Hayman and Wolfendale (1962), (Magnetic Induction = 16+3 k gauss, no

paralysis)
Momentum (GeV/c) Rate

> T°5 1200 hrt

> 50 63:6 hrt

s 100 14-8 hrt

> 200 3.1 nrt
I

> 500 78 day
-1

> 1000 1.3 day
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3.2 The Magnets
There are four identical magnet blocks (A, B, C and D) in MARS spectro-

graph as shown in figure 3.1. The magnets are in the shape of large
rectangular transformers, each of deflectigg length 125 cm. Each magnet
block is made from 78 steel plates, each plate having a thickness 1°6 cm and
weighing about 1 ton.

In order to measure the uniformity of the magnetic field in each block,
search coils were placed between the plates in several places during assembly
of the blocks. The energising coils for each magnet consist of 92 turns of
4 SWG copper wire. The coils are held in position by wooden formers at the
block edges. The total resistance of each coil is 1. The coils on block
A are joined in series with those on block C, so are the coils on block B
and D. The two sets of coils are connected in parallel through a reversing
switch across 100 V x 100 A D.C. rectifier unit. When all the coils are
connected to the rectifier a current of 50 A flows through each coil. With
this current a mean magnetic field of 16°3+ 0-1 K gauss can be produced
over the sensitive region of the magnet. The field in each magnet block is
uniform over the volume of the magnet used for deflecting a traversing

particle to within+ 2%.

3.3 The scintillation counters

The scintillation counters used to trigger the spectrograph each consist
of a rectangular slab of plastic scintillator, Ne 102 A of approximate aresa
177 em x 75 cm and thickness S em. Four photomultipliers (Mullard type
53 AVP) are fixed on to perspex light guides on the ends of the scintillators
by means of optical cement (N.E. 580 manufactured by Nuclear Interprises
Limited). The same optical cement is used to join the light guides to the.
scintillators. Figure 3.2(a) shows the form of the scintillation counters

and the positions of the photamultipliers.
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The scintillator and the light guides are enclosed in thin aluminium foil
in order to reduce the light lost from the outer surfaces. Sheets of black
plastic are used to cover the aluminium foil sheets to prevent any external
light from entering the system. The whole scintillation counter is placed
in a light tight box.

The gain of a photomultiplier is affected by the presence of a magnetic
field. Since the scintillation counters in MARS are situated in the vicinity
of a magnetic field, it is necessary to shield all photomultipliers attached
to the scintillation counters from the stray field of the magneté. The
magnetic shields used for each photomultiplier consist of mu-metal and steel
cylinders. The most effective disposition of the two shields in order to
minimise the effect of the magnetic field was developed experimentally énd
is shown in figure 3.2(b).

The voltage (EHT) on each photomultiplier was adjusted so that all
photomultipliers had the same gain. This was achieved with the aid of two
small scintillator telescopes. One scintillator telescope was placed above
and the other below the scintillation counter such as to select only
perticles traversing the cemtral region of the counter. The output of each
telescope was passed through & discriminator. The discriminated outputs for
the telescopes were fed to a coincidence unit. The output from the coin-
cidence unit was used to gate the 400 channel pulse height analyser (P.H.A.).
The output pulses from each photomultiplier were fed into the P,H.A. and
the EHT on each photomultiplier was adjusted so that peak of the pulse
height distribution recorded on the P.H.A., was the same for each photo-
multiplier. The peak of the distribution on the P.H.A. represents the most
probable pulse height when a particle traversing the central regién of tﬁe
counter. A block diagram showing the method used in matching the gain of

the photamultipliers is given in figure 3.3.




sasLidiy|nwoloud ay3 o uieb 2yl Buludojew uL PIsn poyrsw By} Lo wedbelp }d01g £°¢ 2anbLY

w

Jaidiyjnwoloud 2ibuig
wosd nding

nduj G : : Z
2 *sig
J2Un0D 2yl
30 242D
2109 "Dyl 3%3 2306 \ “ —eeed
22U2p1OUI0D) ‘9d Yoo 2, Nd
— \ J23unod
v H g . USLIDIINISS 2]

s2d0dS2|3] JOIDJIVIIS




17

To obtain a uniform response over the scimtillator the pulses from a
diagonal pair of photomultipliers are added. The uniformity of the counter
along its central axis was measured for the added pair and for single
photomultiplier with the aid of the two scintillator telescopes. The
scintillator telescopes were used to select a small region of the counter
and the pulse height distribution was measured as a function of the
position of a particle traversing the counter along its central axis. The
result on the uniformity of the counter is given in figure 3.4. It can
be seen from figure 3.4 that the uniformity of the counter is significantly
improved by adding1the pulses for each diagonal pair. The coefficient of varia-
tion (i.e. standard deviation divided by the mean) in-the uniformity of the
counter is 15%, to be compared with 46% obtained with a single photomultiplier.
There is no significant variation in the uniformity across the counter.

The output pulse from the two paired photomultipiiers, after passing
through a head amplifier and the pulse adding circuit, is amplified and
fed by coaxial cable to & discriminator and pulse shaper. The same procedure
is followed for the second pair of photomultipliers. The outputs from the
two discriminators are fed into a two fold coincidence circuit. A block
diagram of the scintillation counter electronics is shown in figure 3.5.

An output from the coincidence circuit is usually only obtained when at
least one particle passed through the counter. The resolving time for

each counter is 0-7T ,Jsec. and the efficiency of each counter is

(994 + 0-4)3%.

3.4 The flash tube trays

The positions of the flash tube trays in MARS are illustrated in
figure 3.1. Each side of the spectrograph consists of eight trays of tubes, -
three of which contain lerge diameter tubes and are identified as the

'momentum selector' trays. The other five trays of flash tubes use
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small diameter flash tubes and are termed the 'measuring trays'. The work
described in this thesis makes use of the measuring trays on the red side
of MARS and therefore they will be described in this section. The momentum
selector trays are described elsewhere (Ayre et al., 1972).

The measuring trays comprise eight layers of small diameter flash
tubes with eighty-nine tubes per layer. The tubes are filled with
cammercial neon gas to a pressure of 2°+4 atmospheres. The dimensions of
the glass envelopes are: O0.D.y T°5 - 8}0 mm; I.D., 5°2 - 58 mm,
length 2 m. The tubes are painted black to prevent one flash tube setting
off adjacent tubes when it discharges.

Each measuring tray contains nine 1+2 mm aluminium sheets as electrodes,
connected alternately in the usual manner with the outer electrodes in each
tray being earthed for safety. The sensitive area of each tray is defined
by the overlap of the electrode and is " T6+5 cm x 180-3 cm. The tubes
are located at both ends of a tray in holes drilled in a 3 mm thick brass
plate. The tubes are kept parallel along their length by suitably positioned
Tufnol spacers. The péttern of the tubes in e;ch measuring tray is shown
in figure 3.6.

The high voltage pulse for the flash tube tray is obtained by
discharging a delay line through a resistor by means of a spark gap. A
square negative pulse is obtained across the resistor, which is applied to
the flash tube trays. The spark gap is triggered by discharging a
condenser of capacity 0°05 pf through the primary of a transformer using
a thyristor, type BTX 64, The circuit for the spark gap is triggered by the
pulse obtained when an accepted particle passes through the spectrograph.
The high voltage pulse, which has a width of 1-8 usec and rise time of
1 ysec, is applied to the flash tube tray 1+5 usec after the passage of the

triggering particle.
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Efficiency measurements on the flash tubes were carried out using a
single particle traversing the spectrograph. A high voltage pulse .was
applied to the flash tube trays affer the occurrence of an event and the
flashes were recorded photographically. About 500 events were recorded for
each of several values of the high voltage pulse. The layer efficiency was
calculated by noting the number of flashes in each tray for every single
track. The layer efficiency was then converted into internal tube efficiency
by correcting for the glass thickness and for gaps between tubes. The
chosen value for the high voltage pulse was 13 KV. The corresponding

internal tube efficiency is 92%.

3.5 The acceptance of the spectrograph

The acceptance of MARS is particle collection power of the spectrograph
(i.e. area x solid angle). In the presence of the magnetic field in the
spectrograph, the acceptance is a function of incident momentum. For a
given incident momentum it depends on both the magnetic deflection and the
energy loss in the spectrogra.ﬁh. Figure 3.7 shows the variation of the
acceptance with incident momentum for the red side, if the incident
particle is required to pass through the scintillation counters and the five
measuring trays. It was calculated by simulating particles through the
spectrograph of given momentum with different incident angles. The accept-
ance of éuch particle as a function of angle was evaluated considering
the effect of energy loss and magnetic deflection in a field of 16+3 K gauss.
The effect of multiple scattering was neglected. Integration over all angles
then gives the acceptance for a given incident momentum. As can be seen
from figure 3.5, the acceptance of MARS.spectrograph is zero for particles
with momentum below 75 GeV/c. However, it increases very rapidly with
increasing momentum and reaches saturation value at a momentum of about

60 GeV/c. The mean muon momentum traversing the red side of the
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spectrograph, calculated by folding the acceptance function into the sea

level muon momentum spectrum, is 16 GeV/c.

3.6 The maximum detectable momentum of MARS

The maximum detectable momentum (m.d.m.) of MARS is defined as the
momentum of & particle whose deflection is equal to the standard deviation
of the error in the deflection. The value of the m.d.m. shows a dependence
on the combinations of measuring trays used in the parabola fit to
determine the momentum of the traversing particle. The maximum value for
the m.d.m. is obtained when informestion from all five measuring trays is
used in the process of momentum determination. The m.d.m. of the spectrograph
is a minimum when informetion from only half of the spectrograph is used for
determining the momentum (by half is meant either the top or the bottom
three measuring trays). The m.d.m. for various combinations of measuring

trays is given in Table 3.2.

3.7 Triggering mode

The triggering elements of MARS are its three scintillation counters.
The scintillation counters are placed on top (S5), middle (S3) and bottom
(S1) of the spectrograph. The output pulses from the coincidence circuit
of each scintillation counter are fed into a coincidence unit. When a
three fold c¢oincidence is obtained from the scintillation counters (S1
S3 S5) an output pulse fed to a high voltage trigger unit is used to
apply a high voltage pulse to the five measuring trays of flash tubes. As
already remarked, this pulse is applied .1°5 usec after the passage of the
triggering mon.

Another output pulse is fed to a cycling system used to illuminate
a clock, flash two fiducial bulbs on each measuring tray and illuminate

an information board on which is displayed the series number of the film,
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TABLE 3.2

The m.d.m. of the spectrograph, for various combinations of measuring tray

data (theoretical values assuming a location error of * 03 mm at each level).

Trays Utilised m.d.m.

(Gev/c)
12345 5856
1345 or 1235 5560
1245 4655
1234k or 2345 3210
123 or 3h5 1280
234 1365
135 | . 51ko
13k, 245, 235 or 12k 2575

the field direction and the date of the run. All of these are recorded on
the same frame of the events through a system of plane mirrors. The cycling
system also winds on the film in the camera after the occurrence of the
event. The system can be paralysed, if required, after the occurrence

of each event by a series of switches placed on the front panel of the
coincidence unit. The length of the paralysis time can be varied from

1 to 13 sec. After the end of the paralysis time the system is ready to
accept the next event.

The rate of single muons traversing the spectrograph depends on the
length of the paralysis time and on whether or not the magnetic field is
on. With no paralysis the rate of the muons with zero field is 28°0 + 1+0
min-l. For a magnetic field of 16*3 K gauss the rate differs from that of

zero field by 31 * 2%. The expected decrease based upon the Hayman and
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Wolfendale spectrum is 36 * 2%.
The expected rate of traversal of each side of the spectrograph by
perticles of various momenta, in the presence of the field, calculated

using the integral spectrum of Hayman and Wolfendale is given in Table 3.1.

3.8 Possible use for Interaction studies

MARS is designed to be eventually full automated. However, it is
only possible st present to use photographic recording on the red side and
it is with date from this side that the present thesis is concerned. When
a triggering particle passes through the red side the five measuring trays
in the spectrograph discharge to indicate the trajectory of the traversing
particle. The track in each measuring tray is photographed, together with
other relevant information by a single camera. The momentum and the
sign of the particle are determined from its bending in the magnetic field.
If the triggering particle interacts in its passage through the spectrograph,
then this can be recognised from the pattern of the flashes in the measuring
trays. Tﬁe fact that there are several magnetized iron blocks in MARS
increases the chance of interactions in the spectrograph and also makes
it possible to determine the momentum for particles undergoing multiple
interactions in traversing the spectrograph. Therefore, information
regarding the sign and momentum of muons undergoing interactions in the
spectrograph can be obtained. An estimated mumber of secondary particles
can be obtained from the pattern of the flashes in the measuring trays.
Thus, it is possible to use MARS in order to investigate the interaction
properties of the muon in traversing magnetised iron. We will see in
Chapter 5 how the scintillation counters of MARS were modified to select
only events agsociated with bursts in the measuring trays of levels 1 and

3.
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CHAPTER 4

INTERACTION EXPERIMENT I

4.1 Introduction

The situation with the electromagnetic interaction of the muons is
rather confused and uncertain. Results from some cosmic rays experiment
shows a possible deviation from the accepted theories and go to the extent
of suggesting an asymmetry in the interaction of two differently charged
mions. On the other hand results from expériménts with machine muons are in
quite good agreement with the theoretical predictions of the standard
quantum electrodynamics (Q.E.D.).

The cosmic ray results, if confirmed, do not necessarily imply a break-
down in Q.E.D. For instance the 'muons' in cosmic rays may differ from
machine muons and there may be a new procéss which cosmic ray muons undergo
when interacting with matter, a process which contributes independently of
the normal electromagnetic interaction. This would be a very exciting
possibility for neither the electron nor the muon has ever been observed to
heve other than electromagnetic and weak interactions. It is therefore
highly desirable to run a new experiment to investigate the interaction of
cosmic ray muons with particular emphasis on the sign of the interacting
muon, hoping to understand the inconsistency with accelerator results. It
was for this reason that the first interaction experiment using MARS was
undertaken. This chapter will present the details of the experimental run,

data analysis and the results.

4.2 Experimental conditions

4.2.1 Alignment of the Spectrograph

Before running the red side of MARS to study the electromagnetic inter-
action of cosmic rays, that side of the spectrograph was aligned. The flash
an

tube trays and the scintillation counters in the spectrograph rest on 3

steel rollers, which fit into bearings fixed in the magnet block support.
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This facilitates ease of movement of the various components to the required
position. There are two plumb lines for each side of the instrument, one at
each-end of the flash tubes .in the trays. The fixed end of each is fastened
to a bracket near the top of the spectrograph while the free end is dipped
in 0il, contained in a beaker, in'order to prévent oscillations. The plumb
lines on each side of the spectrograph aré uséd as reference vertical lines
to which all horizontal measurements aré référréd.

