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Abstract

The results are presented of an investigation into the
flux of cosmic ray muons underground at a depth of 7500 m.w.e.
in the Kolar Gold Fields, South India.

Muons from the decay of pions produced in the first
high energy interactions of energetic cosmic rays in the upper
atmosphere were observed to arrive from directions close to the
vertical. The angular distribution, depth-intensity relation
and electromagnetic interaction products of the muons are discussed
and conclusions are drawn about the behaviour of these character-
istics at very great depths.

An examination is made of the way in which muons loese
energy in various media and from this study the range-energy
relations for muons in standard rock and sea water are constructed.
A comparison of recent underwater and underground measurements
at depths down to 1500 m.w.e. is made and it is shown that the
sea level energy spectra derived from measurements undef the two
types of media are nearly identical and close to the spectrum
given by Osborne et al. (1964).

At angles close to the horizontal, muons were detected in
the underground laboratory from the interactions of neutrinos with
nucleons in the surrounding rock wall., Definite evidence was

obtained, by means of a visual neon flash tube technique, that the
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neutrino interactions are mainly non-elastic in character, and
that the rate of muons observed agrees well with theory, though
on the presently available statistics it is not possible to decide
whether or not the role played by the theoretically predicted
intermediate boson is significant.

The results from comparable experiments are presented,
and the future development and aims of the Kolar Gold Fields

experiment discussed.



Preface

The experimental and analytical studies reported in this
thesis were performed by the author in conjunction with other
members of an international collaboration team composed of groups
from the Tata Institute of Fundamental Research, Bombay; Osaka
City University, Japan and Durham University. The author was a
research student attached to the Durham group, under the super-
vision of Professor A.W. Wolfendale, in the period August 1964
to September 1967 during which time he spent 18 months in the
Kolar Gold Fields, South India, the site of the experimental
work.

Relieving a Durham colleague in the Summer of 1964, the
author helped to bring an earlier experiment to a satisfactory
conclusion. This work, reported by Achar et al. (1965a, b) and
Creed et al. (1965) confirmed the cosmic ray muon depth=-intensity
measurements made by Miyake et al. (1964a) and provided new
information on the electromagnetic accompaniment of muons by the
use of neon flash tube detectors. Brief details of the experiment
are given here, particular reference being given to the analysis
of the electromagnetic accompaniment.

Whilst in Durham the author made a study of energy loss
mechanisms, giving close attention to the apparent discrepancy

between muon intensity measurements under rock and water. It is
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reported here, and also by Creed and Wolfendale (1967), that the
apparent differences in measurements under the two media are due
to normalisation procedures, and that when iaken with a suitable
range-energy relation, derived from the muon energy loss curves,
the sea level muon energy spectra estimated from the two sets of
intensity measurements for the different media are in close
agreement,

Since the start of the K.G.F. neutrino experiment in
January 1965 the author has been responsible for the installation
of the major part of the neon flash tube detectors, and their
associated optics and electronics, in the seven telescopes built.
Whilst in the Kolar Gold Fields he was responsible for the daily
running of the flash tube detectors and for the analysis of the
photographic records.

Results from the K,G.F, neutrino experiment have been
published by Achar et al, (1965c,d,e,f) and Menon et al. (1966a,b;
1967a,b). The present experiment brings these reports up to date
and compares the experiment with similar studies reported at the

10th International Cosmic Ray Conference in Calgary.



Chapter 1

INTRODUCTION .

The study of cosmic radiation has added considerably to
our knowledge of the structure of the atomic nucleus and has been
instrumental in the discovery of many new fundamental particles.
Beginning with.the observations made in the 1900s that the charge
on an electroscope gradually leaked away at a rate that could not
be entirely explained by background radioactivity, and that the
degree of ionisation within an ionisation chamber increased with
height above about 2000 metres, it became clear that an ionising
radiation was entering the Barth from oulside the atmosphere.

In the last fifty years many advances in the understanding of
this radiation have been made, but the problems still to be
solved are considerable.

The vprimary cosmic radiation incident on the Barth's
atmosphere is known to consist mainly of protons and hélium
nuclei with a small admixture of heavier nuclei of mass up to,
and possibly exceeding that of uraniun, as well as a low flux of
primary electrons. 1In éddition there is thought to be a flux of
neutrinos and X= and y-rays, though quantitative measurements on
these components are difficult to make. Above an energy of a few

GeV the origin of the radiation is uncertain, but the very high



energzgies that have been observed

indicate that a substantial part

is of palactic and even extra-galactic origin. The high energy

processes inherent in supernovae

and galactic nuclei give rise to

the belief that they may constitute at least partial sources, whilst

the recent discovery of other energetic celestial objects, such as

quasars, has opened speculation on new modes of production. On the

other hand, sowe of the low energy component comes from the Sun and,

if charged and of sufficiently low energy, enters the Earth's

atmosphere after a period of oscillation within the van Allen

radiation belts. The origin of coswmic rays is reviewed by Ginzburg

and Syrovatsky (1964).

On entry into the upper
particles undergo collision with
length of about 80 g.cm-z. High

in which many vions and a lesser

pairs and hypsrons are produced.

atmosphere the nuclear active

air nuclei with an interaction
energy cosmnic rays produce 'jels'
nwiber of kaons, nucleon-antinucleon

The nucleons undergo further

interactions at a lower energy deeper inside the atmosphere, whilst

the pions decay or interact depending on their heights of production,

relativistic lifetimes and energies., The neutral pions decay with

a very sihort lifetime into y-rays which initiate high energy

photon~electron showers in the atmosphere that may survive to sea

level. The kaons and hyperons decay into pions, as well as y-rays,

electrons and neutrinos, through

products of the pions: muons and

a variety of modes. The decay

neutrinos, also continue to sea

level since they are weakly interacting particles. The cosmic ray



flux at sea level thus consists mainly of muons and neutrinos,
and smaller numbers of electrons and y-rays, with a very small
contamination of nucleons and pions. The highly energetic
primaries generate photon-electron showers which survive to sea
level, with the secondaries mentioned, in the form of extensive
air showers (BAS).

liany experiments investigating the nature of the cosnic
radiation at sea level and at nmountain altitudes have been carried
out in the last few decades. A picture of the propagation of the
interaction products of cosmic ray primaries has been built up in
terms of the multiplicity of the production of secondaries, the
energies transferred in interactions and the decay probabilities
and interaction cross-section:z of the particles generated, and a
reasonably clear idea has been obtained of the processes involved,
at least up to medium energies.

Two of the more recent problems to be investipated were
those of the muon and neutrino components at very great depths
underground. The muons from highly energetic primaries, created
as the reéult of the decay of pions and kaons produced in the
very first interactions ('atmospheric' muons), penetrate to great
depths in the Barth whereas all the remaining components, other
than the neutrinos, are absorbed in the first few metres of ground.
The flux of muons underground had been investigated from the
earliest days of cosmic ray studies, and incressing interest was

shown in measuring the flux at the greatest possible depths to



throw light on the energy loss:mechanisms effective at high energies,
and to investigate the very energetic end of the sea level muon
enerpgy spectrum. Additionally, it was expected that the flux of
neutrinos bvoth from the primary cosmic radiation and from muon,

pion and kaon decays should produce a small but measurable flux

of secondary muons and electrons within the Earth, and that at

great depths it would be possible to measure at least the secondary
muon flux against the natural radiocactivity and atmospheric muen
backgrounds .

It is with these aspects that this work is concerned.



Chapter 2

THE STATUS OF MUON AND NEﬁTRINO STUDIES.

2.1 Huons.

The existence of mesons was first predicted by Yukawa
in 1935, who in modifying Ferni's theory of f-decay, showed that
the exchange particle representing nuclear forces must have a
mass very much greater than that of the electron which Fermi had
assumed acted as the mediator. Adopting a wave function similar
to Schroedinger's equation to represent the meson, Yukawa used the
information obtained from scattering experiments, that the nuclear
force decreases approximately exponentially in distances of the
order of 2.8 x 10-13 cm, to predict a mass of approximately lBOme
for the meson. He assumed the meson underwent decay, and inform-
ation from B3-decay indicated that its lifetime would be about lO—8
seconds.

It had long been known that the cosmic radiation consisted
of a soft component, soon identified as electrons, and a hard com-
ponent that did not fit the characteristics of any known particle.
The direct determination of the mass of the penetrating particles
by Anderson and Neddermeyer, and independently by Street and
Stevenson in the period 193%6-33, gave a result of the order of

ZOOme. These particles were at first thought to be Yukawa mesons




since they were observed to decay into an electron and, it was
assumed, neutrinos. However their lifetime proved %o be 100 times
longer than that predicted, and the strong interactions with matter,
essential to the Yukawa hypothesis, were not observed. The discovery
of another particle in 1947, the n-meson (pion), which had character-
istics that fitted the Yukawa particle resolved the dilemma and
established the p-meson (muon) as a decay product of the pion.

The characteristics of the muon listed in table 2.1 were
established in the next couple of decades. Other than direct
investigation through the use of accelerators, the chief method
used to study muons was their underground and underwater detection
with cloud chambers, ilonisatilion counters, Geiger counters and
scintillators, since at depths greater than a few tens of feet of
rock the only remaining components of the cosmic radiation at

surface are nuons, neutrinos and their secondaries.

Table 2.1 Basic Properties of the Kuon.

Mass (206.768 + 0.003)m
Charge (1.00000 + 0.8600005)e
Lifetime (2.212 + 0.001)107° sec.
Spin =+



2.1.1 Underground Experiments.

Work by early underground experimenters yielded some
useful results. Determination of the absolute rate of muons at
various depths enabled the sea level muon spectrum to be calculated
if an energy loss relation was assumed. The derived sea level
spectrum could be checked against that reasured directly by
magnetic spectrographs up to energies of the order of lO3 GeV and
used to extend the knowledge of the spectrum beyond these energies.
The muon spectrum threw light on the mode of propagation of air
showers in the atmosvhere, and én the primary cosmic radiation
incident on the top of the atmosphere.

However there were several difficulties associated with
finding an accurate depth-intensity relation for muons. The muons
were always acconmpanied by a soft component consisting of low energy
electrons which could give rise to spurious counts. The introduction
of layers of absorber within the detectors helped to reduce this
effect, but without the use of visual detectors there was always
the possibility of recording a higher rate than actually existed.

To obtain a vertical intensity from a measured rate the
angular distribution of the muons had to be known, unless the
detector was collimated and observed only muons arriving frowm near
vertical directions. This became particularly important at great
depths where detector apertures had to be large to observe a
reasonable rate. Géiger hodoscopes were used, but ideally visual

detectors were needed. Additionally, accurate measurements had to



be made of the nature and extent of the overburden above the
detectors. In many cases the exact chemical composition and

amount of all the rocks within the overburden was not established,
and only approximate allowances were made for the surface topography.

In order to compare intensities measured under different
materials the concept of 'metres water equivalent' (m.w.e.) was
adopted, which initially was the depth of experimentation in metres
times the mean density of the overburden. It was realised later
that the energy loss of muons was a complicated function of the
atomic weilght, A, and atomic number, Z, of an absorber and that
direct comparison of intensities at depths expressed in m.w.e.
was not possible. As a result a 'standard rock' was assumed with
Z =11, A = 22 and density = 2.65 g.cm-B, so that a genuine
comparison could be made.

Despite these difficulties useful results were gathered
and the sea level muon spectrum defined out to energies of the
order of 2000 GeV, corresponding to depths of about 3500 m.w.e,

It was realised that errors in the estimation of muon energy losses
through nuclear interactions and electron pair prodﬁction, as well
as errors from the effect of fluctuations in the total enerpgy loss
would introduce an increasing inaccuracy into the derived muon
spectrum at high energies. This necessitated an investigation

into the electromagnetic interactions of muouns at various depths

to uncover any anomalies and to check the total rate of accompaniment

of muons by a soft component against that expected from the proposed



underground spectrum.

Recently, experiments were proposed to investigate the
rivons produced from neutrino-nucleon interactions in rock, and
to distinguish these muons from the remnant atmospheric muons,
even at very great depths, reguired an accurate lknowledge of thne
angular distribution and intensity of atmospheric muons down to
depths in the region of 9000 m.w.e.

Since the review article by Barrett et al. (1952), a
nunber of experiments have been regorted. Results from experiments
performed at depths greater than 3000 m.,w.e. are discussed in
chapter &4 where the best estimate of the depth-intensity relation
under standard rocit is derived for depths between 3000 and 9000 m.w.e.
The worlk of Higashi et al. (1966) on muon intensities under sea
water is also examined in chapter 4, and it is concluded that there
is no significant difference between underwater and under rock
measurenents down to a depth of 1500 m.w.e. Comparative studies
under different types of absorber, particularly sea water and Kolar
rock should, in theory, enable the energy loss components to be
evaluated at high energies. This aspect of underground work is
discussed in the same chapter.

Of the umore recent experiments those of Miyake et al.
(1964a) and Achar et al, (1965a) are probably the most significant.
Working in the Xolar Gold Fields, both teams established the depth-
intensity relation of cosmic ray muons to greater depths than had

previously been achieved. The earlier work did not include the
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use of visual detectors and as a result suffered from some of the
uncertainties already mentioned. The later work by Achar et .al.
confirmed the findings of Miyake et al. by the use of neon flash
tubes to examine the angular dependence and electromagnetic
interactions of the muons, as well as paving the way for the Kolar
Gold Fields neutrino experiment which used similar detectors.