The positions of the five measuring trayé, on the red side, were
adjusted so that each tray was as néarly as possible in the middle of its
gap and also all five trays were as closé as possible for being underneath
each other. This was achieved by measuring two perpendicular horizontal
distances for each end of the tray from the plumb line close to it, using a
ruler supplied with a spirit level. The trays were moved across and along
their lengths in order to achieve the required position. This method of
alignment gifes the position of each tray to within +1 mm. The same method

is used in aligning the three scintillation counters.

4.2.2 Running the expeériment

For more accurate location of the measuring tray positions, a zero field
run was cerried out. The magnetic field in the spectrograph was brought down
to zero. The spectrograph was then triggered on single muons traversing its
red siq;. Every event was photographed. Because of the high rate of single
muons passing through the spectrograph, a paralysis time of 4 sec was used
after the occurreuce of an event. This paralysis time gave a chance for
the camera to w;nd on the frames of the photographed events and also reduced
the probability of spuiious flashes in the trays. It is important to have
as few spurious flashes-as possible to ease the finding of the muon track in

the flash tube trays and also to enable a correct estimate to be made of the

number of secondaries when interactions took place in the spectrograph.
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The rate of single muons triggering the red side under the conditions of
zero field and with U sec paralysis was measured and found to be 10:1/min + 1%.
A total of 3000 events were photographed with zero field corresponding to a
running time of about 5 hours. |

After the zero field run, the field was increased to its maximum value
of 16°3 K gauss. The instrument was triggéréd with the same requirements used
in the zero field run. However, the raté of triggér was less in this case.
This is due to the inability of some particlés to pass through all three
scintillation counters in view of their large .bending in the magnetic field.
This loss is confined to the low energy muons traversing the spectrograph.
The rate of triggers in the presence of the field and with 4 sec paralysis
was found to 8°59/min + 1%.

The field direction was reversed every 24 hours in order to eliminate
any systematic bias for one sign of the muon. Equal running time was obtained
for each field direction. The total_number of events photographed was about

10,000.

4.3 Data analysis

4.3.1 Introduction

The photographs have been analysed by film scanning. The events on the
film are projected on & board on which are placed diagrams of the five
measuring trays of flash tubes. Each diagram gives the positions of the
flash tubes and the fiducial bulbs for the tray it represents. The size
of the diagrams is such as to match the magnificetion of the projection system
(i.e. the two fiducials of each tray on the film fall exactly on the corres-
ponding ones on the board).

The flash tubes in the diagrem for each tray are divided into blocks.

The first block in each tray consists of four columns of flash tubes while

every other block in the tray consists of five columns. Each column has
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eight layers of tubes. The first column in each block has its number
marked near to it. The position of the track in each tray was recorded for
analysis in the following manner: the fiducials on the diagram of the tray
were aligned. The first column number of thé block of flash tubes within
which the track falls is read off and is féd onto paper tape together with
the pattern of the flash tubes that havé béén discharged in their positions
with respect to the first column. Also fed in are the tray number and the
time of the event. This procedure is carriéd out for at least three trays

in every accepted event.

k,3.2 Classification of events

The events observed during the singlé muon run can be clagsified as
follows:
(1) Bingle muon

An event is considered as béing dué to a single muon traversing the
spectrograph when one and only oné track is observed in eash measuring
tray. A muon track in a tray is définéd as at least three flashes in
different layers such that they can be associated with each other and
with the tracks in the remaining trays. From the efficiency measurements
of the trays, the average number of flashes for a single track in a
tray is 5.

A single muon event has five clear tracks, all of which can be
used for analysis. Such events are useful in determining the positions
of the trays in the zero field run and for determining the momentum
spectrum and the charge ratio of the muons in the magnetic field runms.

(2) Knock-on production event

If in addition to the muon track in each measuring tray, there is one
additional track in one of the trays, apart from the tray in level 5,

the event is considered as a knock-on event. The reason for excluding
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tray 5 is because this tray is placed on top of the spectrograph (no absorber
on top of it), and we are interested only in knock-on electrons produced in
the iron. In what follows when interactions observed in the trays are
discussed, tray 5 is excluded.

The knock-~on events obgerved can be divided into two types. The first
type consists of knock-ons within the flash tube trays. The second type
comprises knock-on events in the magnet block on top of the tray. The event
is classified 'as-a knock-on in the tray if the extra track observed in th;
tray appears to originate-in it. On the other hand the event is classified
as knock-on in the magnet if the extra track observed in the tray appears to
originate in the magnet. However, in analysing the data, only knock-on events
in the magnets were considered. In order to accept a track in a tray as a
knock-on in the magnet-it must consist of at least two flashes if they are in
the top two layers of the tray, otherwise it must consist of at least three
flashes. In any-case the flashes must appear associated with each other and
form an apparent-track:.: In-the event where no distinct tracks are observed,
the event is classified as a knock-on event if the number of flashes seen in
the tray is < 15.

(3) Burst production event

An event is classified as a burst event if one of the measuring trays
contains two or more' tracks in addition to that of the muon. The require-
ments for the extra tracks are the same as for knock-on tracks. In the case
where only & cluster of flashes is observed, the event is considered as a
burst if there are > 15 flashes.

(4) Vertical and oblique air showers

If more than two tracks are observed in tray 5 the event is classified
as an extensive air shower (EAS). Oblique showers are those events with
single tracks in tray 5, no track in tray 4 and a large shower in some of the

remaining trays. These events are of no use to the present experiment and
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therefore rejected:  The rate of these events in MARS is ~ 1%.
For illustration- of the classification of events, a typical set is

presented in plates 4.1 and 4.5.

h.3.3 Handlingvof”zérO"field run data

(1)

(2)

(3)

As mentioned earlier, about 3000 events were photographed in the zero

field run to enable more-accurate location of the measuring trays positionms.
The photographs were scanned and about 600 single muon events were punched
on the paper tape for-analysis. These events were fed to the computer with

a program developed-to do the followings:~

Find each tray and its track. Considering the trays in turn, the program
finds the best straight line to fit the pattern of the flashes for each
track. .

After finding-the best line for the track in the tray, the program chooses
the point on the line which is in the middle of the tray as a best
representation for the position of the track in that tray.

Using the information about the measured positions of trays 1 and 5
(section l,2.1), the position of the track in each of them relative to
the plumb line is calculated. A straight line is then draﬁn between the
position ‘of the track in 1 and 5. For an ideal traversal the tracks in
all trays will fall on the line. However, because of multiple scattering
suffered by the traversing particle, this is rarely the case. Therefore,
considering the trays 2, 3 and 4 in turn, the program calculates the
distance between the track in the tray and the straight line. From
knowing this distance, the position of the track in the tray and the
position of the track in tray 5 (or tray 1) relative to the plumb line,
it is easy to calculate the apparent distance (d) of a reference point

on the tray from the plumb line, ignoring scattering, for each event.

By repeating the process for several hundred events a distribution
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of yalues for(d) for each tray (2,3 and 4) is obtained. The mean value of
d then gives=thé'position'of"thé"tr&y with respect to the plumb line. The
standard error, defined as o/vn, where ¢ is the standard deviation of the
distribution and n is~the number of events analysed, is considered as the
accuracy in knowing the-tray position. <the values of the standard error
obtained for trays 2, 3 and 4 are 0:070, 0°OT1 and 0:063 cm respectively.

A typical standard-deviation is 1°T cm.

4.3.4 Handling of-field run data

(A) Selection criteria

For an event to be accepted during film scanning, in the study of
electromagnefiC"interacfions of cosmic ray muons, it must satisfy the
following:-

(1) There is a~track in each measuring tray. An accepted track consists
of two or more flashes which are roughly itn the right place and
direction with respect to the tracks in ghgsremdining trays.

(2) Out of the five tracks for the event (one'iﬁiéach measuring tray) there
must be at least three measureable tracks. A track in the tray is
defined as a‘measureable track if it consists of at least three flashes
in different layers in the tray which look to be associated with one
another and with the tracks in the remaining trays.

(3) The event must be an interaction event i.e. kflock-on or burst event.

If the scanned event satisfies the above requirements then the time, the
coordinate and pattern of the measureable track and the tray number are fed
on the paper tape for all measureable tracks in the event. The tray (or
trays) which shows the interaction is excluded from the measurements, but the
pattern of flashes is drawn. Thus, unless the event is & knock-on event, where
the muon track can be recognised,'data from a maximum of four trays are fed

on to the paper tape for each event.
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In a separa%eg'but'identical, scanning the single muon events are analysed
for determining the charge ratio of the muons triggering the spectrograph.
This charge ratio is'used in' investigating the charge asymmetry in muon

interactions.,

(B) Momentum*and”sign“detefminationfbr the muons

In this section; a description is given of the method used to determine
the momentum and the  sign of the events punched on the paper tape. The paper
tape is fed to the- computer and in the same method as that mentioned in
section 4.3.3; the~track in-each tray is represented by a single point. At
least three pointS“aré'obtained on the trajectory of the muon traversing the
spectrograph;“'From“thésé'pointS"the momentum and the sign of the muon can be
found using ‘the-method of-  least squares to fit a parabola to the points.

The"equation“of'thé"paraboia used in the fitting technique is given by:

y = ax® + bx + ¢ B € T D)
Where a, b and c are parameters whose value is determined by the fitting
process. The important parameter, so far as the momentum and sign of the
particle is concerned, is 'a'. It can be shown that a is related to the
radius of curvature p of the particle trajectory by the equation

1

a = — Y ¢ 19|

2p

A particle of momentum P eV/c moving in a uniform magnetic field B Gauss,

has a radius of curvature p cm given by the equation

P = 300 Bp R L 1))
Substituting for p in equation 4.3 give
p - 228 R ¢ 991
a
The sign of the parameter a obtained from the parabola fit, together
with the field direction, determine the sign of the muon traversing the

spectrograph. Egquation U4.l assumes a continuous trajectory for the particle.



31

This is of course not true due to the gaps between the magnet blocks. Allowance
for this reduces the momentum given by equation 4.4 by 20%. Therefore, for

a field of 16-3 K gauss in the spectrograph the momentum of the particle

is given by

P = 'O—.%."9—6 GGV/C n.-ooc--naaoo.ool'(hos)

a is measured in m L.

Consider Figure h.l. The coordinates of the muon tracks in three
measuring trays are given (any three or four measuring trays can be chosen)
in the cartesian coordinates. The trajectory y = ax2 + bx + ¢ is also

shown. It is required to find the parameter a using the method of least

square. Consider the ith measuring tray:
Ai = y; - ax; - bxi - c

The method of least square requires that the sum of A? for all measureable

tracks is a minimum, i.e.
A% = 3 (y. - ax® - bx. - e) = Q = minimum-
i i i i
This implies

¢ _ 99 _ 99 _
gﬁ‘ = o= 5% = 0 RN 0 9

By solving equation 4.6, the values of a, b and c can be determined.

(C) The m.d.ms of the instrument in the present experiment

A definition for the m.d.m. of MARS, together with its ultimate values
for various combinations of measuring trays is given in section 3.6. In the
present section an estimate is given for the minimum value of the m.d.m. of
the instrument when being used for interaction studies. The actual value for
the m.d.m. depends on the combination of measuring trays used in the parabola

fit and therefore differs from one event to another.
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Because of interactions in the spectrograph only three or four measuring
trays are used for momentum determination. Three is the minimum number of
measuring trays that can be used. In the ultimate accuracy in the track
location in each level (0.3 mm) the minimum m.d.m. 1280 GeV/c, is obtained
when only three measuring trays in the top or bottom half of the spectrograph
are used. In the present experiment, however, the accuracy of track location
is 0°7 mm (section 4.3.3), which in turn implies a lower value for the m.d.m.

Consider the definition of the m.d.m. given in section 3.6 and equation

4.5. They would imply

im ™ -c;—-— GeV/c ..................(’-I»."{).

where Oa(m-l) is the standard deviation of the coefficient a, which can be

expressed in terms of the standard deviation in track location oy as

o, = oy/ K P ¢ 1))

K is determined by the number and the coordinates of the trays used.

Substituting for . in equation 4.7 give

mdm - 0.3-96 K GeV/c .-ol'l'l.ll..l.l.l(h'g)

y

P

Let us compare equation 4.9 for two values of the m.d.m., one is 1280 GeV/c
for which Uy = 0*3 mm, the other has value Pmdm and accuracy in track

location oy mm. This results in

= 93 _
Pmdm - o,y X 1280 G'eV/C .....--...-.....-.(h.lO)

For the present experiment (Oy = 0+7 mm) and the lowest m.d.m. is

thus

Pmdm = 5’*8 GeV/c ..‘.l--......'.'.o(h‘ll)‘
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(D) Estimation of burst size

In MARS there is no direct means of determining the energy transferred
in the iron block for each interaction event. This is because it is not
possible to observe the development of the electromagnetic shower in the
magnet, only one section of the shower is observed in the flash tube tfay.
However, it is possible to estimate the number of secondaries, which in turn
is a measure of the energy transferred, from the pattern of the flashes
observed in the tray. In some cases the tracks of the secondaries in the
tray are well separated, in which case the number of secondaries can be
simply counted. However, in the cases where clusters of flashes are observed
a statistical method is adopted to determine their number. This method,
which is described by Rogers (1965), is based on Poisson statistics for the
flash tubes fired due to the passage of the shower particles. A uniform shower
density is assumed over the whole area of the shower. This assumption is
incorrect since it is known that the particle density is higher near the
shower axis and corrections are necessary to account for the non-uniform
density distribution. This method of determining the burst size is thought
to be accurate within x 30%.

Since the average number of flashes for a single particie traversing
the flash tube tray is 5, the number of flashés divided by 5 give a rough
estimate to the number of particles in the tray. This method becomes
inaccurate as the number of flashes increases because of the increased
possibility of more than one particle passed through the same flash tube.
One should also take into account that some secondary particles stop in the
tray and therefore produce less than 5 flashes.,

All the above mentioned methods were applied to each interaction event.
By comparison between their results an estimete weas made of the size of the

burst observed.
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4.4 Charge . asymmetry in muon interactions

h,4.1 Introduction

As mentioned in the introduction to this chapter, the prime reason
behind this experiment was to inveétigate the charge dependence of the
electromagnetic interaction crogs section. Therefore, the rest of the
chapter will be devoted to such investigations. A study of the electro-
magnetic interaction process will be given in chapter T.