The XGF neutrino experiment, which is the main subject
of discussion in this work, although primarily designed to detect
the muons produced by neutrino interactions has a considerable
aperture for atmospheric muons arriving ffom between 150 and 500
projected zenith angle. At the great depth at which the experiment
is sited, 7500 m.w.e., the atmopheric muons recorded come from the
decay of pions produced in the upper atmosphere by the very first
interactions of high energy primaries, and since the apparatus can
detect any gross anomaly in rate, direction or energy (the latter
through the degree of electromagnetic interactions and scatter of
the muons in the lead absorbers), of the atmopheric muons, it can
give valuable information about the primary spectrum and the
character of high energy interactions, as well as giving the most
accurate assessment of the vertical muon intensity yet obtained at

comparable depths.

2.2 HNeutrinos: A Historical Review

First postulated by Pauli in 1932 so that the concepts of

momentum and spin conservation might hold in B-decay, the idea of
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the neutrino was soon incorporated into Fermi's theory of weak
interactions which successfully explained the shape of the electron
energy spectrum emitted by an element undergoing B-decay. It was
supposed that neutrinos existed as particles and anti~-particles and
examination of the end point of the beta energy spectrum suggested
that neutrinos should have a very swall, if not zero mass., Discovery
of the muon in the late 1930s and an examination of its interaction
characteristics lead to the conclusion that along with the electron
and neutrino it underwent weak interactions as predicted by the
universal Ferwi interaction. The theory of weak interactions remained
essentially the same until the existence of parity non-conservation
was confirmed by the observations of Wu et al. on the asymmetric
production of beta rays from Co60 in 1957.

Earlier, in 1953, Reines and Cowan working with the
Savannah River reactor made the first observation of the absorption
of neutrinos by nuclei, giving the neutrine full status as a
fundamental particle. They found an interaction cross-section of
approximately lO-qu cm2 at a neutrino energy of 1 MeV, in accordance
with the predictions of the universal Fermi interaction.

The present form of the wealk interaction theory was
developed by Feynman and Gell-Mann in 1958. Describing the weak
interactions in terms of vector and axial vector coupling, the
V - A theory proposed four types of neutrinos, particle and anti-
particle each associated with the electron (ve, Ge) or the muon

(vu, GN)° Successfully describing 8-decay, muon decay and
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absorption, and the branching ratio of thé pion into an electron
and a neutrino or a muon and a neutrino, the theory met with
difficulties at high momentum transfers. TFor example, the effective
interaction Lagrangian which accounts for muon decay:
u+-—9 et NV + ;u
represents the interaction
of four fermions at a single space-time point and predicts a
cross-section for, say,
3.+ et S 4+
that increases with the
square of the c.m.s. momentum. A conflict with the unitarity
limit of the cross-section (X2/8n) is reached at an energy of
about 300 GeV. From this it follows that there must be an alter-
native mechanism that comes into operation well before an energy of
300 GeV. To remove the obstacle that the interaction takes vlace
at a single space-time point the intermediate vector boson was
introduced with a role similar to that of the photon in electro-
magnetic interactions. The introduction of this non-locality at
high energies and the fact that the mediating varticle must appear
virtually, ensured a large amplitude for the reaction:
B> e+ Y
but this was not observed
experimentally. T.D, Lee argued that this was explained by a

selection rule and that the only one consistent with all the known

facts about muon decay was the two neutrinc hypothesis:



13

t— . > > et o+ v, end vy # v, -

The difficulties inherent in observing weak interactions
at high energies against the background of strong and electromagnetic
interactions were overcome by using neutrinos as bombarding
particles following suggestions made independently by M.Schwartz
and B. Pont@corvo. Studies of the existing accelerators showed
that they were capable of yielding sufficient intensities of
neutrinos to observe their weak interactions at energies of the
order of 1 GeV,

The first experiment demonstrating the separate existence
of electron and muon neutrinos was carried out in 1962 by Danby
et al. at the Brookhaven National Laboratory. The results gave
strong support to the two neutrino theory. Subsequent experiments
at CERN using an energy spectrum of neutrinos calculated to be
peaked at a value below 1 GeV and extending effectively up to the
region of 10 GeV confirmed this result and investigated the nature
of the elastic and inelastic interaction cross-sections for neutrino-
nucleon collisions. No clear evidence for the intermediate boson (W)
was found, the lower limit to its mass m being set at about 2 GeV
depending on the branching ratio of the W through leptonic or non-
leptonic modes. (Bernardini et al. 1965). The neutrino flip
hypothesis was found to be false with 90% certainty, confirming the
non~interchange of the electron and muon associated neutrinos. Sone
of the experimentally determined properties of neutrinos are listed

in table 2.2.
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Table 2.2 Basic Properties of Neutrinos

Electron neutrino Muon neutrino
lass <0.2 KeV < | MeV
Charge <1O-l9e <5 x lO_Ge
Spin zifm =0 2 ifm = 0
Helicity >0.95 _ >0.80

The behaviour of weak interactions at high energies could
only be investigated up to a few GeV at CERN and Brookhaven with
the existing experimental arrangements. Within the next few years
the particle intensities will be raised by a factor of up to 100,
but this will be the probable 1limit of these machines. Better
statistics will be available for intensities up to 10 GeV, but it
will not be until the next generation of machines is built that
mean neutrino energies of about 20 GeV with maximuwn energies of
100 GeV will be available. Within & months the Sherpukhov acceler-
ator will raise the maximum available proton energy to 70 GeV from
its present limit of 30 GeV, and the design study by the Lawrence
Radiation Laboratory for a 200 GeV machine should give the neutrino
energies mentioned within six years.

However, an investigation of weak interactions can be
made by using the neutrinos from pion, kaon and ruon decay in the
atmosvhere. Because of the very low cross-sections even at high

energles, assuming no resonance interactions, the Harth is
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effectively transparent to neutrinos and at any point underground
the flux of neutrinos is roughly isotropic. The interaction of
neutrinos of atmospheric origin within the Barth's crust will
produce a very low flux of muons and electrons, but as pointed out
by larkov and Zheleznykh (1961), the muons produced will travel
considerable distances and there will be zn effective target
thickness of rock surrounding the detector that is equal to
the range of the muons in rock. Compensation for the falling
neutrino intensity at high energies is gained from the increased
range of the muons in rock, and it was thought that it should be
possible to measure the rate of nmuons from neutrino interactions,
though it was unlikely that the interactions themselves would occur
within the detecting apparatus.

Following the work of lMiyake et al. (196k) who reported
no events from two vertical muon telescopes each of 1.5 m2 area
at a depth of 9200 ft. below ground in 60 days of operation, it
became clear that it was possible to operate successfully detectors
at a depth where the neutrino-induced muon intensity was of the
same order of magnitude as the residual muon intensity from the
atmosphere. Two experiments were started in late 1964 and early
1965. One, the Johannesburg experiment, was sited in the East Rand
Proprietary Mines, South Africa and was run by a group from the
Case Institute, Ohio and Witwatersrand University. (Reines et al.
1965). The other, the XGF experiment, was sited in the Kolar Gold

Fields, Southern India and was run jointly by groups from the Tata
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Institute of Fundamental Research, Bombay (TIFR), Osaka City
University, Japan and Durham University. (Achar et al. 1965e).

The author is a member of this last group.

2.3 Present Underground Experiments

The Johannesburg experiment is sited at a depth of
8500 m.w.e. standard rock and uses tanks of mineral oil based
liquid scintillator stacked in two parallel vertical walls as
the primary detectors. Lach tank is 56 cm high, 12.7 cm thick
and 5.5 m long and is viewed by four five inch photomultipliers.
The walls, separated by 1.8 m, are three tanks high and, for the
initial stages of the experiment, were six tanks long, The thick-
ness of the tanks ensures that a minimum ionising muon traversing
a single tanl nust deposit at least 20 MeV in the scintillator,
which is well above the energies of the natural radiocactive
processes. The arrangement gives a maximum aperture in the horizon-
tal direction where the neutrino flux is peaked by a factor of about
two over the vertical flux, and minimum aperture in the vertical
direction where any residual atmospheric muons might be expected
to be seen. Pulse height analysis of the photomultiplier outputs
indicates the energy deposition of the muon, and if it traverses a
tank in each wall the azimuth angle can be estimated. To date
several categories of event have been observed, a full discussion
of the latest available results frowm the experiment is given in

chapter 6. Undoubtedly muons from neutrino interactions have been
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recorded, but the interpretation of some of the more complex
coincidences involving two or more adjacent tanks in the same wall
is difficult.

Some of the difficulties of interpretation are overcome
-in the KGF experiment by the use . of wvisual detectors as well as
scintillator elements. Using two vertical walls of plastic
scintillator 5 cm thick, 3 m high and 2 m long with a separation
of 85 cm, as primary detectors, walls of lead and neon flash tubes
are positioned between the scintillators to give visual evidence
of the tracks of particles traversing the apparatus and information
on any interactions occurring within the lead walls. A description
of the initial and subsequent phases of the experiment is given in
chapters 3 and 7, but the shallower depth, 7500 m.w.e. standard
rock, at which the experiment is sited gives rise to the detection -
of a large number of atmospheric muons.

Recently, an experiment has been initiated by members of
the University of Utah to investigate the interactions of neutrinos
with a detector bulk of 2000 tons incorporating a novel type of
cylindrical spark counter. (Bergeson et al. 1965). Although
situated at a depth of about 1500 m.w.e. the sense of travel of
a particle is determined in the most favorable case by four
independent Cerenkov measurements and three time of flight
measurements allowing upward travelling neutrino secondaries to
be distinguished. Track location is made within the spark counters

by a sonic technique giving an accuracy of 3 mm along the length
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of the counter. The counter arrangement, described with the latest
results from the experiment in chapter 6, gives an angular resolu-
tion of about 10-6 steradians.

Experiments of the type described should give valuable
information about absolute rates of neutrino-induced muons
underground which will allow some estimate to be made of the domin-
ant mode and character of neutrino-nucleon interactions if the flux
of neutrinos generated in the atmosphere from muon, pion and kaon
decays 1s known to a reasonable accuracy. The problem of the atmos-
pheric neutrino flux has been studied by Cowsik et al. (1966) and
Osborne et al. (1965) and it appears that their estimates do not
differ greatly.

The arrival times and directions of muons reflect the
original directions of the muon initiating neutrinos, and the
apparent neutrino origins can be examined on the celestial sphere
for any anisotropy, since there may be a low flux of muon neutrinos
from some celestial objects. This form of 'neutrino astronomy!
is more likely to be productive when the experiment is designed to
detect electrons resulting from low energy electron neutrino inter-
actions, since a large number of electron neutrinos are generated
in the Sun and other stars. An experiment of this type, initiated
by Davis (196h), to detect the inverse 3-decay caused by low energy
electron neutrinos in a large volume of detector, has already put
an upper limit on the Sun's central temperature of 18 x 106 °k by

an estimate of the upper limit of the electron neutrino flux from
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the Sun. (Kocharov 1965). However, it must be made clear that
the present work deals primarily with the muon induced component
from neutrinc interactions of the type:

Qm’+ p—=>n+ 1 and N, +n->p+ wo

Information on the energy of muons traversing detectors
can be gained from a study of the scattering in an absorber and
from the rate of accompaniment by a soft component produced in
the rock or absorber walls. These aspects are examined in chapters
% and 8. A more direct method is to put large volumes of magnetised
iron within the detectors and measure the deflection of the muons.,
This approach has been used recently by the KGF group with the
introduction of two 14 k.gauss nmagnets underground and has been
adopted by the Utah group who are incorporating magnets in their
detector. It is hoped that the maximum detectable momentum of
the KGF spectrographs will be 20-30 GeV/c which will allow, with
sufficient exposure time, an estimate to be made of the neutrino-
induced nmuon energy spectrum, a vital piece of information needed
for the interpretation of the total rate of events. A discussion
of the KGF spectrographs is given in chapter 7.

It is apparent that the type of experiment described above
has an effective role to play in the advancement of our knowledge
of weak interactions whilst the new generation of accelerators is
under construction. Whether they will continue in their usefulness

once accelerators can produce neutrino energies of up to 100 GeV

depends on the discoveries made in the field of weak interactions



and in the new subject of neutrino astronony.
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Chapter 3

ELECTROMAGNETIC INTERACTIONS UNDERGROUND

5.1 Introduction

An exvperiment using visual detectors for the first time
at great depths underground was carried out in 1964 by a combined
group from TIFR and Durham University. (Achar et al. 1965a,b).
This experiment, sited in the Kolar Gold Fields, Southern India,
was followed by the KGF neutrino experiment, as wmentioned in
chapter 2. Both experiments have yielded data on the accompaniment
of muons by secondaries, and the production of secondaries within
detectors, through the use of neon flash tubes. It is the analysis

of this data which is discussed in this chapter.

3,2 The Joint TIFR=-Durham Experiment

A full account of this experiment has been given by
Pattison (1965) and only a brief outline of the experimental
arrangement will be given here. Figure 3,1 is a diégram of the
apparatus used. Two such units were operated consecutively at a
depth of 816 mew.e. and simultaneously at depths of 1812 m.w.e.
and 4100 m.w.e. (A1l depths are for KGF rock with Z2/A = 6.29).
The coincidence requirements demanded a fourfold coincidence

between a pulse from the Geiger counters (each of sensitive
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length 111 cm and diameter 10.6 cm) and pulses from the three
photomultipliers viewing the 1 m square scintillator, within a
L us resolving time. The two sets of four layers of neon flash
tubes (each 111 cm long and of 1.8 cm external diameter) were
pulsed after each coincidence and the events photographed through
a mirror system. A lead layer, 5 cm thick, was placed between the
two sets of flash tubes.

It was found that the flash tube records could be divided
into two groups: those that could be interpreted as the result of
electromagnetic interactions and those showing clear evidence of

more than one penetrating particle.

342e1l DMultiple Penetrating Particles

An analysis of the multiple penetrating particle events
(MPP) was made by Creed et al., (1965) who attempted to account
for the observed number of double particles on the assumption
that they originated in EAS as double muons, and that pion-muon
pairs were generated by nuclear interactions of the muons in rock.
The EAS contribution was derived using an adaptation of the simple
model of Brooke et al. (1964) for the propagation through the
atmosphere of the various components resulting from primary
protons. The model enabled the probahility of two muons falling
within the detecting area of 1.1 m2 per unit to be calculated.
A check of the méthod was made by computing the expected vertical

intensities at the three depths of operation and comparing the
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values with the observed intensities. A good agreement was found.

The contribution to MPP from nuclear interactions of
muons was calculated by using the cross-sections for shower
production at the relevant depths taken from the review by Fowler
and Wolfendale (1958) and it was assumed that most of the energy
lost by the nuon went into the production of a single pion.

The probability of two muons from an air shower falling
within the detecting area added to the probability of a muon and
a pion from a nuclear interaction being registered simultaneously
gave a rate of double particle events that was in reasonable
agreement with the observed rates at the three depths. Further
confirmation was obtained by examining the projected lateral
distributions of the double particle events and comparing them
with the calculated distributions on the EAS model. The conclusion
was that MPP at the depths of observation could be adequately
explained by the simultaneous observation of more than one muon
produced by the same primary nucleon in the atmosphere, and by
the local nuclear interactions of the muons, except for a possible

excess of events with very small track separations.

3+.2+e2 Electromagnetic Interactions

The flash tube records that were interpreted as being
the result of electromégnetic interactions of the muons were
divided as follows:

a) secondaries visible above the lead absorber:
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(1) single electrons incident from the rock above the
apparatus

(ii) electron showers incident from the rock

(1ii) single low energy electrons ( 8§=-rays) generated
within the top tray
b) secondaries visible below the lead absorber:

(1) single electrons generated within the lead

(ii) electron showers produced in the lead

(iii) single low energy electrons ( §-rays) generated
within the bottom tray.

The frequencies of occurrence of each type of event
were determined for the three depths at which the apparatus was
operated, and from the total numbers of events observed the
probabilities plotted in figures 3.2 and 3.3 were calculated.

It should be noted that these figures are not the same as those
given by Creed et al. (1965) and by Pattison (1965), since they

are the result of a more accurate examination of the majority of
the events made by the author. 1In the new figures, allowance is
made for the 'out of geometry' events (i.e. ones where the primary
muon did not pass through both planes of the detector, the fourfold
coincidence coming from energy deposition by the accompan¥ing
secondary particles), and a wmore careful criterion is taken for

the 'in tray' accompaniment. The figures for showers do not
include penetrating showers where there was a simultaneous

observation of different developments of the same electron shower
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in upper and lower trays.

A knowledge of the arrival directions of the muons
enabled the probabilities of the various types of accompaniment
with projected zenith angle to be calculated. The results for
1812 m.w.e. are displayed in figures 3.4 and 3.5 where the error
estimations are nade by assuming a Poissonian distribution and are
based on the figures of Regner (1951). No values are shown beyond
450 Yecause there the statistics are extremely poor.

Figures 3.2 and 3.3 show quantitatively the increase in
accompaniment with depth corresponding to the increase of the mean
energy of atmospheric muons with depth. The large value for the
®-ray production in the bottom tray is probably due to low energy
electrons from the lead being counted as $&=-rays pfoduced within
the lower tray. A similar situation would not cccur with the upper
tray since the rock ceiling was ayproximately 1 m above the Geiger
counters at the two shallower depths and 2 m» above them at the
greatest depth. This difference in ceiling height probably
accounts for the reduction in shower probability from the rock
at 4100 m.w.e. No increase with depth was found for 8&-rays, this
is because the probability of collision loss is insensitive to
muon energy as explained in section 4.2.1.

The angular dependence of the various types of accompan-
iment, shown in figures 3.4 and 3.5 for the middle depth, is
explained qualitatively by the increase with projected zenith

angle of the mean muon energy and the muon path length through the
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lead and neon flash tubes. The probability of electron showers
being observed coming from the rock does not increase with angle
because there is no increased patih length in the absorber.
Rather, it shows a decrease corresponding to the decrease of
telescope aperture with increasing angle.

In broad outline the electromagnetic interactions
observed at the three depths are understood. The total rate
does not increase much with depth, but neither does the expected

mean muon energy, as explained in section 3.5.

3+¢3.1 The KGF lNeutrino Experiment: the Experimental Arrangement

The first two detector arrays were assembled in the Spring
of 1965 and were designated the titles 'Neutrino Telescopes 1 and 2'.
In their final completed state they were identical. (Figure 3.6).
Two vertical walls of plastic scintillator each 2 m long, 3 m high
and separated by 85 cm formed the primary detecting area of each
telescope. Each wall was constructed from six scintillator elements
each one metre square and 5 cm thick, the elements being made of
four identical square blocks. Two adjacent Dubiont 6364 five inch
diameter photomultipliers were housed at the apex of a cone cover-
ing each scintillator element. Neon flash tubes were used as the
visual detectors acting as the secondary detecting area. Xach tube
had an external diameter of 1.8 c¢m and was 2 m long. The tubes
were arranged horizontally in trays 1 m high, 2 m long and 8 cm

wide, giving four columns of flash tubes in each tray. Three trays
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sufficed to cover one wall, so that nine trays were used in each
telescope to erect three flash tube arrays between the scintillator
walls. A 2.5 cm thick lead absorbing wall was placed between
each adjacent flash tube array, making a total absorber thickmess
of 5 cm.

The passage of a particle through both scintillator walls
of a telescope was registered by a fourfold coincidence bhetween
a pair of photomultipliers on one wall and any pair on the other.
A block diagram of the circuitry used is shown in figure 3.7.
The two pulses from adjacent photomultipliers were added and delayed
and fed to the ¥ plates of an oscilloscope, the pulses from the
six pairs of photomultipliers on one wall going to the same
oscillloscope. Vhen a fourfold coincidence occurred the oscill-
oscopes' sweeps were triggered and the added ﬁulses appeared, the
amount of the delay indicating the corresponding scintillator
element. The four oscilloscopes, one for each wall, were viewed
by a single open shutter camera. After a delay of 30 us, which
allowed the oscilloscopes to complete their sweeps, a high voltage
pulse was applied to the centre electrodes of the flash tube trays
of both telescopes. Two open-shutter cameras viewed the neon
flash tubes of each telescope and recorded the flashes resulting
from the passage of an jionising particle through the arrays. The
master pulse gate was closed for 12 seconds after each fourfold
coincidence making both telescopes insensitive while a cycling

system operated. This cycling system initiated the advance of the
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film in all the cameras and triggered the illumination of clocks
and fiducial lights which marked the flash tube positions.

The neon flash tubes, filled to 60 cm Hg pressure with
a mixture of 98% neon and 2% argon, were fired by a field of
approximately & kV/cm applied 30 ps after the passage of an ionising
particle. The column efficiency was observed on surface to be in
the region 75 - 80%, making the probability that two orf more tubes
would fire per tray greater than 92% even for a perpendiculér
traversal. In general particle traversals were not perpendicular
to the broad face of the tray and the tray efficiency when in use:
underground (gauged as the probability that two or more flashes
per tray would define a particle track) was close to 100%.

The angle made by the camera lens with the axis of any
flash tube in its field of view was kept to a minimum, usually less
than 7o and never greater than lOO. By using 35 mm Ilford HPS
f£ilm (800 a.s.a.) and optimum de#elopment conditions, the reduction
of light emission at 10° by a factor of five from that at 0° could
be tolerated.

The flash tubes were triggered by the discharge of a 0.04 uF
condenser at about 13 kV on to the central aluminium electrodes of
not more than four trays. This was initiated by the master pulse,
which after amplification drove the grid of a high voltage thyratron
(XH 16-200) positive, causing the completion of the discharge
circuit. The high voltage condenser was charged by a conventional

UJH.T, supply giving a rectified 13 kV, the charging time being
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about one minute.

As a check on the stability of the photomultipliers and
coincidence circuits the twofold coincidences from each pair of
photomultipliers were monitored by a counter and printing register.
The 24 channels were monitored in turn for approximately 9 min
each, after which the mixed twofold coincidence outputs from each
of the four scintillator walls were similarly counted. The record-
ing cycle was terminated by a timer pulse triggering the master
pulse circuit. The cycling system, initiated by the master pulse,
wound on the camera films preventing fogging by an overlong open-
shutter exposure. The monitoring system is shown in figure 3.08.
The printed record of the rates was inspected daily for any unusual
fluctuations as a check on the system stability.

Following the initial results from the first two telescopes,
it was decided to build three telescopes of a more sopnisticated
design. They were primarily planned to increase the total detecting
area at the experimental site, but interest was also centered on the
simultaneous detection of two penetrating particles travelling
close to the horizontal, as had been observed in event number four.
If the particle tracks could be completely defined, and any common
origin within the surrounding rock wall fixed unambiguously, it
would enable the distinction to be made between pions and muons
traversing the telescope, and would throw light on the type of
neutrino interaction giving rise to the observed event.

As a result of these considerations telescopes numbers
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3, & and 5 were built in early 1966. Identical in construction,
they contained three flash tuve arrays as in telescopes 1 and 2
as well as two further arrays sited with the flash tubes in a
vertical position; the crossed system giving complete definition
of the paths of any penetrating particles. Four layers of iron,
each 7.5 cm thick, were interposed between arrays to give a total
thickness of absorber of 30 cm of iron (eguivalent to 2.1 inter-
action lengths for perpendicular traversals) to aid the distinction
between pions and muons. Separated by 130 cm, the scintillator
walls were each 2 m square and were made up of four scintillator
elements each viewed by two five inch photomultipliers. A
diagrammatic representation of one of the telescopes is given in
figure 3.9. Telescopes 4 and 5 were positioned with a bvack to
back separation of 30 cm to increase the aperture for a muon to
pass through a scintillator wall and then through the opposite
wall of the adjacent telescope. The combination was treated as
a single telescope Tor coincidence requirements. The disposition
of the five telescopes is shown in figure 3%.10. The coincidence
and monitoring circuitry was similar in design to that for
telescopes 1 and 2. Six oscilloscopes viewed by one camera
recorded the display pulses from the mixed twofold outputs.

The neon flash tubes in each telescope were viewed
through a mirror system by a single camera linked to the cycling
system driven by the master pulse gate circuit. As with telescopes

1 and 2, regular checks were made on the flash tube efficiency by
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tests using a 1 millicurie Co6O radioactive source and by an
analysis of the spurious flashes in each tray on frames triggered
by the timing circuit. A full account of the determination of
pre-amplifier and amplifier gains and biases by pilot experiments
at 824 m.w.e. and 7500 m.w.e., the day to day running of the

five telescopes and the checking methods used is given by

Narasimham (1967).

3+3+.2 The Experimental Results

Telescopes 1 and 2 became operational in the Spring of
1965. The results presented here are from lst. April 1965 until
lst. June 1967. During this tine telescopes 1 and 2 ran for a
total of 24273 telescope-hours and recorded 40 events, not all
of which were due to a muon traversing a telescope. Telescopes
3, & and 5 commenced running approximately a year later and until
lst. June 1967 had logged 22510 telescope-hours between them,
registering 6 events. A complete table of events, with comments,
is given in appendix A. Events were displayed on analysis sheets
which gave the complete data for each event. A typical shower
of electrons coming from a lead layer is shown by event 14 and
a single knock-on electron from a lead layer by event 20.
(Figures 3.11 and 3.12). In some cases a fourfold coincidence
was triggered by the soft component, (which was generated in the
rock wall by a muon), depositing energy in one or more scintillator

elements, If the muon did not pass through the acceptance of the
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telescope, defined by the scitillator geometry, it was termed an
out of geometry (0G) event. Several large electromagnetic showers
were observed with no associated penetrating particle, these are

discussed in section 5.8,

3.4 Analysis of the BElectromagnetic Interactions

The discussion in section 3.2.2 showed that the results
of the TIFR-Durham experiment were reasonably well understood in
gualitative terms. However, a glance at the table of events in
appendix A reveals thal the degree of accompaniment observed at
a depth of 7500 m.w.e. is considerably greater than that recorded
at shallower depths. With identical experimental configurations
there should be & direct correlation between the degree of
electromagnetic accompaniment and the mean energy of the muons

and it is possible, in theory, to give an estimate of the mean

muon energy of the events observed at 7500 m.w.e,

Unfortunately no worl with an identical experimental
arrangement has been performed where both the muon energy and
the degree of accompaniment were kuown, but the work of Said
(1966) with the Durham horizontal spectrograph allows a comparison
to be made., Cosmic ray muons, with an energy known up to about
1000 GeV, produced electron showers, single knock-on electrons
and ®-rays within a 60 cm thick iron magnet and an eight layer
neon flash tube tray. His results are displayed as percentage

probabilities for the three types of accompaniment in figure 3,13.
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The steeply rising contribution to the total rate from shower
production is mainly due to the increasing contribution from
direct electron pair production.