In the present experiment (unbiased . run) the total number of interaction
events scanned and analysed is about 3000. The energy transfer. involved
in producing these events is mainly less than 5 GeV. This is because the
experiment was carried out using single muon triggering and the events
involved in the analysis were mainly due to the knock-on prbduction process.
In other words, they were either single knock-on electron or knock-on
shower events. Consequently the results from this experiment can only
examine the knock-on process.

In analysing the data to study the charge dependence of muon interactions,
it is highly desirable to use an objective method of estimating the energy
transfer for each event. Only then can one get“the correct dependence of
charge asymmetry on energy transfer. It is thought that the method described
by Rogers (1965) is somewhaﬁ subjective and thus can give unreliable .
answers for events with low numbers of flashes (i.e. events with 1, 2 and
3 electrons, which is equiv;lent to energy transfers v 1 GeV). If the
asymmetr& is confined to low energy transfers (i.e. 1 GeV or so) as suggested
by Kotzer et al. (1965),and Allkofer et al. (1971 ),then great care must be
taken when analysing the data for this region of transferred energy.
Consequently in analysing.the data for the asymmetry the Rogers method was
not used. This method was used only in producing an overall burst spectrum,
where no discrimination between positive and negative muons is considered.

The objective method used in classifying the events according to
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their energy transfer, is the number of flashes associated with each event.
It is believed that this method is a good one and introduces no bias

favouring one sign of the muon on the other.

4,4,2 Results

About 75% of the events analysed are single knock-on electron events,
the remaining 25% being burst events. The method used in classifying the events
has been mentioned in section 4.3.2. fn the asymmetry analysis, the events
were divided according to the sign of the muon which produced the event. If
N' is the number of interaction events produced by positive muons (u¥) under e
given condition and N  is the corresponding number of interaction events
produced by negative muon (M ) under identical conditions, then we define the
asymmetry 7N as N+/(N_ x R), where R is the charge ratio of the muons triggering
the instrument. The value of R used in the analysis is that obtained from
scanning of about 6000 single muon events (R = 1+30 + 0-03).

By comparing the total number of events (knock-on + burst) produced by
U+ with the corresponding number produced by M~  corrected for the charge ratio,
an overall value for the asymmetry is obtained. The value given by this
experiment is M = 1°05 + 0-04. This value is to be compared with the expected
value of unity on the basis of quantum electrodynamics. Although the measured
value is not inconsistent with unity, it is better to separate the knock-on
events from burst events and evaluate the integral value of the asymmetry for
each process. This will indicate whether there is a significant asymmetry for
one of the processes. By doing so in our data, the integral values of the
asymmetry are 1°03 + 0°053 and 1°12 + 0°12 for knock-ons and bursts respectively.
There is clearly no possibility of a significant. asymmetry for knock-on
events but, although N is not significantly different from unity for bursts,

an excess as high as 10 or 20% can not be ruled out. The reason for -
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mentioning the possibility of n being as high as 1+<1 or 1°2 is the observations
from other leboratories mentioned previously and indeed preliminary analysis
of the present work (Ayre et al., 1971) gave N = 1°3h_i 0°10. The reason
for the high value is now understood as due to the difficulty in discriminating
between single and double electron events when using Rogers' method. It so
happened that the charge ratio of the misplaced events is very high (presumably
because of a statistical fluctuation) which in turn causes a high asymmetry
for burst production. This explains why we insist on using an objective
criteria when investigating the asymmetry.

From what has been mentioned it is desirable to investigate the dependence
of the asymmetry on energy transfer. Therefore the interaction events for
u+ and y  are divided among themselves into cells of number of flashes, Nf,
observed in the flash tube tray. The asymmetry is calculated for each cell
and is presented as a differential spectrum in figure 4.2. It can be seen that
the statistical accuracy is not sufficient to draw any firm conclusion about
the dependence of the asymmetry on energy transfer. There seems to be no
asymmetry (above 10%) for events with low numbers of flashes, ﬁf = 10. These
events correspond to single knock-ons. On the other hand, quite a big
asymmetry can not be ruled out for events with ﬁf = 18. These events corres-

pond to smell bursts (i.e. 2 or 3 electrons) with energy transfer around 1

GeV. At higher values of N_ the data are poor but there is no evidence against

f
(or for) an asymmetry which increases with increasing energy transfer.

The next step is to investigate the dependence of the asymmetry for
burst events on muon energy. The burst events due to u+ and u~ have been
divided amongst themselves into muon energy cells and each cell represented by
its mean energy. The results are shown in figure 4.3. Within the statistics
of the data there is no dramatic change of the asymmetry with muon energy.

It should be noted that although none of the asymmetries are inconsistent

with unity the measured values are all above unity.
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4.5 Conclusions

Although the statistical accuracy on the asymmetry results obtained in
this experiment is the best reported so far, they are by no means conclusive
about the existence of an asymmetry. Within the statistical error a dis-
agreement with expectation of Q.E.D. can not be claimed neither can an
asymmetry of as much aé 10% be ruled ocut. The most certain feature is that
there is no appreciable asymmetry in single knock-on production. However,
it ié of great importance to improve the statistics for burst events because
the results leave open the possibility of a significant asymmetry for these

events.
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CHAPTER 5

INTERACTION EXPERIMENT II

5.1 Introduction

In the previous chapter the results from interaction experiment I abput
the asymmetry in muon interactions were given. They suggest the possibility
of a 10 to 20% asymmetry, favouring poéitive muons, in burst production with
energy transfer in the region of 1 GeV. However, the statistical accuracy is
not sufficiently great and the possibility of statistical fluctuations cannot
be ruled out.

If the asymmetry is real then, since it is only observed with cosmic ray
muons and not with accelerator muons, some difference must exist between the
respective muons. Kotzer and Néddermeyer (1967) have suggested that muons from
kaons may behave differently from muons which come from the decay of pions.
The charge ratio of kaons in cosmic rays is probably in the region of L4:l
which favours the positive muons. Accelerator experiments, however, use
predominantly ‘muons from the decay of pions.

This interaction experiment has been undertaken for two main reasons.
The first is to check the reproducibility of the results on the asymmetry
obtained in experiment I. The second reason is to improve the statistical
accuracy for the value of the asymmetry obtained for burst events. This
chapter will give the details of the experimental run and the analysis of the

results.

5.2 The scintillation counters

5.2.1 Modification of the counters

In order to increase the rate of bursts amongst the events triggering
the instrument it is required to introduce an appropriate selection system.
This has been achieved by modifying the scintillation counters in the

spectrograph. The modifications were to fix two extra photomultipliers to



39

each scintillation counter. The pulses from these photomultipliers were
then used to trigger the spectrograph only when a burst traversed the counter.
' The modifications were applied only to the scintillation counters S1 and
83. The type of extra photomltipliers used is Mullard 56 AVP. This type is
preferred because of its fast resolution and wider range of linearity. The
dynode resistor chain connected to the base of each photomultiplier together
with the head amplifier circuit is shown in figure 5.1. The E.H.T. to each
photomiltiplier can be varied by means of an arrangement of resistors, which
is also shown in figure 5.1, connected to a stabilised high voltage power
supply. Before fixing the photomultipliers to the counters the gain and the
linearity of response of each tube was checked. This was achieved by placing
them in turn in a light tight box and viewing the light pulses emitted by a
light source, XP21 (this is a miniature gallium phosphide alloyed junction
device which emits visible light with a fast rise and fall time, and is
manufactured by Ferranti). First of all the focussing and the deflecting
electrodes for the photomultipligr were_gdjusted such that maximum output
pulse was observed for a given intensity of light incident on the photocathode.
The photomultiplier in this case is in its optimum efficiency in collecting
the photoelectrons emitted by the photocathode. The variation of the gain as
a function of E.H.T. was measured by varying the E.H.T. on the photomultiplier
- and recording fhe corresponding pulse height observed on the oscilloscope.
Figures 5.2 and 5.3 give the variation of the response with E.H.T. on the
photomultipliers belonging to S1 and S3 respectively.

Although the dynode resistor chain used for each photomultiplier is that
recommended by the manufacturer to give a good linearity in response to the
variations in the inmtensity of light incident on the photocathode, the
linearity of response of each photomultiplier was checked. Each photomulti-
plier was placed in the light tight box and run at its normal operating

voltage. Variations in the intensity of light were obtained by putting
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slides of film of variable transparency. The slides were calibrated first
using & constant source of light and the Mullard ORP 60 photoresistor. By
measuring the resistance of the cell for each slide, the intensity of light
transmitted by each slide can be read off its characteristics curve. By
normelizing these intensities to the smallest intensity between them, the
relative transparency of each slide is obtained, which is independent of the
light source. With the slides available the intensity could be varied over
a range 100:1. The slides were then placed in turn between the photomultiplier
and the light source and the output pulse height from the photomultiplier was
measured. Measurements on each tube showed the pulse height to be propor-
tional to the number of incident photons over the range of pulse height
relevant to this experiment.

When the checks on the gein and linearity for all photomultipliers were
finished, two photomultipliers were fixed on each scintillation counter
(Sl and S3) in the positions shown in figure 5.4. Each photomultiplier was
shielded from the magnetic field using the same arrangement as that described

in Section 3.3.

5.2.2 Calibration of the counters

‘The scintillation counters were calibrated in their experimental positions
in the spectrograph. The output pulse from each photomultiplier is fed to a
head amplifier circuit with gain of unity. The output pulse from the head
amplifier is then fed, for the two extras photomultipliers on each counter,
to a linear adding circuit. Before adding the pulses the gains of the new
photomultipliers on each counter were matched. This was achieved by selecting
particles traversing the centre of the counter with the aid of two scintillator
telescbpes in the manner described in section 3.3.

After the gains of the photomultipliers were matched, the output from

the adding circuit was used to study the uniformity of the counter along its
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central axis using the method described in section 3.3. The result on the
uniformity of the counter is given in figure 5.5. It can be seen that the
curve is symmetric about the centre line of the counter and that the
sensitivity increases outward towards the light guides. Therefore, for
particles traversing the counter in the central region the pulse height will
be less than the mean whilst for those particles traversing the phospher near
to the photocathodes the pulse height will be higher than thé mean. Thus
the overall effect is for the pulse height distribution to be broadened about
tﬁe most probable pulse height. The coefficient of variation in the uniformity
of the counter is 24%.

The desired pulse height distribution for each counter is that due to
a single vertical ionizing particle traversing the counter. The added pulse
for each counter is fed to.a linear inverter and then to a linear amplifier
with variable gain. Considering S1 and S3 in turn the output pulse from the
amplifier is fed to the P.H.A. and the P.H.A. is gated with the output pulse
from the threefold coincidence. With this triggering mode vertical single
ionizing particles traversing the counter were selected and a pulse height
distribution, which is mostly due to vertical single vertical ionizing
particle, was established for each counter. Since the scintillation counter
is below the iron target, some of the counts obtained in the single particle
distribution were due to pairs of particles, i.e. the muon plus a knock-on
electron which has been produced in the target. However, their contribu-
tion to the single particle distribution is no more than 6% and therefore no
corrections were applied. The pulse height distributions obtained for S1

and S3 are presented in figure 5.6. Each chamnel is equivalent to 3°5 mv.

5.3 Experimental conditions

5.3.1 Aligmnment of the spectrograph and the zero field run

Before running the red side of MARS to study the electromagnetic



s4stfdiginwoioyd Mau sya wouy
9sind poppe a3y} Bulsn usym 493UNO3 UOLIB| L LIULIS BYF JO 3AUND ssuodsad 8yy G'G @anbig

J23UncD 243
10 24320
Q9 O€ O Q€ 09

1 1 _ 1 1

wo U§ 35uUP}sIg

O
™

[
O
O

Ajwaiojtun  2A1D[2Y




Probabiiity %Y

o 20 00 200

Probability %
0
d

I M
O 20 100 - 200
Channe! Number :

Figure 5.6 The pulse height distribution for vertical single ionizing
particles traversing the red side of MARS.
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interactions of cosmic ray muons, that side of the spectrograph, was aligned in

the manner described in section 4.2.1. Also here, for more accurate location of
the measuring tray positions, a zero field run was carried out in whichsingle muons
were used to trigger the instrument. The paralysis time used in this run was

13 sec which is longer than that used before (4 sec). The change was because

it had been noticed that 4 sec was not long enough to get rid of all spurious
flashes and therefore a longer paralysis time was to be preferred. The rate

for single muon trigger is 4°0/min + 1%. A total of 1000 events were photo-

graphed corresponding to a running time of about 4 hours.

5.3.2 Triggering mode

A block diagram of the electronics is shown in figure 5.7. The pulses
from the new photomultipliers on S1 and S3 are fed to a linear adder circuit
via a head amplifier. Considering the counters in turn, the output from
the adder circuit is fed to a linear inverter whose output positive pulse
is fed to a linear amplifier of adjustable gain. The amplifier output is fed
to a discriminator. The output from each discriminator (one for each counter)
is fed to a pulse shaper and the shaped outputs are fed into an 'OR' gate
which gives an output when a negative pulse, at either inputs, arrives. The
output from the 'OR' gate is fed to a coincidence gate with the output from
the threefold coincidence. The output from the coincidence gate then
represents the trigger pulse. One output is used to trigger the high voltage
pulse for the flash tubes trays, another is fed to the cycling system and a
third output is fed to a scaler to count the number of triggers. Anocther
scaler is used to record the number of threefold coincidences (which is the
same as the number of single muons traversing the spectrograph).

When a single particle traverses the spectrograph then triggering mey
or may not occur, depending on the settings of the discriminators for S1 and

S3. If either discriminator level is low then triggering occurs when single
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particles traverse the spectrograph. However, if both discriminators are high
(say equivalent to 3 or more particles) then, in most cases, triggering will
occur only when the traversing particle undergoes an interaction in one or
other of the magnet blocks above levels 1 and 3. With this sort of triggering
requirement one can enhance the number of interaction events photographed and
therefore the majority of the scanned events will be useful for interaction
gtudies. Triggering can also occur vhen an extensive air shower or side shower

falls on the spectrograph.

5.3.3 The field run

(A) The charge ratio run

The charge ratio of the muons is required for investigating the
interaction asymmetry. Therefore a charge ratio run was carried out.
The discriminator settings were turned down to accept single particles
traversing the spectrograph. Every event was photographed and a
péralysis time of 13 sec was used. The field direction was reversed
and equal running time was obtained for each field direction. The
total number of events photographed was about 4000.