A more detailed analysis was made of the shower events
to divide thew into three size categories: those with

i) less than 25

ii) greater than 25 and less than 50

iii) greater than 50
flashes in the first four layers

of neon flash tubes, corresponding to small, medium and large
electron showers. A value, n, was ascribed to each of the sizes
which roughly corresponded to the minimum number of electrons
necessary to cause a shower of that.size to be observed. The
values of n were 2, 4 and 8 for the three shower sizes. The
showers in each energy range were examined and the mean value,
H, feund. As expected, the mean values increased from 2 at the
lowest energies to about three at the highest energies where the
medium and large showers made an appreciable contribution.

A function, R, was defined such that:

33

R(E) = 1 + 0.7£,(E) + £,(E) + H(E)fB(E) 3.k01

where fl(E), fZ(E) and

f3(E) were the probabilities of the three types of accompaniment,

§-rays, single knock-on electrons and electron showers, and were
a function of the muon energy. The value of 0.7 was given to

§-rays, since in general they travelled only 2 to 3 flash tube
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diameters within the neon flash tube trays. Single knock-on
electrons had an effective value of unity.

The function R(E) provides a good measure for the degree
of accompaniment within the Durham spectrograph, but has to be
modified for it to be applicable to the TIFR-Durham and KGF
neutrino experiments. The modification for the shorter path
length within the neon flash tube tray (four layers compared
with eight), effective in 8-ray production, is easily made and
if it is assumed that the single knock-on and shower production
in a material at any given energy is proportional to the rate
of energy loss of muons at that energy, then the relative contrib-
utions from iron and lead can be estimated assuming an infinitely
thick absorber. The main difficulty is in estimating the effective
thickness of absorber contributing to the observed accompaniment
as a function of the muon energy. Clearly at low energies only
the last few millimetres of absorber will be effective, but as
the energy incresses more ahsorber is brought into play, and the
whole thickness is eventually contributing to the rate, a situation
that will occur at a lower energy in the 5 cm lead absorber than
in the 60 cr thick iron magnet.

Some helv in this problem is given by figure 3.5. The
shower vprobability rises with increasing projected zenith angle
and flatteus at high energies to a nlateau. Two effects cause
this; the rising mean muon energy and the increased path length

taken through the absorber by the muon. At a depth of about
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2000 m.w.e. the mean energy is not increasing quickly with depth,
the difference in expected mean muon energy between those arriving
from the vertical direction and from an angle of about 350 where
the plateau starts is less than 10%. A comparison of the total
shower probability (3.6%) which is the value at the median projected
zenith angle of 15° and the probability at 35° (5.0%), shows an
increase by a factor of 1l.4k. This is some indication of the
increase with path length through the absorber and the figure is
supported by a similar result from an analysis of the data at
816 m.w.e. of both single knock=-on electrons and showers. In the
limit, the correction factor will be the ratio of the amount of
matter in g.cm“2 in the two absorbers, a value of 8.3, but the
muon enerygy necessary to reach this linit would be very high,
and a considerable allowance should be made for the re-absorption
of showers witnin the absorber.

An alternative approach at low energies is to establish
a2 definite level of muon accompaniment for a lead absorber at a
fixed energy. Lloyd and Wolfendale (1959) sive a figure of 9.5%
for the total number of electrons emerging from a 1 cm lead plate,
at a muon energy of 10 GeV, If this figure is multiplied by the
fractional increase or decrease in energy loss in lead for a given
snergy, the total accompaniment at low energies can be estimated.

From the considerations given above the expected values
of R at different energies were evaluated for the configuration

used in the TIFR-Durhai: experiment, and are plotted in figure 3.1h.
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The large error on these values, especially at high energies,
is reflected by the shaded area and it is emphasised that this
calculation was of necessity very approximate.

The value of R was calculated for the depths of 816 m.w.e.
and 1812 m.w.e. from equation 3.4.1, by substituting the total
observed probabilities for the three types of accompaniment
observed below the lead layer, and a value of n derived from Said's
shower data at the mean muon energy for the two depths. For the
greatest depth, 4100 m.w.e., all the events were analysed. The
showers were divided into small, medium and large categories and
the value of n found. The agreement between the points at the
three depths, plotted at the relevant mean muon energies, and the
expected value of R is reasonable.

At the»depth of the KGF neutrino experiment the residual
atmospheric muons are expected to have a projected zenith angle of
less than abhout 500, whilst the neutrino~induced muons will be
peaked at an angle of 900. For this reason the analysis of the
electromagnetic accompaniment is divided into two categories,
those events above and below a projected zenith angle of 500.

The events at low angles have a mean angle of about 350, as can be
seen from figure 4.5, and at this angle the path length through

the 2.5 cm thick lead layer will be approximately 5 cm, a thickness
equivalent to that used in the analysis given above. However,

the path length through the four layers of flash tubes will be

increased, giving an increased probability for §-ray production,
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and a larger number of flashes observed for a shower of given
energy content.

Each event with a projected zenith angle (p.z.a.) of
less than 50° was examined for interactions within the first and
second lead layers, and for S-rays within the second and third
neon flash tube arrays. After a reduction for the increased path
length of the muons through the trays the mean value of R, plotted
in figure 3.14, was calculated.

Events with a p.z.a. greater than 50° show few or no
electromagnetic interactions and the thickness of the absorber is
therefore relatively unimportant. Events in this category were
considered from all five telescopes and the value of R calculated
in each case. The mean value of R is plotted in figure 3.14 at
the energy for which it best fits the 'theoretical' curve.

Before any conclusions can be drawn from these results it
is necessary to examine the derivation and variation of the mean

muon energles to be expected at various depths underground.

3.5 The Mean Muon Energy Underground

A full discussion of this subject has been given by
Craig et al. (1967). At energies less than about 1000 GeV the
sea level muon spectrum has been accurately obtained from spectro-
graph measurements. By adopting a particular range-energy relation
for muons, in rock the mean muon energy at shallow depths can be

calculated quite accurately. At energies above 1000 GeV the sea
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level muon spectrum has to be estimated either from an assumed
pPrimary cosmic ray spectrum and a mode of propagation in the
atmosphere, or from the measured underground depth-intensity
relation by using the adopted range-energy curve with allowances
made for fluctuations in the range of muons of given energy.

A discussion of fluctuations in energy loss is given in section
L,2.5.

Craig et al. considered four different sea level spectra,
two derived from the primary spectrum, and two from the underground
depth-intensity relationship. At 7500 m.w.e. they obtained mean
muon energies ranging from 286 to 393 GeV. The highest value came
from an assumption that the angular distribution of atmospheric
muons underground followed the relation:

n
Ie = Iocos 7]

where I6 and Io are the muon

intensities at zero and © degrees, spatial zenith angle, and n
is an exponent that varies with depth. At 7500 m.w.e. they
took n = 8. In fact, the events recorded in the KGF experiment
are peaked at a p.z.a. of 350, corresponding to a depth of the
order of 10,000 m.w.e. The expected mean muon energy of the
events is thus greater than 393 GeV, and on calculation proves
to be 490 GeV. (E.C.M. Young: private communication.)

At shallower depths the uncertainties are less, and
following the treatments of Hayman et al. (1963) and Osborne
et al. (1964) for the range-energy relation and sea level muon

spectrum respectively, the expected mean muon energies for the
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three depths of observation in the TIFR-Durham experiment are

approximately 130, 220 and 310 GeV.

3.6 Conclusions

As explained in section 3.2.2 the results of the TIFR~
Durham experiment are fairly well understood in qualitative terms.
The analysis given in section 3.4 shows that if a mean muon energy
is assigned to the muon flux at various depths the results are in
quantitative agreement with other experiments giving results on
muon accompaniment.

The events recorded in the KGF neutrino experiment,
when classified on the degree of accompaniment alone, fall into
two classes. These classes coincide with events having projected
zenith angles above and below approximately 500, which indicates
that they probably are, respectively, neutrino and atmospheric
induced muon events. From a comparison with the accompaniment
probabilities predicted by other experiments it is evident that the
atmospheric muons have a high mean energy consistent with the pre-
dictions of Craig et al. (1967) for a muon intensity that falls as
D_9 (vhere D is the depth below ground level) for depths greater
than about 7500 m.w.e. The results appear to be inconsistent
with a mean energy of 287 GeV predicted by them for an exponential
depth-intensity relation below this depth, especially since the
figure of 287 GeV is expected to be invariant at greater depths.

The neutrino-induced muons appear, on the basis of their
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apparent electromagnetic interactions, to have a very low median en-
ergy, which is between threshold and about 30 GeV. However,
conclusions based on this method of analysis must be regarded as
tentative, although it will be shown later that they are consistent

with other data from the KGF neutrino experiment.



Chapter &

THE INTENSITY OF ATMOSPHERIC MUONS UNDERGROUND

4,1 Introduction

In this chapter the mechanisms responsible for the loss
of energy of relativistic muons are considered and it is shown
that theory and experiment are in good agreement down to depths of
the order of 1500 m.w.e. whether the absorber be rock or water,
Below this depth it is suggested that comparable experiments
performed under the two types of absorber could help to determine
the degree and character of the energy loss mechanisms that
dominate at high energies, where there is a difference of theoreti-
cal opinion.

An examination is made of the results from the KGF
experiment to give the vertical muon intensity at 7500 m.w.e.
and this figure is combined with those of recent workers to
obtain a best estimate depth-intemnsity curve in the region below
4000 m.w.e.

Finally there is a discussion of the relationship
between the vertical intensity of muons at various depths and

their distribution in zenith angle.
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k.2 The Energy Loss Mechanisms for Relativistic Muons

It is known that relativistic muons lose energy through
collision, pair production, bremsstrahlung and nuclear interactioms.
A theoretical evaluation of these losses enables a muon range-
energy relation to be calculated for a given medium. When the
effect of fluctuations in the energy loss has been added to the
range-energy relation, the relation can be applied to experimental
observations of muons at various depths under various types of
overburden and the sea level energy spectrum of muons can be

estimated.

4L,2,1 Collision Losses

A muon penetrating an absorber loses energy by inelastic
collisions with atomic electrons causing excitation and ionisation
of the atoms. This process was first studied by Bethe and Bloch
in the early 193%0s and it is now well understood.

The method of calculation of the average energy loss
considers close and distant collisions separately. In a close
collision an electron of high energy is ejected, the impact para-
meter is small and the atomic electrons are regarded as free.

In distant collisions the muons are treated as point charges

and the system formed by each atom and muon is examined using a
knowledge of the probabilities of the allowed transitions leading
to excitation or ionisation. This introduces the effective mean

ionisation potential, I, which is taken as the minimum energy
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transfer. I is approximately equal to 132 eV where Z is the atomic
number of the absorber. The exact value of I is usually found
experimentally. The average rate of energy loss for distant
collisions was given by Bethe (1932) and that for close collisions
by Bhabha (1938) and Massey and Corben (1939). For a particle of

% spin the total rate of energy loss from the combined equations

is:
2 2 2
-E o2 |, Zmpel ;2'1‘2 - 2% 4 %( L 2) } b,2.1
coll  AB (1-89)1 E+nc

where A is the atomic weight of the medium, N is Avogadro's
number and r, = ea/mca, the classical radius of the electron of
mass m and charge e. T is the maximum energy transferred to the
electron and is given by

T = :EZ - pacu__

2 m E
Hec [2}%1-!- 2_‘p.+}1_02]

b,2.2

where E is the energy
and ¢ the mass of the muon and dx is expressed in g.cm-z.

The last term in equation 4.2.1 involves the spin of the
muon and this contributes less than 1% to the energy loss at any
muon energy. Since T approaches the value E - p2c2/2m asymptotic-
ally with increasing energy, the energy loss depends mainly on the
logarithmic term showing that the loss of relativistic particles

increases logarithmically with momentum. The logarithmic form is
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explained by the character of the relativistic deformation of the
coulomb field of the incident muon which allows the muon to affect
atoms at larger distances from its geometrical path. At energies
from 1 to 100 GeV the main form of energy loss by a muon is through
collision.

In the late 1930s it was realised that for distant collisions
the atoms of the absorber close to the path of the muon screened
the muon's electric field from the atoms further away, reducing the
interaction and therefore decreasing the energy loss. Fermi (1940)
was the first to treat this polarisation of the medium quantitatively
by considering the electrons of the medium &s having a single
characteristic osc¢illation., Later other workers extended the
treatment to consider the behaviour of the electrons belonging
to the various atomic shells independently. In particular,
Sternheimer (1952, 1956) gives a very full treatment. This reduction
of the energy loss, known as the density effect, has been carefully
studied experimentally and the results have been found to be in
good agreement with the theoretical treatment of Sternheimer, who

introduces a term -§ inside the square brackets in equation 3.2.1

such that:
§= L. 606X + C + a(}(l -x)m' xo<x<xl b.2.3
§= 4,606X X>X

1
where X = 1oglo(P/uc), with P the momentum of the muon

and X , X,, &, m' constants of the medium. C is defined by:

¢ = -21n(I/bv ) - 1 .ok
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where \)p = (%—:—2 )% the plasma frequency of the
medium, with p the density of the absorber and h Planck's constant.

Constants for many media derived from theoretical
treatments are given by Sternheimer (1956) and it is these figures
which are taken for the calculations in section 4.3.

With this reduction in energy loss the most probable loss
tends towards a constant level, with increasing energy, known as
the Fermi plateau. In the early 19508 several theoreticians
pointed out that part of the energy dissipated by high energy
muons will appear as Cerenkov radiation and that most of the
increase in loss above the ionisation minimum, where the logarithmic
increase becomes dominant, should appear as Cerenkov radiation.
This prediction has not yet been fully verified.

Including the -§ term in the expression 4.,2.1 results
in an equation which has been found to accurately represent the
energy loss of muons through collision to an energy where other
forms of loss, mentioned later, become dominant. A second order
radiative supression effect suggested by Zhdanov et al. (1963)
vwhich introduces a further negative term into equation 4,2.1
has not found general acceptance amongst theoreticians, and
confirmatory experimentalrevidence is ambiguous., If included it
roughly negates the relativistic logarithmic rise, introducing
an error of about 10% at an energy of 20 GeV which decreases

with increasing energy.
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L.,2.2 Direct Pair Production Losses

When passing through a nuclear coulomb field a high
energy muon may lose energy by the creation of an electron pair.
This effect has been studied since the mid 1930s when Bhabha and
Racah, working independently, made theoretical predictions that
differed by a factor of two, The process is known to be almost
independent of the spin and magnetimoment of the particle, but
the effect of screening introduces uncertainties into the predict-
ions. A treatment by Mando and Ronchi (1952), based on the work

by Racah, gives:

2
dE Nm(aZr E
-£ T > EEL9.3 nGE,) - 53.7] b,2.5

with a = 1/137, the fine
structure constant. The factor by which the energy loss is reduced

by the screening effect of the atomic electroms is:
Y -1/3 ][_lé Ey . 1k -1 4.2.6
£ = [ 5n(1832772) + 1| FCE) - 55 « 1n2] 2.

The energy lost by pair production is given by multiplying
equations 4.2.,5 by 4.2.6 for E greater than 30 GeV and by writing
f=1 for E less than 30 GeV. The contribution from pair production
is significant at energies above 500 GeV and the energy loss is

approximated by :

6 2

= 1,6 x 10" °E Mev.g-l.cm

5

at very high energies

for standard rock with Z=11, A=22 and,o=2.65 g.cm'3. Hayman et al.
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(1963) adopted the treatment of Mando and Ronchi and their results
are shown in table 4.1.

Recently, Erlykin (1965) made a reassessment of the energy
losses of muons by pair production and bremsstrahlung. Using the
cross-sections given by Ternovski (1959), who took into account
the asymmetric energy distribution between pair components more
accurately than before, Erlykin obtained energy loss values from

10 to 10‘+ GeV, some of which are shown below.

Table 4.1 Values of b x 10® (g7cm®) for Standard Rock

Energy (GeV) Castagnoli et al. Hayman et al. Erlykin
2
10 0.91 1l.32 1.9
107 0.95 1.52 2.21
10" 0.97 1.64 2,2k

From these figures there is clearly & wide range of
uncertainty in the value to be ascribed to bp the pair production
energy loss parameter, which is defined by:

-4E b E

dx
b

an uncertainty caused both by
the cross-section used and by the screening factor applied.
Experimental observations underground on the production of
electron pairs give weight to the theory of Mando and Ronchi,

though the evidence is by no means conclusive.
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4.2,3 Bremsstrahlung Losses

The acceleration or deceleration of a muon passing through
the coulomb field of a nucleus or an electron results in the
emission of electromagnetic radiation known as bremsstrahlung.

The first accurate quantitative treatment of the process was made
by Christy and Kusaka (1941) who allowed for the finite size of
the nucleus, but not for the effect of electron screening. It was
shown by Rossi (1952) that screening is effective for energies

above Eo where

v being the fraction of the
energy lost by the muon in the collision.
If v is taken as 3, the most effective region of energy
transfer, then E = 4300 GeV for standard rock. For E less than E,

the average rate of energy loss by the Christy-Kusaka theory is:

2 2 -1/3
dE Z"/m 12EZ 1
- — - ‘.}aer.— (—) E[ln m—— - —] ‘}.2.?
dx‘nrems oA "u 51u:.2 5

Many other workers have made theoretical studies of
bremsstrahlung, in particular Rozental and Streltsov (1959),
following the method of Bethe and Heitler (1934) in the region

for complete screening, give:

2 2 =1/3
dE yA 1832 1
- — = 4 2 - 2 —-—-u

dxbre G'Nro A (n) E [ln o + ]TB ‘*0208

Erlykin considered a new nuclear form factor and arrived
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at a value for the correction for the finite dimensions of the
nucleus that was lower than that of Christy and Kusaka. He also
took into account muon bremsstrahlung in the field of an electron,
finding a higher energy loss than other workers through this mechan-
ism. Bremsstrahlung and pair production are major contributors to
the total rate of energy loss of a muon over the same range of
energies. A comparison of values of bb’ the bremsstrahlung energy
loss parameter, derived by different workers for standard rock is

given in table 4.2.

Table 4.2  Values of b, x 10° (g tem?) for Standard Rock

b
Energy (GeV) Castagnoli et al. Hayman et al. Erlykin
10° 0.9k 1.18 1.46
10° 1.27  1.60 1.67
10“ 1.70 1.76 1.80

Castagnoli et al. (196k4c) followed the work of Rozental
and Streltsov throughout, whereas Hayman et al. adopted the
Christy-Kusaka treatment at energies less than Eo and the
Rozental-Streltsov treatment at higher energies, interpolating
between them in the rggion of Eo.

The slize=frequency distribution of bursts measured by
Carmichael and Stelges (1957) has been shown by Gupta (1958) to

be in good agreement with a refined form of the Christy-Kusaka
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treatment. At CERN Backenstoss et al. (1961), who measured the
spectral distribution of electron showers produced in iron by

8 GeV muons, found a result that supported the theory up to
momentum transfers of about 0;3 GeV/c. Ffom this it seems that
the present experimental evidence at low energies is in closer
agreement with the figures given by Hayman et al. than with those

of other workers.

L.,2.4 Nuclear Interaction Losses

A muon can undergo an inelastic collision with a nucleus
by a discontinuous process that can be regarded as being between
photons of the virtual photon cloud accompanying the muon, and the
nucleus. The Williams-Weizacker method was first used on this
problem by George and Evans (1950) who derived a relation for the
virtual photon flux. The average rate of energy loss can then be
expressed in terms of the photonuclear cross-section, if the latter
remains constant with increasing energy, or if its form is kmowm.
An alternative expression for the virtual photon flux derived by
Kessler and Kessler (1957) has found little support in experimental
observations underground, using multiplate cloud chambers to observe
nuclear interactions directly, and the semi-classical W=W method
seems to be more acceptable. However, the photonuclear cross-
section is known only roughly by experiment up to an energy of
about 5 GeV and it may well increase at very high energies, if, as

seems possible, the coupling between muon and nucleus becomes Strong.
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After a review of the experimental information Hayman et

28

al. take a cross=-section of (2.6 i—O.})xlO- cma/nucleon above

5 GeV from the experimental work of Higashi et al. (1962) giving:

=7

T - ‘g‘i‘ = 703’(10 E Mev.g.locma L"0209

n
Recently a new treatment by Kobayakawa (1966) using &

general expression derived by Daiyasu et al. (1962) for the

differential cross-section for a virtual photon being emitted by

a muon and absorbed by a nucleus, combined with the assumption

that the photonuclear cross-section is constant and equal to

O.,72x10-28 cma/nucleon, gives a value :
- %% = (2.86-3.20)x10-7E Mev.g.l.cm2
n

The main difficulty in making an accurate theoretical
treatment of nuclear interactions is the ignorance of the behaviour
of the photonuclear cross-section at high energies and its absolute

value at low energies.

k.,2.5 Fluctuations in Energy Losses

The processes of ionisation, excitation and pair production
are continuous since the muon loses energy in small amounts in
frequent interactions with the atoms of the absorber, whereas the
processes of bremsstrahlung and nuclear interaction are discontin-
uous, the muon losing a large fraction of its energy in a few
widely spaced, near catastrophic impacts. Oda and Murayama (1965)
have pointed out that the process of pair production may also be con-

sidered as discontinuous if the fractional energy lost is greater
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than 0,05, but most theoretical analyses have not considered pair
production in estimating the expected increase in intensity from
fluctuations at great depths underground.

Menon and Ramana Murthy (1967) and Kobayakawa (1966)
give tables of the correction ratio R, defined as R = Inf/If’
where I , is the underground intensity to be expected at various
depths assuming that all energy losses are continuous. If is the
expected intensity if the effect of fluctuations is taken into
account, and it should equal the experimentally observed intensity.
The value of R depends on the assumed exponent of the integral
energy spectrum of muons incident on the Earth's surface. Table

4,3 indicates the range of estimates for R in standard rock, for

an exponent of 3, made by various authors in recent years.

Table u4.3 Values for the Fluctuation Correction Factor R

(mmee.) e a1, (1964) a1, (1967)
2 0,92 - -
4 0.78 0.8k 0.735
6 0.62 0.68 0.55
8 0.47 0,51 0.k2
10 0.335 - 0.32

The agreement is moderate and the value of R for an

exponent between 2.5 and 3.5 is probably known to an accuracy of
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about 15% down to depths in the region of 8000 m.w.e.

4,3 The Comparison of Intensities under Sea Water and under Rock

In recent papers on underwater experiments, Higashi et
al. (1965, 1966) pointed out that at depths shallower than 1000
m.w.e. there was a discrepancy between the experimentally determined
intensities underwater and under rock. On conversion, their under
water intensity measurements agreed well with the muon energy
spectrum at sea level determined by the direct magnetic spectro-
graph measurements of Hayman and Wolfendale (1962), whereas the
rock intensity measurements gave a sea level energy spectrum
higher than that measured by Bayman and Wolfendale. This difference
could be explained by a decrease in the mean densities of all the
rock absorbers of about 10% over that assumed, or a decrease in
the mean values of Z/A by a similar amount.

Their main point was that measurements under water allow
the amount and nature of the absorber to be very accurately calcul-
ated, whilst measurements under rock are often limited by uncertainty
in the geological nature of the overburden and by irregularities
in the surface topography. Additionally, the measured intensities
under rock could contain some soft component, the true muon inten-
sities being approximately 10% lower than those measured. This
contamination would not be as severe in water since the production
of knock-on electrons is a function of Za/A.

The validity of these findings is examined in the subsequent
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sections of this chapter.

k.3.1 Derivation of the Range-Energy Relation for Muons in

Standard Rock and Sea Water

A re-examination of the figures of Higashi et al. was
made by Creed and Wolfendale (1967). The problem of energy loss
was reconslidered, and the range-energy relation calculated for
sea water and standard rock (ZZ/A = 5.5) assuming three expressions
for the total energy loss designated C, H and E.

The first, C, was based on the work of Castagnoli et al.
(1964a, b, ¢ and 1965a) who used the work of Sternheimer (1956)
for collision losses, of Murota et al. (1956) for pair production
losses and of Rozental and Streltsov (1959) for bremsstrahlung
losses. They considered both the W-W and K-K treatments for
nuclear interactions, concluding that the former was the most
reliable theory, taking a value for the energy loss of:

- %g = 1.05x10-6E Mev.g-l.cm2

The zecond, H, was based on the work of Hayman et al.
(1963). The collision losses were carefully re-examined using
the data of Sternheimer given in equations 4.2.1 - 4.,2.4. The
analysis of Mando and Ronchi (equations 4.2.5 and 4.2.6) was used
for pair production losses, whilst equations 4,2.7 to 4,2.9 were
used for bremsstrahlung and nuclear interaction losses.

The final expression, E, was derived using the same

figures as H for collision and nuclear interaction losses, and
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followed the work of Erlykin (1965) for bremsstrahlung and pair
production.

The details of the absorbers considered are listed in
table 4.k,
Table 4.4 The Composition of Some Overburdens
Overburden 2 A Z/A Zz/A Deneizg
(gocm )
Standard rock 11 22 0.5 5.5 2.65
K.G.F. rock 12.8 26'1 0.“94 6.29 3.02
Mt. Blanc rock 10.3 20.9 0.494 5,11 2.6
Johannesburg rock - - - 5.0 2.75
Sea water 7.433 14,79 0,553 3.76 1.027
The range of a muon of initial energy E is given by:
E aE =1
R(E) =R(E) +\ () & k3.1
E tot

o
if the effect of

fluctuations is ignored. It is convenient to take E° = 1 GevV,
at which energy the range R(Eo) has been evaluated from the data
of Sternheimer (1959) as 5.45 m.w.e. in rock of Zz/A = 5.5. For
sea water R(E ) is approximately 4.7 m.w.e.

The range-~energy relations for muons in standard rock
and sea water were obtained directly from equation 4,3.1 using

energy loss expressions H and E. The relation using C was taken
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directly from the figures of Castagnoli et al., (1965a), who
calculated the range-energy curves for muons traversing pure

water, Mt. Blanc rock and KGF rock, with an adjustment for the
different values of Z2/A (effective in collision losses), and ZZ/A
(effective in bremsstrahlung and pair production losses), since

the exact form of energy loss for each process was not clear from
their publication. No account was taken of fluctuations, but

in the initial consideration of muon intensities down to a depth

of 1500 m.w.e. the intensity is affected by less than 2% through
this omission. Figures 4.1 and 4.2 give the range-energy relations

derived from E, H and C for standard rock and sea water.