(B) The interaction run

The discriminator setting selected for the interaction run must
make & compromise between the single muon rate, the number of EAS and,
most important, the rate of interaction events. The interaction events
obtained with low discriminator settings are mostly single knock-on
events with a few small bursts. Very high settings for the discrimina-
tors will have very few single muons but will also lose many of the
smaller useful bursts. Also with high settings the rate of EAS events
will be comparable with the rate of interaction events. Therefore,
before the actual expefimental run various discriminator settings were

tried and the corresponding films were studied. The decision wes to
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select the discriminator setting which corresponds to the peak of

the six-particle distribution, defined as 6 x the peak position of the
single particle: distribution (the distributions for siggle particles
are given in figure 5.6). Accordingly each discriminator was set to
the peak of 6-particles distribution in the following manner. Consider-
ing S1 and S3 in turn, a pulse generator was used to give an RC pulse
similar to that obtained from the counter. Two identical outputs are
taken from the pulse generator. One output was fed to the P.H.A., the
other to the discriminator. The height of the pulse from the pulse
generator was varied until the P.H.A. start counting exactly in the
channel corresponding to the peak of the 6-particles distribution.

The pulse generator output was then left unchanged and the output from
the discriminator was used to gate the P.H.A. The discriminator level
was then varied until the P.H.A. was about to stop counting. That
discriminator setting was taken to represent the peak of the 6-particles
distribution.

With both discriminator levels set to the required position, the
experiment is ready to run for interaction studies. Because of ‘the low
rate of trigger (n 12/hour) and the low probability of one interaction
event occurring immediately after another (< 1%), the experiment was
run without paralysis. The triggering requirement was thus to have a
burst in level 1 or level 3. The numbers of triggers and single muons
traversing the spectrograph were recorded for each run. This enablés
a constant check on the operation of the instrument and is also useful
in evaluating the absolute value of the interaction probability.

The main experimental run was from December 1971 to February 1972.
The field direction was reversed every 24 hours and equal running time
vas obtained for each field direction. The total number of events photo-

graphed was T733 in a useful running time of 637 hours.
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5.4 Data analysis

The photographed events for the zero field run were scanned and analysed
using the technique described in section 4.3. Only single muon events were
scanned in this case (single muon events are defined in the manner given in
gection 4.3.2) and the results of the analysis gave an m.d.m. of at least
500 GeV/c, which was regarded as adequate for the present investigations.

The charge ratio films were scanned using the same projection system.

The decision on the sign of the muon was taken by visuelising its bending in
the magnetic field. It is easy to decide, in most of the events, on the sign
of the muon because the majority of the events are low‘energy muons and
therefore bent considerably in the magnetic field. For example, a 100 GeV
muon traversing the spectrograph suffers a deflection of Vv 4 cm. Oniy when
the event is due to very high energy muon (say > 40O GeV) is it difficult to
decide on the sign of the event. However, the rate of these events is-very
small (about 1/hour) and so any mistake on their sign will not affect the
integral value of the charge ratio. Only an imtegral value of the charge
ratio was obtained, because producing a charge ratio as & function of momentum
needs very many events. In fact such data are not required because they have
been produced in another experiment (Ayre et al., 1972) and all that is.
necessary is to check that the instrument gives the correct integra; value.
The integral value for the charge ratio obtained in our experiment was

130 + 00k, This is in a good agreement with the value obtained in experiﬁent
I (1°30 + 0°03) and is not inconsistent with the value of 1-284 + 0-004 found
- by Ayre et al. (1972).

For the interaction run events the classification of events adopted is
the same as that mentioned in section 4.3.2. However, two additional types of
events were observed. One type is a multiple interaction event in which two
or more trays exhibit interactions. This sort of event is either a multiple

burst event or a mixture of burst and knock-on {(knock-on and burst are defined
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in the same way as given in 4.3.2). Because of the high discfimin&tor level,
the mean energy of the muons triggering the spectrograph is about twice that
in interaction experiment I, which in turn enhances the probebility of multiple
.interactions. The total number of multiple events observed in 2950 events
scanned is 437. The other type of event observed in experiment II, which had
not been observed in experiment I, showed multiple penetrating particles.
By thet is meant more than one muon traversing the spectrograph simultaneously.
In some cases the penetrating particles are associsted with an extensive air
shower in tray 5. However, in most of the cases where only clean tracks are
observed, at least one of the penetrating particles undergoes an interaction
in the spectrograph. The number of such events observed is 12 in T x lO5
single muon traversals. These penetrating muons are likely to be the remainder
of small air showers whose electrons members have been absorbed in the
atmosphere before reaching the spectrograph. They could in principle have
elso come from pair production of muons by muons, but the contribution from
this process is thought to be very small due to its extremely small cross
section in air. Typical events are presented in the plates 5.1 to 5.3.

Two types of film scanning were adopted. The first type is idemtical
to that used in interaction experiment I (described in section 4.3). The
second type is similar to the first one insofar as the projection system
and the diagrams of the trays are concerned, but different in the method used
to measure the position of the muon track in each tray. In the second method
the scanner himself decides on the position of the muon track in the tray.
He fits the best straight line to the track in the tray by means of a cursor
whose intergsection with the scale on the tray is read off and is taken to
represent the position of the track in the tray. An independent computer
programme was developed to find the momentum and the sign of the muon using

the method of parabola fit.
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Both-methods have been used independently to scan the same events. This
was carried out for about 1000 events and then the sign and momentum for each
event was compared. Good agreement was found between the two methods, in
particular, no difference was observed in the sign of the muon. The reason
for adopting two independent methods in determining the sign and momentum of
the muon is to make quite sure of the validity of the results.

.In scanning the films the selection criteria used were similar to those
used in experiment I (section 4.3.4), the only difference being that single
muon events were also scanned. These events were included because they may
correspond to knock-on or small burst events where the secondaries are absorbed
in the absorber on top of the measuring trays (the momentum selector and the
scintillation counter in level 1 and 3). For each interaction event the
pattern of the flashes was drawn. The method used in estimating the burst
size of each event was identical to that used for interaction experiment I

(section 4.3.4).

5.5 Charge asymmetry in muon interactions

5.5.1 Introduction

In this experiment (biased . run) the total number of events scanned and
analysed 1s 2950, this number being obtained from an effective running time
of 350 hours. Events due to extensive air showers and side showers have
bgen rejected from the analysis. Out of the 2950 scanned events 217 are
single muons, 636 are single knock-on electrons and 2097 are burst events.

"It can be seen that about T0% of the analysed events are bursts.

The number of single knock-on electron events in this run is considerably
less than that obtained in the unbiased run, therefore the value of the
asymmetry obtained for these events in this experiment can only be considered
as a rough check on that obtained in the previous run. The single muon events

are very few and even if they do in fact correspond to interactions, including
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them iﬁ the analysis will have a negligille affect on the value of the asymmetry

The energy transfers involved in this experiment extend to higher values
than encountered in the previous one simply because of the longer duration of
the experiment. It is estimated that the mean energy transfer is about 4 GeV.
Therefore, in this experiment, too, the dominant interaction is the knock-on
process.

The method used in analysing the data is identical to that used previously
(section 4.4}, that is using the number of flashes associated with each event.
As mentioned before an event was accepted as a 'burst' if it had 15 or more
flashes in one of the measuring trays, events with less than 15 but more
than 6 flashes were considered to be single knock-on electron events . The
information on momentum, sign and number of flashes in the interaction form

the basic data for analysis.

5.5.2 Results

The interaction asymmetry,n , is defined in the mamner given in section
4,4.2. In the asymmetry analysis the events were divided according to the
sign of the associated muon. The overall value of the asymmetry obtained by
comparing the overall interaction events for u+ with the overall interaction
events for j corrected by the charge ratio (R = 1+30 + 0-0L) is 1-04 % 0-048,
this is to be compared with the value 1:05 + 0°OL4 obtained in experiment I.
The agreement is quite good. There appears to be no significant deviation
from the theoretical prediction (unity) when if the single knock-on events
are separated from burst events, the integral value obtained for the
asymmetry in the two processes is 0+99 * 0°10 and 1°08 + 0°06 respectively.
The value of the asymmetry for single knock-on electrons is consistent with
that obtained in experiment I and it is in good agreement.with the predicted
value of unity.

The asymmetry obteined for burst production is statistically a factor of
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two better in accuracy than that reported for experiment I. Although it is
not inconsistent with unity, it is not inconsistent with there being a small
asymnetry, although not as high as that given by Kotzer et al..(1965).

The asymmetry as a function of number of flashes, N has been investigated.

f’

The interaction events for u+ and U have been divided into cells of number
of flashes associated with each event. The differential spectrum of the
asymmetry as a function of number of flashes is presented in figure 5.8. As
has been noted already, there seems to be no asymmetry for events with low

number of flashes (single knock-ons), ﬁf = 11. On the other hand quite a big

asymmetry can not be ruled out for events with ﬁf = 20. These events correspond

to small bursts with energy transfer around 1 GeV. At higher values of

Ne (Nf

the statistical accuracy of the data, there is no evidence against (or for) an

= 60) there is no suggestion at all of an asymmetry. However, within

asymmetry which : - increases with increasing energy transfer. The effect on

the asymmetry caused by different celling of the data in terms of N_ is given

hig
in figure 5.9. It is clear that the data for different celling are consistent
with each other and that what obtained in figure 5.8 is not due to a bias
caused by one method of celling and not by another.

The dependence of the asymmetry for burst events on muon energy has also
been investigated. The results are given in figure 5.10. Within the
statistical errors, there is no dramatic change of the asymmetry with muon
energy, a feature that had already been observed in the previous experiment.
Although the mean values for the asymmetry, for muon energy < 100 GeV where
knock-on process is dominant, are above unity, the difference from unity is
again not statistically significant.

Kotzer et al. (1965)and Allkofer et al. (197l)reported that their results
on the asymmetry suggests a decreasing asymmetry with increasing fractional

energy transfer, with an asymmetry below unity close to the maximum

transferable energy. The maximum value for the asymmetry was observed for
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small and medium energy transfers. Therefore, the data of this experiment
have been analysed to investigate this effect. Since Nf is approximately
proportional with energy transfer, Nf/EU is a quantity which is approximstely
proportional to the fractional energy transfer. In figure 5.11 the asymmetry
is plotted against Nf/Eu' Although the number of events in this work is at
least a factor of two greater than that of Kotzer et al. (1965)and Allkofer
et al; (1971),it is difficult to make any conclusion for or against their
suggestion. It is true that the asymmetry at Nf/Eu = 3 is higher than at
values of Nf/Eu in both sides, but statistically it is consistent with the
rest and indeed with unity. All that one can say is that within the
statistical accuracy there is no evidence for significant asymmetry. In
figure 5.11 a very approximate scale for fractional energy transfer is

given.

It was mentioned earlier that a number of multiple interaction events
had been observed. If the asymmetry is real, one would expect an increased
effect amongst multiple events. Unfortunately the statistical accuracy is
not good, the total number of double and triple interaction events observed
beiﬁg only 413 and 21 respectively. The double interaction events were
divided into 'small' (N

<15), 'medium' (15 £ N 35) and

$
£1° Npo £1° Ngo

"large' (N >35). If it is true that the asymmetry is confined to

1’ Nf2
small burst events then one would expect a bigger asymmetry for 'medium'
double events. The values of the asymmetry obtained for small, medium and
large double burst events are 0.96 £ 0.25, 1-18 + 0°35 and 0«77 % 0°72
respectively. It can be seen that the asymmetry for medium double burst
events is indeed higher than the rest, but once more the statistical accuracy
is not adequate and all three values agree with each other within one standard

deviation, therefore the difference could be due to statistical fluctuations.

The asymmetry obtained for the triple interaction events, considering events
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with N > 8 is 125 + 0°S4k. If only events with N 7 10 flashes

£1°> Neo £1° Neo

are considered then the value of the agymmetry drops below unity.
Only three events with four interactions were observed in & total of
2950 event scanned. The average number of flashes for these events is 18.

All three events were induced by positive muons.

5.6 Conclusion

The results obtained for the asymmetry in interaction experiment II is
in a good agreement with that obtained in interaction experiment I (a
detailed comparison between the results of the two experiments is given in
the next chapter), which confirms the reproducibility of our results. All
the results firmly suggest no asymmetry for single knock-on electron
production (correspond to some tens of MeV in energy transfer) which is in
agreement with the theoretical prediction. The integral value of the
asymmetry obtained for bursts production (1¢08 # 0-06) is statistically the
most accurate reported so far. This value, is in agreement with unity,
(the probability of being con;istent with unity is 77%), although it can
not ;ule out the possibility of a small asymmetry (~ 10%), especially in the

region of energy transfer around 1 GeV (where N

¢ is o 20). If there is really

a small asymmetry then the statistical accuracy needed'tq establish it is
of the order of 1%. Only then will a firm conclusion about the asymmetry and

its dependence on muon energy and energy transfer be possible.
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CHAPTER 6

COMBINED RESULTS ON THE INTERACTION ASYMMETRY

6.1 Introduction

The object of this chapter is to give a direct comparison of the results
of the interaction experiments of the present work and to examine their
consistency. Also given are more details of the experiments mentioned in
Chapter 2. Finally, a direct comparison between the results from all the

experiments on the interaction asymmetry is presented.

6.2 Comparison of results for interaction experiments I and II

The main results from the two interaction experiments are the dependence
of the asymmetry on muon energy and on energy transfer. The method of
analysis used in both experiments are identical and therefore the results are
directly comparable. The comparison is presented in figures 6.1 and 6.2.
Figure 6.1 compares the dependence'of the asymmetry on muon energy and Figure
6.2 compares that on energy transfer.

Consider figure 6.1. The comparison is carried out for burst events
(i.e. events with N 2 15). As can be seen, the agreement between the two
experiments is quite good and, within the statistical errors, they both
suggest no appreciable dependence of the asymmetry on the muon energy»for the
range of muon energies covered (6 - 200 GeV). It is interesting to note that
the mean values are above unity, although the difference from unity is nét
statistically significant. The integral values of the asymmetry for burst
events, presented in figure 6.1 , for experiments I and II are respectively
1¢12 + 0°12 and 1+08 + 0°06. The two values are in good agreement with each
other and the statistical accuracy for the value obtained from experiment
IT is much better in view of the greater number of detected events.

Consider figure 6.2, where the dependence of the asymmetry on energy

transfer is presented. It can be seen that the agreement between the two
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experiments is quite good. Both experiments are consistent with there being
no asymmetry for single electron production (ﬁf = 10, equivalent to some tens
of MeV in energy transfer), the asymmetry values given by experiments I and
IT are respectively 1°03 + 0°053 and 0°99 + 0°10. For large bursts there
seem to be no asymmetry too and again the statistical accuracy of experiment
ITI is much better. Neither experiment is inconsistent with there being a
small asymmetry (v 10%) for events with energy transfer around 1 GeV or
SO ka " 20), but whether this asymmetry is real or is due.simply to a
statistical fluctuation is very difficult to say. It is regarded that the
agreement with theory for energy transfer around 1 GeV is satisfactory and
is excellent for low and high energy transfers. These results hold under
different celling of the data.

The overall values for the asymmetry obtained in experiments I and II
are, respectively, 1:05 + 0-0O4 and 1.0k + 0°OL8 in excellent agreement with

each other.

6.3 Results from previous cosmic ray experiments

6.3.1 Kotzer and Neddermeyer (1965, 1967)

This experiment, which was originally set up to investigate the produc-
tion probabilities of knock-on electrons by cosmic ray muons, was used
afterwards to study the interaction asymmetry of the muons. The apparatus was
described briefly in section 2.2.1 and will be described here in more detail
to emphasise some of its features.

The instrument consisted of three cloud chambers placed vertically on
top of edach other and were immersed in & magnetic field of 11 k gauss. The
production target was, in one experiment (experiment A), carbon (0:52 r.L.),
and in a second experiment, (experiment B) paraffin (0359 r..). The
target was placed above the upper clohd chamber. Events were selected by a
fourfold coincidence between two trays of geiger counters, one above the

target and the other 30" below the bottom of the chamber assembly under
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14" of lead absorber, and two proportional counters, the first being

plﬁced between' the target'énd top of the upper chambér while the second was
placed on top of the second cloud chamber. The tray of geiger counters
pléced on top of the target is a double tray, one or more discharged counters
being required in each tray to complete the coincidence. The proportional
counters were biased to permit efficient selection of interaction events.

Two lead plates one 3" in thickness placed at the bottom of the upper chamber
and the other of 1" thicknéss placed at the top of the lower chamber, were
used to give.idehtifications of the secondaries and primaries and were a&lso
used for electron energy determinations.

A 14" 1éad shield was placed sbove the entire arrangement to remove the
incident electromagnetic component of cosmic rays. A 30" space was left
between the lead shield and the térget to permit the fringing field of the mag-
net to deflect the shower particles coming from the lead shield (in the case
of a shower or interaction in the shield) so that they did not get confused
with those originating in the target.

Unfortunately the details of the results on the interaction asymmetry
observed in this experiment were not given by the authors. Only a few
remarks were published which summarised the state of the experiment and the
results and the integral value obtained for the asymmetry.

Kotzer et al. (1965) reported that although the experimental distributions
of energy transfer to the electron for negstive and positive muons are of
the same shape, that due to the negative muon is in agreement with the pre-
dictions of the Bhabha theory whereas that due to the positive muon persisted
in showing an upward deviation. Out of 54 interaction events observed, 33
were due to positive muons and 21 to negative ones. The integral value
quoted for the asymmetry for these events was 1°30 + 0°30, and when they

included some more data obtained from the same experiment by Deery et al.(1961),
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the inﬁegral value for the asymmetry rose to 1+60 + 0°30. This is to be
compared with an expecped value of unity.

The éxperiment was then modified by replacing the middle cloud chamber
with a second carbon target. For events occurring in the middle target, the
primary particle could be observed both before and after the interaction. The
results for the top target are similar to those obtained in the first experi-
ment, that is, there is no significant difference in the form of the distribu-
tion resulting from positive and negative primaries, but as before, there is
an sbnormal positive excess suggesting a higher cross section for positive than
for negative muons. The middle target results differ in that the distribution
agrees with the one calculated from the normal Bhabha cross section. bue to
the difference in results obtained for the top and bottom target, they suggested
that the difference could be due to a process in the lead shield which results
in the appearance of p-e like events from the top target.

On further work on those cosmic ray muon events interpretable asp -e
scattering in carbon, Kotzer et al. (1967) concluded the following:

1. Normal behaviour for negative muons.

2. For energy transfer around 1 GeV a generally larger cross section for
positive than for negative muons.

3. A significantly lower cross section for positive than for negative

muons for large fractional energy transfer.

In view of the results from accelerator experiments (kirk and Neddermeyer
1968) which found a good agreement with prediction, they suggested that the
anomaly may be caused by an abnormal behaviour of those muons arising from

the decay of kaons.

6.3.2 Allkofer et al. (1971)

The experimental arrangement used by Allkofer et al. (1971) was described

in section 2.2.2 and some more information will be given here. It is represented



56

by a spark chamber calorimeter and Kiel spectrogrsph which are operated in
coincidence. With the spectrograph the momentum and sign of each muon is
determined before entering the calorimeter where the interactions are
observed.

The calorimeter is & stacked assembly of multiplate spark chambers, targets
and large area solid iron magnets. The multiplate spark chembers act as track
detectors. The authors state that the iron magnets are used to broaden the
lateral distribution of the secondary particles and hence improve the multi-
track efficiency. The targets consisted of iron and aluminium‘plafes correspond-
ing to 325 gm/cm2 and 18 gm/cm? respectively.

The energy transfer for each interaction occurring in the calorimeter was
determined from the range-energy relation or from the associated shower develop-
ment in the calorimeter. Energy transfers in the range 0+2 - 100 GeV were
observed. Thus, for every interaction event it was possible to determine the
muon energy, muon sign and the transferred energy and these formed the main
parameters in investigating the asymmetry. The obtained asymmetry as a function
of muon energy and energy transfer are shown in figures 6.3 and 6.4 respectively.
These results were based on about 1000 interaction events with energy transfer
in excess of 0°2 GeV. It can be seen from figure 6.3 that within the statisti-
cal accuracy it is not possible to make any conclusion about the dependence of
the asymmetry on muon energy. The statistical accuracy for events with muon
energy above 100 GeV is very poor, and considering the experimental points
below 100 GeV there seem to be no significant change with muon energy. Although
all the experimental points are above unity the agreement with unity in most
cases 1S within one standard deviation. The largest deviaﬁion from unity is
in the points belonging to mean muon energies of 13 and 45 GeV, which suggest
an asymmetry of 1:20 *+ 0°13 where the difference from unity is less than two
standard deviations.

As for the dependence of the asymmetry on energy transfer (figure 6.4),
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the largest excess was observed in the region of energy transfer around 3 GeV,
where the observed asymmetry is 1°63 + 0°2h over two standard deviations from
unity. At higher energy transfers the statistical accuracy is poor and the
quoted asymmetry is 1°T5 + 0°66.

Recently, another result has been reported, which gives the dependence of
the asymmetry on the fractional transferable energy, this result is presented
in figure 6.5. It can be seen there is an indication of a decreasing asymmetry
with increasing fractional energy transfer, a result which agrees with that of
Kotzer et al. (1967).

In general, the results of Allkofer et al. (1971), which are statistically
more accurate than those of Kotzer et al. (1965, 1967), suggest an asymmetry
for events with energy transfer > 0-2 GeV, the quoted integral value being

1+20 + 0°11.

6.3.3 The Durham Mk II Horizontal Spectrograph

A brief description of the spectrograph is given in section 2.2.3; a
detailed description was given by Said (1966). The spectrograph was set at
a mean zenith angle of 87° and it consisted essentially of two solid iron
magnets to bend the incident particle and therefore enable momentum determine-
tion, they also served as targets for interactions to take place. The
spectrograph was triggered by trays of geiger counters. Visual information
concerning the incident particle trajectory was obtained from five trays of
flash tubes. One tray of flash tubes was placed behind each magnet to enable
an estimate to be made of the energy transfer involved in the interaction.

The data on muon interactions in the spectrograph were re-analysed in
1971 by the present author in order to investigate the interaction asymmetry.
The films were rescanned and only those events associated with > 15 flashes in
either flash tube tray (the ones behind each magnet) were selected. Those events

were considered as interaction events with two or more electrons. The total
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number of such events obtained was ~ 300. Events with a single electron, i.e.

corresponding to 7 € N_, < 15 were not considered because there was no suggestion

f
of an anomaly for these events in the earlier work of Lloyd and Wblfendale
(1959) and also in the interaction experiment I.

Information concerning the momentum and the sign of the muon producing the
interaction and the charge ratio of single muons traversing the spectrograph
was obtained from the previous analysis of the data by Said (1966). The data
were divided in terms of the muon sign and the dependence of the interaction
asymmetry on muon energy and on number of flashes (being proportional to energy
transfer) was investigated. The value of the charge ratio used is 119 + 0-0Ok
and the obtained asymmetry as a function of muon energy and energy transfer are
given in figures 6.6 and 6.7 respectively. The integral value for the asymmetry
is 0°97 + 0°11. As can be seen, although the statistical accuracy is not

great, all the experimental points are statistically consistent with unity and

with there being no asymmetry greater than about 11%.

6.4 Results from accelerator experiments

6.4.1 Kirk et al. (1968)

The interaction asymmetry of the muons was studied using beams of positive
and negative muons at Brookhaven AGS with momenta peaked at 5°5 GeV/c and |
10+5 GeV/c respectively. The pion contamination was less than 10-6. The
beams were prepared and observed in an identical way, they differed only in
the sién of charge of the beam particles.

The instrument essentially consisted of three water filled Cerenkov
counters and one shower detector. The Cerenkov counters recorded the passage
of fully relativistic particles and were used to provide ﬁulse height informa-
tion for event selection. The shower detector consisted of sixteen plates

of plastic scintillators interleaved with fifteen lead plates each of which

was 1" thick. Its purpose was to promote the rapid build up of electromegnetic
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showers initiated by high energy electrons to enable energy estimation. Beam
telescope counters were also used, consisting of variously shaped pieces of
plastic scintillators coupled to photomultipliers. These were placed in front
and at the back of the apparatus, they were used to record the passage of

the charged particles.

The data were of two types. In the first type, & minimum trigger was used
which required only a muon traversal of the beam telescope. In this case the
target was unlocalized and consisted of all the material in the beam path. Inthe
second type of data, a selection system was introduced to enhance the selection
of the knock-on electron events in the middle Cerenkov counter. In all cases
the pulses from the counters were digitized and stored.

The asymmetry was measured by observing the number of knock-on electrons
produced by beams of positive and negative muons. Figure 6.8 presents some of
the results for the asymmetry as determined from both the Cerenkov-selected
and unselected runs. The results for both runs are'consisten£ with each other and
with there being no asymmetry > + 10% for knock-on interaction process by muons
with energies up to 13 GeV. The integral value obtained for the asymmetry is

0°98 + 0°10. Such a result is obviously in good agreement with theory.

6.4.2 Jain et al. (1970)

Three small stacks of Ilford G-5 nuclear emulsions were exposed to a
positive muon beam of momentum peaked at 10+l GeV/c and negative muon beams
of momenta peaked at 5°0 GeV/c and 1k+5 GeV/c, at the Brookhaven AGS, in order
to investigate the process of knock-on interaction for differently charged

.

muons. The general features for the production of the three beams were similar
and the conmtamination of pions was less than 10_7.

The scanning was done by following the incident muon path through the

emulsion. Since the greatest interest is in the high energy knock-on electron

events, the scanning was confined to scattered events whose projected angles
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were below lOo.' For an interaction to be accepted for measurements as a possible
knock-on electron event, it had to satisfy the following:
(i) There should be an apparent vertex coinecident with the primary track.
(ii) The secondary had to be straight for at least one field of view and
sharp scatters were not included.
(iii) The vertex had to be a three particles vertex (without any recoil of
nucleus).
(iv) The projected angle was less than 10°.
(v) The secondary track was indeed like an electron.

The events satisfying the above criteria for analysis were also checked
for coplanarity and energy-momentum balance. The energies of the secondary
electrons were carefully measured using the technique of multiple coulomb
scattering.

The total number of events accepted was 189. Comparison between the
measured and predicted cross section (based on Bhabha theory) és a function
of energy transfer was carried out for each beam. In all cases, for ehergy
transfers > 200 MeV the experimeﬁtal points agreed with expectatién within one
standard deviation. Below 200 MeV agreement with theor& was obtained only
after corrections to the loss in scanning efficiency. The authors did not
present a graph to give a direct comparison between the positive and the
negative muon cross sections as a function of energy transfer. The statistical
accuracy however is not good (the results were based on 55, 48 and 86 events
for 5, 10-1 and 1L+5 GeV/c muon beam respectively) and on calculating the
asymretry from their data for energy transfers > 1 GeV using the results given.
for 10:1 GeV/c and 1k+5 GeV/c muons, the value obtained is: 128 + 0-L46.
Although the agreement with unity is within one standard deViation, the
statistical accuracy is so poor that their result can not be taken for or

against an asyﬁmetry.
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6.5 Comparison of results on the ‘interaction asymmetry

Up-to-date six experiments have investigated the interaction asymmetry
of the muons. Four of these are cosmic ray experimenfs and the other two
are accelerator experimehts. A1l these experimeﬁts were undertaken in
different ways, different experimental biases, different mean muon ehefgy and,
in a&dition, different zenith angles in the case of cos@ic ray experiments,
therefore fhey are not directly comparsble and any comparison between them
will be only approximate. In figure 6.9 an attemét is made to summarise the
dependence of the asymmetry on energy transfer. It should be mentioned that
some estimations were necessary before being able to present the results in
such a form. This is mainly due to the fact that the experiments measure
the energy transfer in different ways. In teble 6.1 the integral values of

the asymmetry obtained in the different experiments are listed.

TABLE 6.1

intggral values of the asymmetry

Authors' Names Year T
Neddermeyer et al. 1965, 1967 1:60 + 0+30
Allkofer et al. 1971 1-20 + 0-11
Durham MkII horizontal 1971 0-97 + 0-11

spectrograph
Interaction Experiment I 1971 1:12 + 0-12
Interaction Experiment II 1972 1-08 + 0-06
Kirk et al. 1968 0°98 + 0-10

Jain et al. 1970 1.28 + 0°k6
(for energy transfer > 1 GeV) .

In figure 6.9 the results from the MARS interaction experiments I and II

have been combined, because these results are consistent with each other and

by adding them a slight improvement in the statistical accuracy is achieved.
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The results of MARS are the moét recent and the most accurafe reported so far.
All the measured points are consistent with a predicted value of unity within
one sthndard deviation, apart from the point at 1 GeV whose difference from
expéctétidh is within two standard deviations. Such a deviation, however,

is to be expected on the basis of statistical fluctuation (statistically only
2/3 of the number of measureméhts are ekpected to lie within one standard
deviation from the expected value). At any rate, if the deviation for the
point around 1 GeV enérgi transfer is real, then it would suggest an déymmetry
which is probably as high as 20% for that energy transfer. Such a value seems
lover than that quoted by Allkofer et al. (163 + 0-24) and that estimated for
Kotzer et al. (1e60 + 0°30). It is interesting to note that the statistical
accurécy of the F&é8ults of Kotzer et al. and Allkofer et al. is not great

and their points around 1 GeV in faét agree with ours within two of theirl
standard deviations, whereas for our point to agree with their point five to
six of our standard deviations would be required which is statistically most
unlikely.