4,3.2 The Sea Level Muon Energy Spectrum at Low Energies

It has been known for some time that discrepancies exist
between muon intensity measurements underground that are outside
the quoted statistical errors. These discrepancies arise from the
difficulty in making absolute measurements, (often a normalisation
procedure is necessary,) and from the assumed angular distribution
of the muons, a knowledge of which is essential in calculating
the vertical intensity. To obtain the precise rate of muons
rassing through a detector the geometrical acceptance must be
accurately known, and to avoid counting the accompanying soft
component a suitable thickness of absorber must be placed between
two detecting planes.

An attempt was made by Hayman et al. (1963) to allow
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for these uncertainties and to derive a best estimate for the
depth-intensity relation down to 7000 m.w.e. An improved version
was derived by Osborne et al. (1964) and they obtained a sea level
energy spectrum that took into account a correction for shower
rejection bias in the magnetic spectrograph results of Hayman and
Wolfendale. In the range 20 to 200 GeV they found a discrepancy
between the spectrum obtained from the corrected spectrograph
measurements and that obtained directly from shallow underground
measurements, the latter being rather higher with a maximum
difference of about 25% at 100 GeV.

The reason for this discrepancy is not clear, but some
of it is undoubtedly due to inaccurate measurements made several
decades ago that did not fully exclude the accompanying soft
component, or did not have a detector with an accurately known
geometry. There is also a possibility that the shower rejection
bias factor was underestimated slightly. Osborne et al. concluded
that a good estimate of the sea level spectrum of vertical muons
follows the corrected intensities of Hayman and Wolfendale up to
200 GeV and follows the intensity-depth spectrum to 7000 GeV.

It is this spectrum (OPW) that is plotted in figure 4.3.

As Higashi et al, (1966) have pointed out, sea water has
an accurately known composition and a low value of Z%/A making the
effect of fluctuations in energy loss less serious and the
transition to the sea level energy spectrum easier. However,

it is technically difficult to operate a muon detector of the
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necessary large area and high degree of sophistication at great
depths under the sea.

The apparatus used by Higashi et al. did not contain
visual detectors to give the necessary angular distribution of the
particles, nor did it have absorber to eliminate counts from muon
produced secondary particles and hence the conclusions of these
authors cannot be accepted.

The discrepancies noted by Higashi et al. arose from
two causes:

1) As mentioned above, shallow underground measurements
carried out many years ago are subject to criticism, for example:

Wilson (1938) did not eliminate local radioactivity or
the accompanying soft component associated with the muon flux to
the degree now known to be necessary.

Clay and van Gemert (1939) measured the muon intensity
under water and then converted to measurements under rock by the
crude assumption of a 1.19 ratio between intensities under rock
and under water. A similar criticism applies to Ehmert (1937).
Generally, a normalisation procedure was used by these early
workers, which clearly resulted in large errors if an incorrect
normalisation point was assumed.

2) The measurements of Higashi et al. were not absolute,
but were normalised at a depth of 20 m (20.54 m.w.e. in sea water)
to a value of ZI..90x10-3 cm-asec-lsterad-l, the Hayman and

Wolfendale best estimate value. This best estimate curve has
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been superseded by the Osborne et al. (OPW) energy spectrum which

2sec'lsterad-l, an increase

gives an intensity of 2.04x10™> cm”
of 7% over the original estimate. If this new normalisation is
adopted, together with the three treatments of energy loss E, H

and C, the vertical intensity figures of Higashi et al. for vertical
and oblique incidence give the points shown in figure 4.3. For
muons that only penetrate to shallow depths, less than about 1000
m.w.e., the energy loss is mainly through collision and thus these
three treatments, which commonly adopt the analysis of Sternheimer,
give nearly identical values with the result that the spread of
points resulting from E, H and C is only shown for the greatest
energy. At lesser energies the points from E and C approximate

very closely to that from H, which is plotted.

In order to plot other experimental points obtained by
workers under Kolar rock and standard rock, the energy loss and
range=-energy curves for muons were calculated with the KGF rock
values given in table 4,4, following the treatment H. The points
plotted are those of Sreekantan et al. (1956), Randall and Hazen
(1951), Bollinger (1951), (only absolute measurements in the
vertical direction), Miyake et al. (1964a), Barrett et al. (1952)
and Achar et al. (1965a). These workers obtained absolute values
for the muon intensity with carefully controlled conditions under
rock of accurately known composition. Recently, measurements have
been made under Mt. Blanc by Castagnoli et al. (1965b). Using the

data shown in table 4.4 and the energy loss treatment C, thay
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obtained the points shown on figure 4.3, which are at variance
with other experimental results. Certainly the vertical intensities
that they quote are much higher than those observed by Higashi et
al., working at similar depths, when allowances are made for the
difference in Z/A. A possible explanation is that they assumed
an incorrect value for the exponent of the angular distribution,
n, since they used non-visual detectors, but the most likely
explanation is that they made a mis-estimation of the amount of
overburden when they were working at shallow depths. The point
at 400 GeV is in reasonable agreement with the OPW curve, since
the corresponding intensity was measured at a site 880 m inside
the Mt. Blanc road tunnel, (not very close to the tunnel entrance
as had been the case when obtaining muon intensities at very
shallow depths), where the effect of the complicated surface
topography could be calculated more accurately.

From figure 4.3 it is clear that underwater and under
rock measurements are in good agreement with each other and with
the directly measured energy spectrum up to 500 GeV, equivalent
to a depth of about 1500 m.w.e. It is also apparent that at
such low energies, where collision losses dominate, the comparison
of underwater and under rock measurements cannot throw light upon

the exact form of the energy loss parameters bp, b, and bn’ the

b

sum of which are referred to as btot’
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ies

at Great Depths

If an experiment to measure the total intensity of muons
at a great depth, say 4000 m.w.e., under water and under rock
could be completed to yield intensities accurate to a few percent
a limitation could be placed on the possible range of values of
btot' From figures 4.1 amd 4.2 for measurements under sea water
the average sea level energies corresponding to a depth of
4000 m.w.e. would be 2.53x10° GeV, 2.17x10° GeV and 2.03x10° GeV
for the energy loss treatments E, H and C respectively. For a
similar measurement at 4000 m.w.e. under standard rock the
corresponding figures would be 2.98x103 GeV, 2.35x103 GeV and

2.16x103 GeV. The effective values of b for energy loss in

tot
standard rock in the three cases are 5.0x10’6 g-lcma, 4.1110-6
g-lcm2 and 3.5x10-6 g-lcma, giving a range of b of 1.5:{10'6

tot

-1 is quite sensitive to the

g cmz, showing that the value of btot
energy loss treatment adopted. Analysis of the ratios of the
expected sea level energies quoted above, with reference to the
depth-intensity relation, shows that if the ratio of measured
underwater and under rock intensities is known to 5% the wvalue
6 g-lcmz

of b can be inferred to + 0.25x10°

tot « The absolute

accuracy of an intensity measurement at this depth would need to
be + 3.5%, not an impossible figure, but one that would be very
difficult to achieve under water.

It must be noted that in this analysis the effect of

*
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fluctuations has been ignored. As explained in section 4.2.5,
theré is no precise agreement on the absolute values of R and

consequently the inferred accuracy given to d® would be lower.

tot

However, if the experiment under rock were carried out in the

KGF mine where ZZ/A = 6,35, as opposed to that of 5.5 for standard

6

rock, the range of values of b would be greater than 1.5x10"

e~Lon?

tot
and the accuracy necessary in the vertical intensity

for & given accuracy in b would be less.

tot
There is clearly a need for more underwater experiments
with, if possible, identical experiments under rock since an accurate

knowledge of b at various depths would enable the dominant

tot
character of its components to be elucidated, particularly that

of bn’ over which there is considerable doubt.

L,4 The Angular Distribution of Atmospheric Muons Underground

At any depth underground muons are observed to arrive
chiefly from the vertical direction and with a decreasing intensity
at increasing angles to the vertical. The form of the distribution
of muon intensity with spatial zenith angle is determined by the
increased path length through the atmosphere of the parent pions,
allowing an enhancement of n-u decay, and the muon intensity at
the vertical depth equal to the inclined depth of ground traversed
by the muons. If the vertical muon intensity follows a power law:
I (D) = c.p (n+1)

then the angular distribution is
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of the form:
I(8) = Ivcosne

where 6 is the spatial zenith
angle, since the n-p decay enhancement is approximately proportional
to secb. The value of n is a slowly changing function of the
vertical depth D, and thus a more accurate treatment to determine
n than taking the slope of the depth-intensity curve on a logar-
ithmic plot at a particular depth, is to use the relation:

I(e,D) = I(0,DsecH)secH.

The values of I(6) obtained for a given depth can be fitted to a
cos™® distribution and the best value of n obtained by a chi-
squared test. Because the value of n changes slowly with depth,
the best value of n obtained will depend on emax’ the maximum
angle to which the fit is made. Most experiments that have been
carried out underground and that have investigated the angular
distribution have measured the projected rather than the spatial
zenith angle. Experimentally determined values of n have been
controlled by the geometry of the apparatus which usually allowed
B, the projected zenith angle, to be measured out to the region
of 40°- 60°.

Figure 4.4 shows the values of n determined experimentally
down to 7500 m.w.e. It is considered that the effective emax will
lie in the range 40°-~ 60°. 1In addition, the values of n expected
from the observed depth-intensity relation for o __ = 40°, 50° and

60° have been plotted to a depth of 6000 m.w.e. Below this depth
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it is not possible to estimate n accurately since the behaviour
of the depth-intensity curve is not known at very great depths.
The work of Barnothy and Forro (1948) is known to be inaccurate
since insufficient absorber was used to reduce the effect of the
electromagnetic accompaniment of the muons. The excess of the
observed over the expected values in the region of 1800 m.w.e.

cannot be explained simply.

L,4,1 The Angular Distribution at 7500 m.w.e.

The observed angular distribution of the 31 'in geometry!
events through telescopes 1 and 2 (T(1,2)) is shown in figure 4.5.
Events with B >60° are expected to be neutrino-induced events,
and for reasons explained in section 5.6 it is expected that
approximately two events with a<'60° will be neutrino-induced
also, and that the two events are most likely to fall in the
range 353{35:500. The differential apertures for all the telescopes
bave been calculated by J.L., Osborne. (Table 4.5 and figures 4.6
and 4,7) The apertures for telescopes 1 and 2, together with an
angular distribution of the form cos"@ have been used to compute
the best value of n to fit the data, with a Bmax of 60°. The
best fit was obtained using a maximum likelihood function:

N

No -
LX) = T e N where N _ = no. observed
o’ and N~ = no. expected.

Since the events in each 50 cell are expected to fall

in & Poissonian distribution about the expected number, this is




Figure 4,5

Observed and Expected Muon Angular Distributions in the KGF

Neutrino Telescopes.
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A: Expected distribution following a cos 6 relation
B: Expected distribution following a secO.exp(=9.26(sec6=1)) rel®

C: Expected neutrino-induced muon relation.
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Figure 4.6

Differential Aperture of Telescope 1 or 2 with respectito B the

Projected Zenith Angle.
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Figure 4,7
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the best method. The result was confirmed with a chi-squared test.
The best value of n = 8.25 + 1.0, the error limits being
for best fits with . = 52.5° and 67.5°. The expected distribution

8'259 relation is shown in figure 4,5 normalised

following a cos
to the total number of in geometry atmospheric muon events whose

angles are known. (25).

Table 4.5 Characteristics of the KGF Telescopes

Telescope 1 or 2 3, Lor5

Scintillator block

dimensions (om’ ) L9.6 x 49,6 x 5.0 as T(1 or 2)
Scintillator wall

length (cm) 207 207

height (cm) : 314 208.7

separation (em) 8k.5 132.8

(centre to centre)
Telescope

Geometrical aperture 25,4 9.08

(m2sterad) (no gap allowance)
Orientation (° West of North)

(perp. through both scint. 17.3 11.3
walls)

Geographical location

Latitude (°N) 12.9 as T(1 or 2)

Longitude (°E) 78.3 as T(1 or 2)

In a paper by Menon et al. (1967a) it is suggested that
below a depth of about 4000 m.w.e. the intensity follows an

exponential decrease with depth given by:
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I(0,D) = 9.8x10-7exp(-D[\) em~?sec " Leterad™t L .hk.1.1

where A\ =810 + 50 m.w.e. This would predict:
1(e,D) = I1(0,D)secOexp(-m(seco=~1)) hh,1.2

where m = D/\ = 9.26 at 7500 m.w.e. At small values of ©
equation 4.4.,1.2 approximates to :
I(e,D) = I(O,D)cosm-le, or I(8) = I(O)c058'26e

at 7500 m.w.e. This is in excellent agreement with the experiment-
ally determined value of n, but at large values of P it is clear
from figure L.5 (where the expected angular variation using
relation 4,4,1.2 with m = 9.26 is plotted normalised to 25 events)
that the depth-intensity curve does not follow an exponential
decrease, but rather a power law decrease, below about 7500 m.w.e,

Implicit in the derivation of the angular distribution
from the vertical intensity variation is the assumption that the
effect of Coulomb scattering is negligible. This is in fact
justified since the energies of the muons reaching a depth of
7500 m.w.e. are very high during most of their passage through
the Earth. It is estimated that the mean muon energy of
atmospheric muons arriving from the vertical at 7500 m.w.e. is
about 400 GeV on arrival, resulting in a very small broédening
in the angular distribution observed.

From the vertical intensity derived from the events

in T(1,2) in section 4.5, a c038°25

6 distribution and the
differential apertures given in figure 4.7, the expected angular

distribution of atmospheric muons in T(3-5) has been calculated




67

and is shown in figure 4.5, together with the observed distribution,

as a function of spatial zenith angle.

4,5 The Vertical Intensity of Atmospheric Muons at Great Depths

Underground

4.,5,1 The Intensity at 7500 m.w.e.

Of the 46 events listed in appendix A, 40 were observed
in T(1,2) and 6 in T(3-5). 1In the former category, 7 events are
either shower events or are definitely out of geometry, event
no. 17 is discarded as having a ¢ 40% chance of being a genuine
event and events nos. 9, 16 and 31 could be out of geometry.
Additionally 6 events are thought to be of neutrino interaction
origin for reasons explained in section 5.6. Thus 26 (=3?) events
are thought to be in geometry, atmospheric muon events in either
telescopes 1 or 2 (T(1 or 2)) occuming in a running time of
2273 telescope-hours.

8.25

If an angular distribution of I = Ivcos 6 is assumed,

6

the effective aperture in the vertical direction for T(1l or 2) is
0.267 m®sterad. This must be reduced by about 5% to allow for

gaps between scintillator elements. The vertical intensity is

+ O.41,. ~10
- 0.31

Two of the four events in T(3-5) that are in geometry

found to be (1.13 )10 cm~2sec " Ysteraa~lt.
are thought to be neutrino-induced events, leaving two events

attributable to atmospheric muons. The effective aperture in
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the vertical direction for T(3, 4 or 5) is calculated to be
0.0248 mZsterad and the additional effective aperture through
the operation of telescopes 4 and 5 as one telescope is

0.0048 mZsterad. The total effective vertical aperture for
T(3-5) is thus 0.079 nsterad which must be reduced by about 5%
to allow for gaps. The running time for T(3-5) is equivalent to
7471 hours, giving a vertical intemsity of (1.0 _ * 1 3)10
cm-zsec-lsterad-l, in good agreement with the value from T(1,2).

The errors quoted on the vertical intensities include an estimate

for the error of + 1.0 on the value of n.

L,5.,2 The Best Estimate of the Depth-Intensity Relation at

Great Depths

In recent years a number of authors have considered the
data available from underground experiments and have given estimates
of the best line through the experimental points, notably Osborne
et al. (1964), Menon and Ramana Murthy (1967), Pattison (1965)
and Menon et al. (1967a). In so far as the present experiment
gives information only on intensities at depths below 7500 m.w.e.,
it is proposed to examine the depth-intensity relation at depths
greater than 4000 m.w.e., as was done by Menon et al. (1967a).
For shallower depths the best estimate is probably that of
Pattison (1965) who gives a curve that lies between those of
Menon and Ramana Murthy and Osborne et al.

If the experimental points in figure 4.4 are plotted on
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a linear graph, it is found that the value of the exponent n at
any depth D may be given approximately by the relation:
n(D) - loll'? + 0.885D 40502.1

where D is in km.w.e., if the best straight line is put through
the experimental points for values of D greater than 1 km.w.e.
From the observed angular distribution at 7500 m.w.e., and the
lack of any other accurate information at a greater depth, it
can be assumed that the relation 4.5.2.1 holds at great depths.
The value of n at any depth is then the effective value for a

detector at that depth with a cut off, em , of about 60°. It

ax
is clear, however, that the true value of n at small values of ©
will be less than at large 6, the effective value being the best
estimate for the region about 300, and hence for the entire
angular range of the detector.

In figure 4.8 experimental data from Miyake et al. (1964a),
Achar et al, (1965a), Castagnoli et al. (1965b) and the present
experiment are plotted normalised to standard rock and, where the
value of n was not directly measured, corrected to the value of n
predicted by relation 4.5.2.1. The vertical intensity derived
from the Johannesburg experiment (section 6.1.4) is also plotted.
A consideration of these points does not give rise to a depth-
intensity relation signifdcantly different from that of Menon et
al. (1967a) (see section 4.4.1) in the region from 4000 m.w.e. to

7500 m.w.e. At greater depths the adoption of relation 4.5.2.1

and the assumption that the value of n at any depth applies most
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accurately to the muons arriving at about 300 to the zenith gives
a depth-intensity relation that diverges from the exponential
form of Menon et al. Both relations are drawn out in figure 4.8.
Because of the lack of experimental observations, this approach
can only be a tentative one, but it is interesting to note that
the relation based on the linear increase in n is close to that
predicted by Craig et al. (1967) for the depth-intensity relation
derived from the primary spectrum of Greisen (1965) for the energy
per nucleus, with the assumption that heavy nuclei are negligible
at all energies. This tends to confirm that the assumption of a
cosine power law is not an unreasonable one for the angular
distributions of muons at great depths, provided that a unique

value of n is not assumed to apply out to large angles.




Chapter 5

NEUTRINO INTERACTIONS UNDERGROUND

5.1 Introduction

Before the results mentioned in section 3.3.2 and appendix
A can be analysed in terms of neutrino-initiated muons, the already
established facts and the theoretical predictions concerning the
modes of neutrino interactions at various energies must be discussed.
Three basic types of neutrino interaction that produce muons are
rredicted. Elastic and inelastic interactions have been established
with approximate cross-sections up to an energy of about 10 GeV by
machine experiments, and the possible mediation by the vector boson,
W, at high energies has been suggested. These three modes of inter-
action, together with that of the Glashow resonance which arises as
a direct consequence of the postulation of the W, are considered.
A total rate of neutrino-induced muons is derived from the KGF
experimental data and its significance discussed. Finally the
results of an analysis of the arrival directions of the muons

listed in appendix A are presented.

5.2 Blastic Interactions

The interactions of the muon neutrino through:

Gu +p —>n+p° and vu + N ~>p+ R
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where the charge of the lepton changes but no additional hadrons
are created are termed elastic, and the predicted cross-section
has been confirmed by recent experiments at CERN. Close to the
threshold the cross-section increases linearly with neutrino
energy, but at E 21 GeV the total cross-sections for both inter-

039 o2

actions tend to a constant value of approximately 6.1 cm- per
nucleon. Since the present experiment does not distinguish
between positive and negative muons, and the proton to neutron
ratio in Kolar rock is close to unity, the cross-section for

0-39 cma/n-p pair. At machine

eleastic interactions is taken as 6.1
energies the muon is found to take 0.9 of the neutrino energy;
and this value is assumed to apply at higher energies.

The experimental results obtained at CERN mentioned in
this and subsequent sections are given by Young (1966). The

possible existence of the intermediate vector boson has very little

effect on the elastic cross-section.

5.3 Inelastic Interactions

In this category are placed all neutrino interactions
where one or: more hadrons are produced, but where interactioms
are not mediated by the vector boson. Paty (1965) gives a
discussion of the many theoretical treatments of the subject.
In general the interaction is expected to produce pions and
possibly heavier particles:

*5u + N3 N'" 4+ 0 4+ T'"8 + ecoeo
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Since the KGF apparatus cannot distinguish between the
different types of inelastic interaction, and only the total rate
of muons is of interest here, the best estimate for the cross-
section is taken from the machine data available up to 10 GeV.
Beyond the experimental limit of 10 GeV two possible limiting
cases are considered:
case (a) Tinel. = 3.Oxlo-39Ev cma/nucleon for all E  where E

¥ in GeV, and
case (b) o =3 0x10™>%g cmz/ nucleon for E_ < 10 GeV
inel. ~ 7° - v
and oy . = 3.0x10-38 cm®/nucleon for E,>10 GeV; although

the present experimental data obtained in the CERN heavy liquid
bubble chamber are not incompatible with the cross-section rising
faster than E,. For the energy region where the cross-section is
increasing it seems most likely that the muon will take 2/3 rds
of the neutrino energy, and that it will take all the energy in
the region where the cross-section is limited by a restriction on

the momentum transfer.

S.4t Boson Mediated Interactions

The intermediate boson hypothesis was first suggested by

" Yukawa and developed by Lee and Yang (1960) as an explanation of
the high energy behaviour of weak interactions. It is presumed to
exist in both positive and negative charge states, (though it is
thought unlikely that a W° exists) and to mediate weak interactions.

It must be massive since the weak interactions are of short range,
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the lowest possible mass consistent with machihe data being 1.8 GeV
(Bernardini et al. 1965). The boson would have a lepton number

and a baryon number of zero, a spin of one and a magnetic moment

of éﬁ (1+k), the anomalous magnetic moment, k, being unknown, but
usualgy taken as zero. The W is created through:

v, = w o+ Wt oor Q%-—> wt oW | 5.4,1
in the Coulomb field of a nucleus. The minimum momentum transfer
to the nucleus by the neutrino is ms/ZEv and this momentum transfer,
necessary to conserve momentum in the interaction S.4.1, becomes
smaller for higher neutrino energies.

If the momentum transfer in the impact is small and the
neutrino makes only a peripheral collision, the nucleus recoils
as a whole giving a coherent collision. At low neutrino energies
the momentum transfer increases and the collision is incoherent,
the scattering taking place at a single nucleon.

A full discussion of the calculation of both coherent and
incoherent cross-sections has been given by Osborne (1966). He
adopts the cross-sections of Wu et al. (as quoted by Burns et al,
1965) for both types of interaction up to an energy of 20 GeV.

The figures of von Gehlen (1963), who gives the asymptotic limit
to the cross-sections valid above 100 GeV, are taken for the
cobherent cross-section and an interpolation procedure is used for
intermediate energies. At energies near threshold the incoherent
process dominates the coherent interaction and at higher energies

(E 250 GeV) the situation is reversed.
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The W is expected to decay with a lifetime of less than
10-17sec in either a leptonic or non-leptonic mode. In the
leptonic mode two decays are possible:

W—-)u-a-\)u or W—>e+vy,- Slt.2

In his analysis Osborne assumes the muonic¢ branching
ratio to be 0.4 since the most recent theoretical treatments
indicate that leptonic decays will predominate for mws;’» GeV
and that the leptonic decays will be equally divided between the
two modes of 5.4.2.

Neutrino interactions via the W therefore produce
two muons: the 'interaction muon' and subsequently the 'decay
mupn' emitted by the boson. It is thought that the energy spectrum
of the muons produced in 5.4.1 will be strongly peaked at an
energy Eomn/(mp+mw) corresponding to the minimum momentum transfer
to the nucleus of mé/zE“. For a value of m, = 1.8 GeV this results
in the mubn taking 1/20 of the neutrino energy at 10 GeV. However
at high energies the asymptotic formula given by Lee et al. (1961)
indicates that the muon takes half the neutrino energy, though
this 1limit is only reached at energies of the order of 104 GeV.

If the intermediate boson exists, then it will allow
the resonance interaction:

Vet e —>u + W 5.4.3
to occur at a threshold laboratory energy of Et = mi/zme with
a cross-section of approximately 10-31 cm2 and a resonance width

of Et/lO GeV. This fact was first published by Glashow (1960).
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Zagrebin and Zheleznykh (1964) have calculated the flux and angular
distribution of muons produced through 5.4.3 and their figures

have been used to estimate the number of events expected from this
mechanism.

There have been a number of theories of weak interactions
involving bosons other than the one mentioned above, each with
different characteristics. However, the boson of Lee and Yang
is the generally accepted mediator of weak interactions at high

energies, if such a mediator exists,

5.5 The Flux of Neutrinos Undergroundg

It is expected that above the threshold energies of the
telescopes, 100-200 MeV for telescopes 1 and 2 and 400-800 MeV for
telescopes 3, 4 and 5, depending on the angle of inclination of
the muon, the predominant contribution to the neutrino flux conmes
from the decays of muons, pions and kaons in the atmosphere. A
very much smaller flux is expected from extra-terrestial sources,
a subject that is discussed in section 5.7. The energy spectrum
of atmospheric neutrinos has been estimated by a number of
authors in recent years. The most comprehensive reports have been
given by Cowsik et al. (1966) and Osborne et al. (1965) and when
allowance is made for the different assumptions adopted by these
authors, their values agree to within 5% at most energies.

The figures of Osborne et al. are those taken here for

the estimate of the total underground rate of neutrino-induced
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muons. The angular distribution of all types of neutrinos was
found to be peaked towards the horizontal direction, the ratios

of horizontal to vertical intensities increasing from 1.43 to

3.70 at 1 GeV and 103 GeV respectively. They assumed a K/n ratio
(ratio of all kaons to all pions at production in the atmosphere)
of 20%. Uncertainty in this value was reflected by an uncertainty
of up to 20% in the intensities gquoted. Figure 5.1 illustrates
the variation of intensity with energy for the various modes of
production. At energies less than about 50 GeV the bulk of muon
neutrinos come from p-e decay, since there is an enhanced probability
of p-e decay in the long path length encountered between the

production levels and ground level.