Another experiment with cosmic ray muons which give results supporting
the theory is the Durham Mk II horizontal spectrograph. This experiment
suggested no asymmetry ™+ 11%. This result is in agreement with the MARS
result and is in conflict with that of Kotzer et al. and Allkofer et al.
However, such a conclusion is not definite because if the asymmetry is real,
it is possible to have a variation with zenith angle on the basis of postulat-
ing a new lepton (Grupen and Hamdan, 1971).

Results from the accelerator experiment of Kirk et al. (1968) are
consistent with the MARS results too. They suggested no asymmetry > + 10%.
The accelerator experiment of Jain et al. (1970) did not give a useful
result in view of their poor statistics. Although agreement with theory was
claimed by Jain et al., a careful examination of their data shows that an

asymmetry as high as 20 - 30% for energy transfers 3 1 GeV can not be ruled



63

out. -For energy transfers ¥ 0°5 GeV the integral value of their asymmetry

is 1+10 + 0-20.
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CHAPTER T

Electromagnetic Burst Production in Iron

T.1 Introduction

In the previous chapters the data of the present work were analysed to
investigate the interaction asymmetry of cosmic ray muons with no reference to
the absolute values of the interaction probability. In this chapter, however,
the data analysed to investigate the ébsolﬁte magnitude of the interaction
probabilities for producing single electrons and electron bursts of various
sizes from the knock-on, direct pair production and bremsstrahlung procesées
as a function of muon energy. The main method of analysis adopted is to
predict a burst spectrum for level 1 and level 3 assuming the validity of
Q.BE.D. Comparison of the measured and predicted spectra will then indicate
the accuracy of the interactions cross sections.

This chapter gives the details of the data analysis and the results.

Results from some previous experiments on muon interactions are also discussed.

7.2 Theoretical considerations

T.2.1 Introduction

Before going into the details of the theoretical treatment of the problem
of electromagnetic bursts produced by muons, it is desirable to give a
reasonable amount of theoretical background first. The known interaction
processes by which the muon can lose energy in traversing matter are£ knock-on
electron production, bremsstrahlung, direct pair production and nuclear inter-
actions. The first three processes preduce comparatively frequent energy
transfers and therefore are of importance in the present work. The contribu-
tion of the nuclear interaction to the probability of burst production in the

present experiment is insignificant and therefore has not been included.

T.2.2 Knock-on electron production

The collision probability for particles of mass m and spiﬁ 3 has been
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derived by Bhabha (1938) and is given by Rossi (1952). In the derivation it
was assumed that the electromagnetic field of the particle can be described

as being due to a point charge down to distances smaller than 10-13

cm from
the centre of the particlg and that the magnetic moment of the particle has
the value predicted by Dirac theory. It is also assumed that the energy

transfer is sufficiently large so that the atomic electrons may be regarded

as free.

The differential probability is given by

; 2Cm e2 dg' 5 E' E 2 1)
¢COll(E’E' )dE' = Z . 2 . 1l - B' — % 2 ceos o0 .
B E! E,m Eime

where ¢coll (E,E')AE' is the probability/gm ™ of a charged particle of

kinetic energy E transferring an energy between E' and E' + dE' to an atomic

electron.
e - B 7 -1 2
C= N K-re = 015 T gnm cm represent.. the total area covered by
2
: . e
the electrons in one gram, each considered as a sphere of radius re(re = 5
mc
e

is the classical radius of the electron).

Z and A are respectively the atomic number and the atomic weight of the
absorber.

N is Avogadro's number

Bc is the velocity of the incident particle

E'm is the maximum transferable energy and is given by

2 c2
E' =2n c2 P
m e 2 L 2 4

m_c

eeerneeenneeea(T42)

+ me + 2m.ec2(p2c2 + mzch)g

where p is the momentum of the incident particle.
It can be seen from equation T.l that the differential probability for the
knock-on process varies inversely with the square of the transferred energy

and is almost independent on the energy of the incident particle. The
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dependence of this probability on muon energy and energy transfer is shown in

figure T.1.

T.2.3 Bremsstrahlung

The differential probability for the emission of radiation by charged
particles of mass m, spin i and normal megnetic moment has been calculated
by Christy and Kusaka (19%1). In their calculations they assumed that the
energy of the particle is large compared with its rest mass, that the
screening of the outer electrons is negligible and the potential of the
nucleus is that of a point charge for distance larger than the muclear

radius, ros and is constant for distances smaller than T The general

expression for the radiation probability is:

2 m '
¢rad (E’E')dE|=uNZ_.A-re2 (—Iﬁe_j . '(ig::—' F (U’ V) oo.cootuo-...co.(7-3)

where ¢rad (E,E') dE' is the probability /gm en™ that a paerticle of rest
mess mc2 and kinetic energy E will emit a photon of energy between E' and
E' + QE'.

U is the total energy of the incident particle

a 1is the fine structure constant

v = E'/U is the fractional energy transfer

F(U,v) is a slowly varying function of U and v and depends on the nuclear

radius ro. It has the following form:

s > U A 1-v
me mer vV
n
wherer = O0°*h9 r Al/3
n e
# = Planck's constant / 2

on the energy transfer, E', is mainly through f%u

The differential probability given in equation 7.3 is thought to be correct

¢
The dependence of red

. 1 (m.cz)2 -1/3)"
up to a primary energy of the order of | = ——-Er—-x Z where the
@ mec

e
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screening effect becomes important. In the case of muons in iron screening
becomes important for U > 1000 GeV.

Recently two other workers have worked out the cross section for bremsstrah-
lung process. Erlykin (1965) examined the influence of the atomic electrons
and the finite size of the nucleus on muon bremsstrahlung. He concluded that
the effect of the atomic electrons is higher, up to muon energy of 1000 GeV,
than that usually taken into account by the replacement of Z2 by Z(Z+l) and
that the correction due to the finite dimensions of the nucleus is less than

that used by Christy and Kusaka.
Petrukhin and Shestakov (1967) investigate the effect of the nuclear form

factor on muon bremsstrahlung cross -section for momentum transferred to the
nucleus greater than the muon mass. They concluded that the effect implies
a smaller cross section for bremsstrahlung than that given by Christy and
Kusaka.

The three above-mentioned results on the bremsstrahlung cross section
have been compared with each other for different muon energies and over the
whole range of energy transfer. The result that emerges is that the difference
in the‘predictions is mainly at low energy transfers, < O+l GeV where the
screening effect is important. The difference decreases with increasing
energy transfer and increases with increasing muon energy. Over the range of
muon energy and energy transfer relevant to this experiment, the maximum
difference is v 20%. The reflection of this difference in the burst spectra
is much smaller and hence it 1s not possible with the present experimental
accuracy to resolve the_difference between the theories. Therefore, thé
" interaction probability given by Christy and Kusaka is accurate enough and
this is what has been used in the present analysis. The dependence of the
interaction probability on muon energy and on energy transfer ig illustrated

in figure T.2.



Probability / gmcme/GeV

10—

Muon Energy

| 7GeV
2 40GeV
3 200GeV
4 1000GeV
2
3

A I I A |

10 100
Energy Transfer (Gev)

Figure 7.2 Differential probability of energy transfer for bremsstrahlung

process in iron



68

T.2.4  Direct pair production

The theory of electron pair production by a charged particle of spin i have
been worked out by several authors, firstly by Bhabha (1935) and independently
by Nishina et al. (1935) and by Racah (1937) using classical quantum electro-
dynamics. Their calculations give a correct description only when the energy
transferred to the pair is small compared with the energy of thé incident
particle. The results of Nishina et al. and Racah, while in good agreement
with each other, led to numerical values which was considerably lower than
those of Bhabha. Block et al. (1954) improved the approximations used by
Bhabha and by so doing obtained results in good agreement with those of Racah.

A more recent treatment of the theory of direct pair production is that
due to Murota et al. (1956, abtbreviated MUT), who calculated the cross section
in a manner more precise than that of Bhabha and others, using the Feymmann-Dyson
method. Their results are valid as long as the participant particles have
energies large compared with the respective rest masses. The MUT theory has
at least one arbitrary parasmeter, @, which is of the order of unity. It is
introduced in the theory as a cut-off factor in the momentum transferred from
the primary particles to the pair.

Kelner and Kotov (1967) have recalculated the cross section for pair
production by an incident charged particle. They obtain an ex@ct.expreséion
for the cross section in the non-screening and screening regions.

Kokoulin and Petrukhin (1969) gave a good survey for the cross section
"given by the previous workers, and obtained a united analytical expression
for the cross section. Their results are in good agreement with that of Kelner
and Kotov, the maximum difference being only 2%. The difference in values
obtained by using the theory of Kokoulin et al. and the MUT theory depends
on the value assigned to the parameter o in the latter. Using a value of two

for @ (results from several experiments favour this value for a); the
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difference between values obtained from the two theories over a wide range of
energy transfer and muon energy is <30%. Again, the reflection of this
difference in the burst spectrum analysis is much smaller and therefore it

is not possible to test the validity of one theory on the other with the
present analysis. In fact any experiment set to investigate the diff;rénce
needs an enormous amount of statistical and systematic accuracy.

In the present analysis of the burst spectrum the interaction probability
given by the MUT theory has been adopted. Due to the complicated form of the
formula, it will not be presented here, only reference to it is given. The
formula used to calculate the differential probability is formula 23 given by
Murota et al. (1956). This formula was evaluated for both the screening and
non-screening cases. The dependenée of the interaction probability on muon

energy and energy transfer is shown in figure T.3.

T+2.5 Comparison of the interaction probabilities

In the present experiment it is impossible to discriminate between the
three interactions processes in individual interactions because it is not
possible to see the initial signature of the interaction. It is possible,
however, to make a measure of discrimination for a group of particles in view
of their different dependence on muon energy and energy transfer. The knock-
on process probability is nearly independent of muon energy and so is
dominant at low muon energies (< 40 GeV). It varies inversely as the squafe
of the ene;gy transfer. The direct pair production probability increases
more rapidly with muon.energy than the other two, but it falls off very
rapidly with energy transfer. Direct pair production is dominant at muon

energies > 100 GeV. The bremsstrahlung interaction probability is relatively

small and decreases rather slowly with increasing energy transfer. It is domin-
ant at high fractional energy transfers. Comparison between the three interac-

tions probabilities for 10 and 100 GeV muons in iron is given in figures T.4 (a)
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and (b).

In figure 7.5 the differential probabilitiesvare given as a function of
muon energy for four representative energy transfers: 1, 2, 5 and 10 GeV.
Curves for other energy transfers can be obtained similarly and it is possible
to see which interaction process predominates for a given muon energy and
given energy transfer. For instance, at an energy transfer of 1 GeV, bremsstra-
hlung predominates for all muon energies < 3-T GeV, whereas for an energy transfer
of 10 GeV it is predominant for all muon energies <1T:5 GeV. Direct pair
production predominates at an energy transfer 1 GeV for muon energy > 83 GeV,
whereas for an energy transfer of 10 GeV it predominates for muon energy
> 170 GeV. Therefore for an energy transfer of 1 GeV the knock-on process
dominates for muon energies in the range 4 - 70 GeV, whereas for an energy
transfer of 10 GeV it dominates for muon energies in the range 18 - 160 GeV.
These arguments have been used to give the approximate regions of predominance

for the three interactions and the results are given in figure T7.12.

7.2.6 Cascade shower in iron

In traversing matter an electron loses energy mainly by collision and by
the radiation process i.e. bremsstrahlung, and for energies greater than the
critical energy of the medium (so), radiation losses predominate. On passing
through the coulomb field of the nucleus, there is a significant probability
of a photon being emitted with energy close to that of the primary electron
'Eé. The secondary photon has a probability of producing an electron-positron
pair or it can undergo Compton scattering. In either case the resulting
charged particles can emit further photons, which in turn produce more electrons.
Thus, at a certain depth in the medium instead of there being one electron of
energy Eo’ there are several electrons and photons whose total energy is
close to Eo' This phenomena is known as the 'electromagnetic cascade'. As

the cascade process goes on the number of particles increases and their average
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energy .decreases and so more and more electrons fall into an energy range where
collision losses predominate and the cascade begins gradually to die out.

The theory of cascade showers determines the probaebility that in the
element of solid angle (QR+dQ) and in the energy interval (E, E+dE) there

exist at a certain depth, N. electrons and N, photons at a distance (r, r+dr)

1
from the shower axis. Mathematically this problem is very complicated and to
obtain the more important characteristics of the shower it is sufficient to
know the average number of electrons and photons at a given depth. Consequently
only the average behaviour of the shower is calculated and any specific
probability is calculated as a deviation from the average behaviour. This
problem is known as the fluctuation problem.

In all elementary processes at high energies, the angle at which secondary
electrons and photons emitted are extremely small, of order of méczlEo, wvhere
Eo is the energy of the primary particle. In any target of low Z Rutherford’
scattering of charged particles is also small and hence the shower develops’
essentially in the direction of motion of the primary pérticle. In heavy
elements, however, this is not true because the shower multiplication continues
to lower secondary electron energies, where Rutherford scattering becomes
important. In fact the assumption of a one-dimensional shower in & heavy
element is justified only if attention is restricted to the behaviour of the
more energetic shower perticles. -In general the approach adopted is'to‘treat
the cascade as being one-dimensional and then to make corrections for the
increased track length due to scattering. A comprehensive article on.the
theory of the electron-photon cascade shower and the various methods adopted
by several workers is given by Belenkii et al. (1959).

In the present experiment bursts corresponding to energy transfers in the
range 1 - 30 GeV have been observed, hence any cascade theory employed in

a theoretical prediction must cover this range of energy transfer and also
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pertain to iron. Ivanenko et al. (1959, 1967) have calculated the cascade curves
for iron for primary electrons or photons, taking into account the energy
dependence of the total photon absorption coefficient and multiple scattering.
These curves have been employed to calculate the theoretical burst spectra in
this experiment, because the Ivanenko theory is, in general, in good agreement
with the available experimental measurements for iron (Backenstoss et al., 1963,
Murzin et al., 1963 and Takbaev et al., 1965).

The shower development curves of Ivanenko et al. (1967) for showers initiated
in iron by primary electrons and primary photons are shown in figures 7.6 and
7.7 respectively for an electron threshold energy of 2 MeV. All energies are

in units of 0'h371ceb, where € is the critical energy for iron.

7.2.7 Fluctuations

The theory of cascade showers describes only the average behaviour of the
showers. The study of the fluctuations from the average behaviour represents
a much more complicated problem and has not yet received a satisfactory
solution. There is no general agreement on this problem in the theory of
electromagnetic cascade.

Bhabha and Heitler (1937) postulated the Poisson distribution on the
basis of genetical independence of the shower particles. This is not quite
true due to the nature of radiation and pair production processes. In general
any deviation from the average behaviour occurring in the early development
of the shower reflects itself upon successive generation amplified by the
muitiplication process.

Another attempt was made by Furry (1937) who obtained a distribution as
the solution of a differential equation based on the actual mechanism of the
shower. However, ionisation losses were ignored in the derivation of the
distribution and electrons and photons were treated as identical particles.

The effect of ionisation losses becomes increasingly important with increasing
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depth, so the Furry distribution might be expected to apply only over the
first few radiation lengths (r.2.).

The experimental mean square deviation from the average is too large to
fit a Poisson distribution and too small to fit the Furry distribution. The
experimentai data seem to suggest the following:-

l. At small depth (¢t < 2r.%,) the distribution is approximately Furry.
2. At large depth (t > 17 r.%,) the distribution.is approximately Poisson.
3. At the shower maximum and its neighbourhood the distribution is normal.

At small depths, the shower is young and the fluctuations are large
because there are some highly energetic particles. Near shower maximum, the
fluctuations are smaller due to the larger number of particles present.

As most observed bursts are predominantly produced by showers close to
the meximum of their development, it is reasonable to expect that the Poisson
distribution (which becomes Gaussian for large numbers of particles) would
give a reliable estimate of the effect of fluctuations on the burst spectrum.
Therefore Poissonian fluctuations have been adopted. The effect of the
fluctuations is to increase.the burst frequencies by an amount whiéh is greater
for lower muon energies where the slope of the differential cross-~section as a
function of energy transfer is steeper. The effect on the slope is not very

grest.

7.3 Results from previous experiments

T.3.1 Introduction

The results of work done up to 1957 are contained in & review article by
Fowler and Wolfendale (1958). Up to that time the results on the knock-on
process were in agreement with the theoretical prediction of Bhabha for
energy transfers below 1 GeV and up to 100 GeV transfer with the theoretical
preaiction of Christy and Kusaka in the case of the bremsstrahlung pfocess.

In the following paragraphs brief descriptions are given for some of the
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more recent experiments on the electromagnetic interactions of the muons.
These experiments are divided into two groups. One group contains experiments
where the authors claim inconsistency with theory. The other group contains

experiments where the authors claim consistency.with theory.

T«3.2- Experiments inconsistent with theory

1. Roe and Ozaki (1959)

This experiment was mainly carried out to study direct pair production
of electrons by muons with energy in the range 8 - 120 GeV. The interactions
were observed at S.L. (sea level) in a multiplate cloud chamber which was
placed under the Cornell magnetic spectrograph. The chamber contained nine
type metal plates (essentially lead) each of 1°06 r... The experiment was
carried out in two stages, in one stage the spectrograph was in the vertical
and in the other stage at a zenith angle of 68°. In order to determine the
energy transfer for each interaction event exbrapolations were made of
Wilson's Monte Carlo results (Wilson, 1950) to obtain the theoretical shower
curves for the energy region from 200 MeV to over 1 GeV. Their results
indiecate that for energy transfers >200 MeV the direct pair production cross
section is about half the predicted by the MUT theory.

2. Gaebler et al. (1961)

Gaebler et al. (1961) operated a multiplate cloud chamber 1032 ft under-
ground to study the electromagnetic interactions of cosmic ray muons. The
cloud chamber contained twelve ;" lead plates and was triggered by veftical
muons by coincidence of Geiger-Muller counter trays above and below it.

Showers primarily due to direct pair prodﬁction and knock-on processes
were observed. The energies of the cascade showers were determined by compar-
ing the showers with those obtained using a Monte Carlo method (Wilson, 1952).
The resulfs indicate that there is agreement with knock-on theory but that the

direct pair production cross section is about i that predicted by MUT theory
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for energy transfer below 1 GeV. At 1 GeV and above the agreement with theory
is better.

3. Kearney and Hazen (1965)

Kearney and Hazen (1965) studied the production of knock-on electrons
and electron pairs by cosmic ray muons of mean energy > 50 GeV, using a
multiplate cloud chamber operated at a depth of 1132 ft underground. The
chamber contained 21 lead plates, 3" thick as production target. It was
triggered by coincidence pulses from plastic scintillators mounted above and
below the chamber. During the first part of the experiment the chamber was
operated in a vertical position, in the second part, the chamber and the
plastic scintillator assembly were set to a zenith angle of 66° in order to
favour the observation of high energy muons. The energies of the electrons
that initiated the showers were obtained from an experimental calibration.
The energy transfer observed was in the range 85 MeV to 10 GeV. The observed
frequency wes compared with the expected frequency calculated from the theory
of Bhabha for knock-on electrons and MUT for electron pair. A satisfactory
agreement was found with pair production theory, whereas the prediction of
knock-on theory was significantly lower than the observed frequency for energy

transfers around 1 GeV.

4, Matano et al. (1968)

The Tokyo air shower array was used to observe horizontal air showers
in order to study the high energy interactions of muons. Horizontal air showers
ere produced most probably by bremsstrahlung and by nuclear interaction of
the muons. A shower produced by bremsstrahlung is almost entirely eleétro—
magnetic and the nuﬁber of muclear active particles and muons in the shower
is very much less than in a shower produced by the nuclear interactions of
muons. Therefore a shoyer can be classified as nucleonic if it contains
nuclear active particles and (or) muons.

A total of nine large angle air showers of size greater than th and
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zenith angle above "{0o were observed. Two of these showers showed evidence
that they were not pure electromagnetic showers but nucleonic showers. There
was no information for the other seven showers to determine whether the shower
was nucleonic or not. When the size spectrum of the horizontal showers was
compared with the calculated one, assuming that the nuclear interaction of
high energy muons was negligible, the observations were much higher than the
prediction, which tends to suggest an unusually high muon nuclear interaction
cross sectione.

5. Alexander et al. (1969)

Alexander et al. (1969) studied electron showers incident on the large
angle EAS detector at Durham at & mean zenith angle of 730. On anal&sing the
data in terms of muon interactions in the atmosphere, the results were in‘
agreement with those of Matano et al. (1968), in that there was an excess
of events for burst sizes above a few hundred particles. A very high nuclear
interaction cross section (approaching 20 mb) would be required to explain
the results. A possible reason for the excess (as given by the authors) is
that the lateral distribution of electrons and conversion from measured densi-
ties to shower size are not well represented by simple shower theory. Later
work b& Kiraly et al. (1971) in this field is referred to later in Section
7.6.

6. Allkofer et al. (1971)

Allkofer et al. (1971) investigated the electromagnetic interactions of
cosmic ray muons in ﬁhe energy range 7 to 1000 GeV. Details of their
instrument were given before (section 2.2.2). They found reasonable agree-
ment between the experimental results and the theoretical predictions except
in the region of energy transfer around 1 GeV where deviation is claimed
from Bhabha's theory for knock-on process and the MUT theory for direct

pair production process.
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T.3.3 Experiments consistent with theory

1. McDiarmid and Wilson (1962)

McDiarmid and Wilson, (1962), studied the electromagnetic interactions of
cosmic ray muons in iron and lead targets using a multiplate cloud chamber at
S.L.. The chamber was triggered by two trays of geiger counters and two scin-
tillation counters. The two scintillation counters were biased to give an
output only when 7 9 particles present at the level of either sintillator.
Therefore interaction events were selected by requiring a coincidence between
the top tray of éeiger counters, one counter in the bottom tray and one of the
scintillators. Estimates of the total shower energy were made from the
observed total track length in the chamber, using a value of 30 MeV per
radiation length for the average energy dissipated by an electron.

When bremsstrahlung is the dominant process, the measured production
probabilities are in good agreement for energy transfers in the range 8 - 40
GeV. When the production of knock-on electrons is the dominant process, good
agre;ment with theory is obtained for energy transfers around 4¢5 GeV, but

only fair agreement is obtained for higher energy transfers.

2. Cheudhuri and Sinha (196L4)

Direct pair production of electrons by cosmic ray muons in an iron target
was studied using a multiplate cloud chamber set vertically underground at
a depth of 148 m.w.e. The method used was to select a beam of cosmic ray
muons with the aid of geiger counters and then oéserve their interactions in
the iron plates placed inside the chamber. In one experimental run the cloud
chamber contained twelve 16 cm thick iron plates and one 1¢25 cm thick lead
plate. In this run the chamber was triggered by a fourfold coincidence
between the geiger counters placed above the chambgr. In the other run the
chambér contained nine 0°Sk cm iron plates and 1°25 cm lead plates and the

chamber was triggered by a coincidence between three geiger counters, two of
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which were placed above the chamber, the third under 5 cm of lead 5elow the
chamber.

The events selected were those in which & single penetrating particle
traversed the chamber and was accompanied by two or more electrons originating
in any of the iron target plates. In order to determine the energy transfer
(petween 40 MeV - 1 GeV) use was made of the results of Hazen (1955) on
cascade showers in copper, on the other hand for energy transfer > 1 GeV
conventional showers theory as given by Bhabha and Chakrabarty (1948) was
used. For pairs of energy < 40 MeV, the results of Wilson's Monte Carlo calcula-
tions (Wilson, 1951) were used. |

.In both runs the results obtained were in good agreement with the
predictions of the MUT theory (@ = 2) for energy transfers in the range 35 -

1000 MeV.

3. Barton et al. (1965)

Barton et al. (1965) studied the electromagnetic interactions of high
energy cosmic rey muons using six large area liquid scintillation counters
interleaved with five sheets of lead each of thickness 2+¢5 r.f. The
apparatus, which was set in vertical direction, was placed at depth of 60
m.w.e. underground. The instrument was triggered by index trays above and
below the apparatus, also a pulse was required from the fourth scintillation
counter which was placed below the middle target. The experiment weas run
with different biasing : level for the fourth scintillation counter.

The energy transfer in the interaction was estimated from the number of
particles at the shower maximum using the cascade theory of Buja (1963).

For the measured range of energy transfer (0*1 - 50 GeV) good agreement was

found with theory.

4. Ashton et al. (1968)

The electromagnetic interactions of cosmic ray muons, in iron, incident
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at sea level in the zenith angle range 50° - 90° was studied. The apparatus
consisted of two iron targets, each of V1 r.lf, and two scintillation
counters, one behind each target. A high energy electron or photon produced
in either targets by an electromagnetic interaction of a muon, gengrated a
burst of electrons and photons. The scintillation pulse produced by the
passage of this burst was used for the selection of such events and also to
determine the size of the burst. Visual information about each event was
obtained from five trays of flash tubes.

A differential burst spectrum was calculated using the cascade curves of
Ivanenko et al. (1959). The contributions to the burst were mainly coming
from the knock-on process and bremsstrahlung. The effect of the fluctuation
on the burst spectrum was included assuming a Poissﬁn distribution. The

experimental results they obtained are in agreement with theory.

5. Chin et al. (1969)

Chin et al. (1969), studied nuclear interactions by muons at a depth of
40 m.w.e. underground using a large calorimeter. The calorimeter consisted
of two kinds of detectors, scintillation counters and multiwire proportional
counters to detect the shower particles at each layer, and spark chambérs to
identify penetrating particles among the shower secondaries. Iron”and lead
plates were inserted between the detectors to act as a target in producing
interactions and also to give shower multiplicetion.

The total energy transferred to a shower from an incident muon was
calculated from the pulse height in the shower detector. The majority of
the showers observed were due to muon bremsstrahlung. The measured burst
spectrum was iﬂ agreement with the predicted one and no unusuasl nuclear

interaction cross section was observed. .

6. Misaki et al. (1969)

Showers induced by high energy cosmic ray muons were observed at a depth
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of 5 m underground with an emulsion chamber arranged horizontally. The chamber
consisted of nuclear emulsion plates, X-rays film and lead plates, the thick-
ness of each being 1 - 2 r.%., Showers produced in the chamber by.muon
bremsstrahlung, with energy transfer 1 to 8 TeV, and muon nuclear interaction
were detected. Bremsstrahlung showers were recognised from their single core
structure, whereas those due to nuclear interaction gave multiple cores.

Good agreement was found with theory and it was concluded that the showers
observed were mainly due to muon bremsstrahlung. No deviation was claimed.

from the theoretical nuclear interaction cross section.

T.4 Analysis of results from the present experiment

T.4.1 Experimental analysis

As mentioned in the previous chapters, two interactions experiments were
carried out. In the first experiment the triggering reéuirement was that a
single muon traversed the red side of MARS. Interaction events were then
selected by film scanning. In this experiment most of.the interaction events
observed involved a low energy transfer (small burst events).

In interaction experiment II, the triggering requirement was different
from that in experiment I, that is although we still triggered on single muéns
traversing the red side, it was also required that the muon produced a burst
(> 6 particles) in either level 1 or 3. This was achieved by using a high
discriminator setting for these levels. In this case most of the triggering
mions were associéied with bursts larger than gix particles. Ideally there
should have been no events with burst size < 6 particles, but, because of the
nonuniformity of the counter, the angle of incidence of the shower particles
on the counter and effects associated with photons, this was not the case, and
a few events with burst size < 6 particles were also observed.

Interaction experiment I provided a good statistics for small burst events,

Whereas experiment II provided good statistics for large bursts. Combining the
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results for each level (1 and 3) from the two experiments gives good statistics
for all burst sizes up to eighty particles or so and therefore it is possible
to produce a burst spectrum for these levels.

The burst size for each event has been estimated using the method described
by Rogers (see section 4.3.4). Corrections have been made, where necessary,
for each burst size to take into account the nomuniformity of the shower
density. The method adopted for the corrections was to divide the shower
under consideration into small cells. The number of particles in each cell
was then calculated using Rogers's method of uniform density. The burst size
for the shower was then obtained by adding the numbers of particles obtained
for each cell. This number is the one used in the burst spectrum analysis.
The method was not used for burst events where the number of tracks could be
counted directly.

The data were divided according to whether the burst was in level 1 or
3. There are more burst events in level 3 than 1 as expected on account of
the different muon energy spectrum. Considering level 1 and 3 in turn, the
date for each level were divided into cells of muon energy and burst sizef
The number of single muons for each cell of muon energy was obtained from
the muon energy spectrum correspénding to the considered level. By comparing
the number of bursts with size 3N, for different values of N, with the total
number of single muons of all energies a total integral burst spectrum was
established for each level. The probabilitx/huon of observing a burst > N
as & function of muon energy is obtained by comparing the number of bursts
with size > N produced by a muon of mean energy (Eﬁ) with the total number of

single muons of that energy traversing the spectrograph.

T.4.2 Theoretical burst spectra

A) Incident muon spectrum

In order to calculate the expected burst spectra for level 1 and 3, the



82

energy spectra of the muons incident upon the interaction region must be

knwon. This was calculated for levels 1 and 3 by folding the acceptance
function of the apparatus (given in section 3.5) into the vertical muon

energy spectrum (Ayre et al., 1971) and taking into account the energy loss

in the iron block (n 18 GeV/block). It was assumed that only the last 10

cm of each block contributes to the observed burst. The energy spectra of
muons for the measuring levels 1 and 3 are shown in figure T7.8. As éan be seen,
the mean energy at level 3 is higher than that at level 1. This is because

of the energy loss in the bottom half of the spectrograph. It is therefore
expected that the measured spectra of burst at these levels, will be somewhat

different.

B) Electromagnetic cascade

The object of this section is to illustrate the approach adopted to
calculate the integral burst spectrum for muons of unique energy and also the
total burst spectrum. Afterward a rough calculation for the probability of
single knock-on electron production as a function of muon energy will be
given.

*In thé present calculations a threshold energy of 2 MeV for the electrons
in the shower is used as it is estimated that this is the minimum energy for
the electrons to be detected by the measuring trays of flash tubes. Tran-
sition effects associpted with the non-iron absorbers (sciﬁtillafor and
momentum selector trays)-between the magnets and the measuring trays are not
expected to be great and so have been neglected in this analysis.

In the calculations the cross sections for the various interaction
processes given in section 7.2 have been used together with the electromsgnmetic
cascade curves given by Ivanenko et al. (1967) and shown in figures 7.6 and
T7.7. Since the cascade curves initiated to primary electrons are almost

identical to those initiated by primary photons, only one of them is used
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Figure 7.8 The differential spectrum of muons at the two levels in HARS
whera interactions are studied
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in the present analysis. Consider the cascade curves given in figure 7.6,
the effective target thickness, T(E', 3 N), for energy transfer E' in produc-
ing a burst > N can be read off. The dependence of the effective target
thickness on energy transfer for different integral burst sizes is given in
figure T.9. |

The probability for a muon of energy EN to produce a burst of size 5 N in

traversing the iron block is given by:

max
P(E,, > N) = ¢ gora1 (B oE") T(EY > N) aE' creriesnnena(T45)
'min
where ¢t°tal(Ep,E') is the total probability (i.e. 0. ¥ Ppremss. * ¢Dpp)

for a muon of energy E, to transfer energy E' in iron. T(E' 3 N) is defined
above and its values can be read off figure T.9. Ex'nin is the minimum energy
transfer required to produce a burst of size N and, E'ma.x is the maximum
energy transfer for a muon of energy Eu . E'ma.x, is usually very close to By
In order to obtain the total intégra.l burst spectrum, equation T.5 1s
modified to the following form:
Eil)max E'ma‘x :
: J ¢total(Eu,E") T(E',? N)dE'. I(E,u)dEﬂ

(E‘l.l)mi = in veneas(T.6)

P(3 N)

(E’ﬂ) max

I(Eu) x d.lE:u
(Eu)min

P(> N) is the probability/muon of seeing a burst > N.

I(Eﬁl) is the intensity of a muon of energy Ell given by the muon spectrum in

(EH) is the lower limit of muon energy in figure 7.8.,

min
(Eu)ma.x was taken as 1000 GeV, the contribution from higher muon energies being
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negligible. Thus, considering levels 1 and 3 in turn the total integral
spectrum for each can be calculated.

The probability of observing a single electron, emerging from the magnet
block, as a function of muon energy, has been calculated considering the
knock-on process and direct pair production for which only one electron
emerges. The contribution from the bremsstrahlung process is negligible and
has therefore been neglected. The lower 1limit for knock-on electron was
taken as 15 MeV and the upper limit as 150 MeV. Many of the electrons produced
with energy < 15 MeV will not emerge and an electron with energy > 150 MeV
will have a good chance of generating a shower. The limits taken for direct
pair production process are 30 MeV and 300 MeV respectively. The effective
target thickness has been taken as 1 r.%. This method of calculations is
very approximate since the above limits on the electron energy are not exact
and the effective target thickness is not accurately known. The lack of
interest in this process erises because it is well known and there is not
much doubt that conventional theory is applicable at least for small energy
transfers.

The total integral burst spectrum for levels 1 and 3, the probability
as a function of muon energy of observing a burst of size ?» N and for
single knock-on electron production are given in figures 7.19, T.11, T.1l2,

and T.1l3 respectively.

T.4.3 Comparison of experiment and theory

The total measured integrel spectra for level 1 and 3 are compared with
prediction in figures 7.10 and T.1ll. The experimental data are absolute
and no normalization factor has been used. In experiment I the discriminator
levels were set to accept single particle (i.e. the muon) and therefore no
loss in burst events was suffered._ In experiment II, however, because of

the high biaging level, there was considerable loss of small burst events.
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Figure 7.10 The total integral burst spectrum for level 1.
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Therefore in constructing the experimental burst spectra all the data from
experiment I were used while only those with burst size > 15 particles in
experiment II were considered. Because only a few events with bursts size > 15
particles were observed in experiment I, most of the events indicated come
from experiment II. The experimental points for burst size < 15 and > 15
particles preserve a consistent slope. As expected, the burst spectrum for
level 3 is higher than that for level 1 and they both agree reasonably well
with predictions. In-the burst spectrum for leveli 1, the experimental point
at N = 3 is higher than expected, but in view of good ggreemént found for the
corresponding point in the burst spectrum for level 3, no significance is
attached to it. For large burst sizes the experimental points for level 1
are lower than expected, whereas those for level 3 are higher than expected.
In both cases the difference from the expected values is statistically not
significant. If the data for both levels are grouped together, the agreement
with expectation is very good.

The comparison for the absolute interaction probabilities as a function
of muon energy for burst and for single electrons are shown in figures T.12
end T.13 respectively. For burst probebilities, the overall data were used
for burst size N > 20 and data from experiment I only were used for N > 2, 4
and 10. For single electrons only data recorded on levels 2 and 4 in
experiment I were used. This is due to the fact that these measuring levels
are just underneath the magnet, whereas singlé electrons detected in levels 1
and 3 may come from the magnet block, the momentum selector tray or the
scintillation counter.

It can be seen from figures T7.12 and T.13 that there is & satisfactory
agreement'between experiment and theory for the whole range of energy transfer

and over the range of muon energy investigated.

7.5 Comparison with previous results on muon interactions

The results from this experiment together with results from previous
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experiments mentioped in this chapter, on the electromagnetic interaction of
cosmic ray muons are compared with the theoretical prediction in figures T7.14
and T.15. Although the sbsolute probabilities in the present experiment are
probably not accurate to better than " 30%, the relative probability is thought
to be accurate and there is seen to be no evidence for significant deviation
from the theory. Therefore the present experiment results do not lend any
support to those experiments in which a deviation from the accepted theory

was claimed.

T.6 Critical analysis of previous experiments

At this sfage it is desirable to examine rather critically some of the
previous experiments which have been mentioned and in which inconsistency with
theory was found.

Consider the experiments of Roe and Ozaki (1959) and Gaebler et al.(1961).
As mentioned earlier these two experiments were carried out using cloud
chembers and they found a cross section for electron direct pair production
which was about 3 the value predicted by the MUT theory. One common feature
in analysing the data from the two experiments is that they both use Wilson
Monte Carlo results (Wilson, 1950, 1952) to estimate the energy transfer of
the showers observed. According to Hazen et al.(1965) Wilson's shower curves
underestimate the energy transfer of the shower event by a factor of about
2 compared with their own calculations ﬁnd with the calculations of Crawford
and Messel (1962). Therefore if we now use the latter shower curves then a
ressonable agreement with theory will occur.

Another point relevant to the observed discrepancy is the muon momentum
spectrum used. Accurate knowledge of the muon spectrum falling on the
chamber is necessary because the direct pair production process does depend
on muon energy. In the experiment of Roe and Ozaki this may not be & serious
source of error, because the experiment was carried out at S.L. where the

muon momentum spectrum in the range relevant to their experiment is believed
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to be known reasonably well. This may not be the case in the experiment of
Gaebler et al. however, because this experiment was carried out underground
and the muon spectrum used has to be derived fram the depth intensity
measurements and the range energy relation (for example, as given by Barrett
et al., 1952).

In view of possible underestimation of the energy transfer and some
uncertainty in the muon momentum spectrum used, one may conclude that the
discrepancy in these two experiments is not significant and does not
necessarily imply a breakdown in the direct pair production theory.

The experiment of Kearney et al. (1965) suggested a possible discrepancy
with Bhabha theory for knock-on production. This experiment was carried out
by operating a cloud chamber underground. In a cloud chamber, the energy
transfer involved in the interaction is determined by counting the number of
track segments associated with each event. Some tracks might fall outside the
illuminated region of the chamber in which case the energy transfer would be
underestimated. Conversely, background tracks might be mistaken for shower
tracks. On account of the steepness of the energy transfer spectrum a small
error in the energy transfer estimation could make a considersble difference
in comparison with theory. One way of overcoming this problem is by
normalization. In fact the slope presented by their experimental points is
in reasonable agreement with prediction. The uncertainty in the muon momentum
spectrum can not contribute significantly to the discrepancy because of the
knock-on process being almost independent of muon energy.

In the experiment of Allkofer et al. (19T71) the same sort of discrepancy
but smaller, was found. On examining their experimental points, the slope
agrees with the theoretical one reasonably well. Allkofer et al. did not rule
out the possiﬁility that the discrepancy is due to an error in estimating the
energy transfer. In fact, with the errors they quoted in estimating the

energy transfer, the agreement between theory and experiment is within one
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standard deviation for all their measured points.

One important fact which has not béen mentioned is the effect of the
fluctuations on the predicted values. None of the above experiments, which
claim a discrepancy, corrected their theoretical predictions for fluctuations.
The effect would be to cause the experimental points té be too high and in
some cases the necessary correction is quite significant.

The discfepancy in the experiments of Matano et al. (1968) and Alexander
et al. (1969) can probably be understood (Kiraly et al., 1971) if allowance
is made for uncertainties in recorded shower size.

While results from the Deery and Neddermeyer experiment (1961) suggest
an excess of events over the number predicted by the Bhabha theory in the
region around 1 GeV, results from Backenstoss et al. (1963) are in good
agreement with theory. Of the two experiments that due to Backenstoss et al.
is more accurate, and so is possible that the result of Deery et al. is due
to a statistical fluctuation.

In general the results from accelerator experiments are in good agreement
with theory. In these experiments the statistical accuracy is generally
better than in cosmic ray experiments, and the experimental conditions are
much better controlled, however, the muon energy is limited (% 20 GeV) and

there are still problems concerning absolute frequencies.

T.T Conclusions

In view of the approximations used, and the fact that there is no general
agreement on the fluctuation problem, the absolute probabilities in the
present experiment are probably not accurate to better than 30%. However,
the relative probability is accurate and there is no evidence for significant
deviations from expectation which are either muon energy - or burst size -
dependent.

In general, if one combines the results from machine experiﬁents and
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cosmic ray experiments (not forgeting the possible cause of discrepancy in
some of the cosmic ray experiments in which deviation from theory is claimed),

the result will favour the validity of the Q.E.D.
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CHAPTER 8

CONCLUSIONS

The present experiment set out to investigate the interaction asymmetry
of the cosmic ray muon and also to measure the absolute values of its inter-
action probability, and by doing so to resolve the possible cosmic ray -
accelerator inconsistencies.

The present experiment covers muon energies up to 200 GeV and energy
transfers up to 10 GeV. Consequently most of the events observed are due to
the knock-on production process and therefore the present experiment méy be
considered as testing the theory of this iﬁteraction. Essentially two
interaction experiments were carried out to investigate the electromagnetic
interaction of cosmic ray muons. The results on the asymmetry measurements
from the two experiments are in good agreement with each other and therefore
increase confidence in the data. The combined results from these interaction
experiments (I and II) on the asymmetry as a function of energy transfer are
given in figure 6.9. No asymmetry was found for all ranges of energy transfer
up to 10 GeV. However, the experimental point at 1 GeV is somewhat higher
than unity suggesting that there could be an asymmetry of as high as 13%.
Whether such an excess is real or due to statistical fluctuation is impossible
to decide at this stage. If there is really an asymmetry in this region of
energy transfer, then it is probably much lower than that quoted by Kotzer et
al. (1965) and Allkofer et al. (1970) and the statistical accuracy needed to
establish it is of the order of 1%. Apart from the results of Kotzer et al.
and Allkofer et al., the general feature of the results from the other
experiment is an agreement with theory.

As for the dependence of a possible asymmetry on muon energy, the results
of the present experiment favour no dependence.

The present results on the asymmetry are supported by the absolute cross
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section measurements given in Chapter 7 and also by results from accelerator
experiments. Experiments with muons from accelerators seem to disprove the
possibility of an asymmetry and such a results led Kotzer et al., (1967) to
suggest that the asymmetry in cosmic ray experiments could come from muons
arising from the decay of kaons since accelerator experiments use predominantly
muons from the decay of pions. However, this suggestion must be weakened in
view of the results from the present experiment and from the Mk II horizontal
spectrograph.

The present measurements of the absolute values of the interﬁction
probability are presented in figures 7.10, T.1l1l, T.1l2 and T.13. It can be
seen that there is a satisfactory agreement with expectation, although it is
not possible to guarantee that they are accurate to more than + 30% in view
of various approximations used. However, the relative probability is accurate
and the measured experimental points give a consistent slope with theory. A
more accurate measurement for the absolute probability was given by Backenstoss
et al. (1963) who found excellent agreement with theory. The experiment of
Deery and Neddermeyer (1961), which suggested a disagreement with knock-on
theory is much less accurate than that of Backenstoss et al. and, as reported
by the authors, it is not possible with any degree of certainty, to exclude
the possibility that the deviation is due to a statistical fluctuation.

Combining our results on the asymmetry with a more accruate result on
the absolute probabilities, we would arrive at the following conclusion:
the electromagnetic interactions of positive and negative muons with energies
up to 100 GeV and energy transfer up to 10 GeV show no definite anomalous
effects. Such a result is in conflict with the results of Kotzer et al.
(1965) and Allkofer et al. (1970). Our results do not show a conflict with
the theoretical description of the muon interaction as calculated from

Q.E.D. and they support the predictions of this theory.
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