5.6 The Rate of Neutrino-Induced Muons in the KGF Experiment

Using the cross-sections and energy distributions
mentioned above together with the neutrino fluxes calculated
by Osborne et al., the range-energy relation for muons and
the differential apertures of the five telescopes, Menon et al.
(1966b) have calculated the numbers of events due to neutrino
interactions expected to be observed under different assumptions
in the period lst April 1965 to lst October 1966. The predictions
have been brought up to date, (lst June 1967) and are given in
table 5.1 together with the expected median neutrino energies

for each process.
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Table 5.1 Neutrino Cross-sections and Expected Numbers of
Events in the Period lst April 1965 to lst June 1967
Interaction Cross=-section Fraction of No. of Approx. median
(cm?) Energy taken events neutrino
by Muon energy (GeV)
. -38 .
Elastic 0.6x10 “ " /n-p pair 0.9 1.2 2.5
Inelastic
E_ <10 GeV O.3E“x10.3§/nucleon 0.67 1.8
E_ >10 GeV Case (a)_38 0.67 k,.s 25
O.}E“xlO for all Ev
Case (b)g 0.67 1.5 9
3.0x10 _
Boson m = 1.8 GeV near threshold 7.0 100
production asymptotic (25)
m, = 25 GeV near threshold 3.1 200
asymptotic (11.4)
Glashow m, = 1.8 GeV 0.25 2.2 3000
resonance
mw = 2.5 GeV 0.25 0.5 6000

Upper limit: m = 1.8 GeV and case (a) 16.7

Lower limit: m, » 1.8 GeV and case (b) 4.5

The angular distribution of events observed in all
telescopes has been displayed in figure 4.5. From the expected
distribution of atmospheric events it is clear that all events
with zenith angles above about 60° are most probably due to
neutrino-induced muons, B, The angular distribution expected

for the B,s can be estimated from a knowledge of the telescope
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differential apertures and the distribution of parent neutrinos,

if it is assumed that the B, is emitted with the same direction

of flight as the neutrino. This angular distribution was estimated
and normalised, for angles above 600, to the number of events (4)
at angles >60° p.z.a. observed in telescopes 1 and 2. This
indicated that approximately 2 events could be expected to have
been observed at angles'<60° p.z.a, Inspection of the observed
angular distribution of all events and comparison with the expected
B, distribution showed that the two events were most likely to

have fallen in the range of B from 350 to 500.

Careful analysis of the accompaniment of all muons
observed revealed only one event that showed more than a slight
possibility that the muon could have been upward moving. This
event, no. 18, was assumed to be a Yo+ Additionally one event in
the angular range 450- 500 was similarly ascribed to the observation
of a u,, on the grounds of probability.

The expected u,, angular distributions, normalised to
six events for T(1,2) and two events for T(3-5), are plotted in
figure 4.5.

The aperture for T(1l or 2) for an isotropic distribution
(the instrumental aperture) is 22.4 masterad or 19.5 masterad
after a 13% reduction to allow for scintillator gaps. For
T(3, 4 or 5) the instrumental aperture is 9.08 masterad, or
790 masterad after gap reduction. The extra instrumental

aperture gained by placing telescopes & and 5 close together is
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3.64 n’sterad. Based on a running time of 24273 tel-hrs for T(1,2),
22510 tel-hrs for T(3-5) and 6988 tel~hrs for the T(4-5) combination,

the instrumental intensities of u,8 are:

2.8
1.7

and T(3-5) (2.7 * i’%)lo-l3 cm-asecglsterad-l, giving & weighted

T(1,2) (3.5 t )'J.O"13 cmeasec-lsterad-l

t i'g)10'13 cm-zsec-lsterad-l.

mean of (3.2
These intensities assume the neutrino flux to be isotropic.

A more accurate comparison can be made between different telescope

geometries by allowing for the expected peaking in the horizontal

direction and deriving a value for I the horizontal p, intensity.

h’
In order to do this a median neutrino energy must be assumed for
the majority of events, and a choice must be made of the type of
interaction giving rise to the greater part of the u, flux.

Here it is assumed that the parent neutrinos of the events have
an energy of 10 GeV. This assumption gives an effective aperture
in the horizontal direction of 13.k mzsterad for T(1 or 2) and
6.7 m°sterad for T(3, & or 5) including the T(4-5) combination,
after allowing for gaps. The horizontal u, intensities are
estimated to be:

T(1,2) (5.1 )10-13 en™2sec lsterad ™t

.0
3
9

and T(3-5) (3.7 4)10-13 cm-zsec-lsterad_l, giving a weighted

N FoFE

P+ 4+ 1 4+

mean of (4.6 i‘g)lo‘l3 cm~Csec Lsterad™t.

The number of events thought to have been observed,
b, . v
8 t > g » is within the expected range. The significance of the

result is discussed in section 5.9.
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5.7 The Celestial Co-ordinates of the KGF Experiment Events

The sidereal time, the projected zenith angle and the
range of permitted azimuth angles for any events in T(1,2), and the
telescope orientation, can be used to give the arrival direction of
the muon as an arc on the celestial sphere. Results from T(3=5)
can be similarly combined to give a unique point on the same plot
for each event, since the azimuth angles are known to about one
degree accuracy. The events are divided into four categories, those
with B above and below 60° coming from the North and South hemisph-
eres. The event arrival directions are plotted in figures 5.2 and
5.3« Where the values are known, out of geometry events are plotted.
Event ne. 13 is included on the assumption that B = 900, and allow-
ance has been made for the uncertainty in the value of B for event
no. 3., Where the sense of travel of & muon with B:>60° is at all
uncertain it is plotted twice to include both directions of travel.

An analysis of the running times of T(1,2) shows that they
have been operational throughout the sidereal day with a deviation
from uniformity of less than + 17%. The sidereal time of an event
is approximately equivalent to its Right Ascension if the zenith
angle is small, and thus it is expected that the events in figure
5.2 should be nearly uniform in Right Ascension if the muon flux
is isotropic. The expected and observed distributions for downward
moving muons, plotted as histograms for North and South hemispheres
for events with B-<60° are given in figure 5.4. A chi-squared test

shows that observation is significantly different from expectation,
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Celestial Co-ordinates of Events with B <60°,

Northern Hemisphere.,
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Figure 5.2b

Celestial Co-ordinates of Events with B <60°,

Southern Hemisphere.
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Figure 5.3a

Celestial Co-ordinates of Events with B >60°,

Northern Hemisphere.
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Figure 5.3b

Celestial Co-ordinates of Events with B> 60°,

Southern Hemisphere.
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Figure 5.4
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Expected and Observed Distributions in Right Ascension for Events

with B <60°.
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the degree of anisotropy being 95% and 93% for North and South
hemispheres respectively.

The chief features are the enhancement of events between
45° and 90° R.A. and the 'dark area' between 225° and 315° R.A.
in the Northern hemisphere, and an approximately corresponding
enhancement from 135° to 2’70o R.A. and dark areas from 450 to
90° and from 315° to 0° R.A, in the Southern hemisphere. It must
be emphasised that the statistics are poor, especially in the
Southern hemisphere and that even with only four 90° cells, the
chi-squared test is near the limit of applicability. However,
some support for the existence of the dark area comes from the
work of Matano et al. (1965) on muon rich EAS .havipg an electron
number of approximately 106. They found an anisotropy in Right
Ascension of 97%, the most noticeable feature being a dark area
from 225° to 3150. This suggests that the two observations of
a deficiency of events in this region may be connected, and that
the heavy primary cosmic rays, assumed to be the parents of the
mgjority of the muon rich air showers observed by the Tokyo group,
may also be responsible for some of the events observed at great
depths underground. A primary cosmic ray which will produce a
pion in its first interaction energetic enough to decay to a muon
that will penetrate to the depth of the KGF experiment is estimated
to have a mean energy of a few times 1014 eV, whereas the energy of
the primaries of the EAS observed by the Tokyo group were an order

of magnitude higher than this,
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Observations of muons at shallower depths, notably
4360 m.w.e. (Achar et al. 1965a) have failed to reveal any
anisotropy, even when events at high angles to the vertical are
examined. This would appear to indicate that the anisotropy, if
it is indeed statistically significant, only appears in underground
muon directions at depths greater than about 7000 m.w.e. correspond-
ing to muon sea level energies of about 104 GeV., The dark area
does not appear to lie in the direction of any obvious galactic
feature, though the local spiral arm is at 296° R.A. in the
Northern hemisphere.

The most recent survey of the galactic magnetic fieids
shows a field minimum in the line of sight in the direction of
the dark area. If the minimum in the line of sight corresponds
to a maximum pormal to the line of sight, the cosmic rays arriving
from that direction would suffer a maximum deflection which would
show up as a deficit in the intensity in that direction. However
it is difficult to see why such an effect would be constricted
to primary energies greater than ~1014 evV.

The co-ordinates of the probable neutrino-induced muons
are shown in figure 5.3. It is apparent that the arcs of events
numbers 4, 29 and 43 intersect at a single point, and that if
event 13 is assumed to be caused by a particle travelling at 90o
to the zenith, an estimate made before any intersection was found,
a fourth arc lies within the intersection area. Additionally, the

zenith angular range of event number 3, 75° + 150, gives a region
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on the Southern celestial hemisphere that overlaps the apparent
intersection. From this it can be seen that the evidence is not
inconsistent with those events observed in telescopes 1 and 2
with B >60° having come from a small area between R.A. 180° + 4°
and Dec. 70° + 30 South. It has been estimated that the probability
of the arcs of the three events with clearly defined values of B
intersecting within an area of this size is about 1:1200.

Because of the uncertainty in the range of Pp for the remaining
two events, the observation that they could also be due to muons
arriving from the same direction does not reduce this probability
much further.

The apparent intersection area can be explained as being
due to chance, or by the neutrino parents of the events arriving
from a definite extra-terrestial origin, since the muons are
expected to maintain the direction of the initiating neutrino
to within a few degrees.

A survey of the sky has been made in the region mentioned.
There are no interesting visual objects, and there are no radio
sources of appreciable intensity recorded near the position. In a
recent 11 cm scan by Day and Thomas over the area R.A. 179°- 180°,
Dec. 69°~ 72.5° no source greater than the limiting intensity

of av0.5x10-2§3m-2(c/s)-1 was found. (E.G. Bowen, private

communication). However, a new X-ray source was reported by
Harries et al. at the Calgary Cosmic Ray Conference to be located
at R.,A. 204° + 5°, Dec. 64° + 4°, which is near enough to the

apparent intersection to warrant further investigation should
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future observations confirm the existence of a point source.

Any apparent origin point of the parent neutrinos would
imply that they were extra-terrestial in nature, since the primary
nuclear active cosmic ray flux is known to be roughly isotropic
at the primary energies giving the greatest contribution to the
neutrino flux effective in producing the muons observed underground.
The problem of extra-terrestial neutrinos has been reviewed by
Osborne (1966). It is expected that the interaction of the
nuclear component of cosmic rays with inter-stellar or inter-
galactic matter will produce pions and kaons which will subsequently
decay producing both \g,'vu and y-rays. However this neutrino
flux is expected to be isotropic in arrival direction if the primary
cosmic rays are isotropic, and from the associated y-ray production
the muon neutrino flux has been estimated to be more than two
orders of magnitude less than the atmospheric muon neutrino flux,
even at energies in the region of th GeV.

The alternative possibility is that some neutrinos are
themselves primary cosmic rays coming from discrete sources. It is
expected that there will be a large flux of thermal electron
neutrinos from the Sun and other stars, but because of their low
energy they will not be detected in the KGF experiment. Calculations
show that supernovae might be expected to give out very large
numbers of energetic neutrinos over a very short period, much less
than the 18 months separating event numbers 4 and 43, though a

series of supernovae type explosions within a massive celestial
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object like a quasar could produce the necessary long term flux,
and the very great distances at which these objects are thought
to lie could result in an attenuation of the y-ray flux from these
bodies by interactions with optical photons.

Measurements on y-ray emission from discrete sources
indicate that at low energies the discrete neutrino flux will
be two orders of magnitude less than the atmospheric neutrino
flux, but at energies in the region of 5000 GeV the extra-terrestial
flux could equal the atmospheric flux. This immediately suggests
that the Glashow resonance interaction, which presumes the existence
of the intermediate boson, might produce a significant flux of
muons at the resonant energy which is about 6000 GeV for m, = 2.5 GeV.
It can be seen from table 5.l that the expected number of events
from the Glashow resonance interaction with atmospheric neutrinos
is an order of magnitude less than that observed, which would
seem to rule out this mechanism, although as explained in the
previous paragraph, the estimate of the upper limit of the y-ray
flux could be in error for very distant objects. A further
difficulty is that four of the five interactions have been observed
to be close to the telescopes, whereas the high energies effective
in the Glashow resonance should mean that the average interaction
point within the rock wall will be well away from the detectors.

If further observation reveals that there is an apparent

discrete source of muons observed to have values of B:>60°, it

will probably be necessary to postulate a new mechanism of neutrino
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production unassociated with y-ray production, which will of
necessity mean that it will be unassociated with pion production

in nuclear active collisions. For the rest of the analysis of
this experiment it will be assumed that no extra-terrestial
neutrino-induced muons have been observed, and that the arrangement

of arrival directions in figure 5.3b is due to chance.

5.8 Shower Events

In the breakdown of events listed in table A.2 there are
several categories of event that are not classified as 'in geometry'
muon events. The way in which a muon can be out of geometry
( part of the electromagnetic accompaniment triggering the fourfold
coincidence ) has been discussed. In some of these events the
muon track is clearly visible, anq often the electrons causing
the fourfold coincidence can be seen in the flash tube record.

Occasionally a fourfold coincidence is generated by
what appears to be a shower of electrons, no clear muon track
standing out on the record. A typical shower event is illustrated
in figure 5.5 (event no. 24). An electron shower is visible in
the south nft array, and the oscilloscope trace for the same wing
shows saturated pulses indicating a large energy deposition in
the south scintillator wall. The shower does not seem to traverse
the telescope, the twofold north wing pulse being small, probably
being caused by chance, or by a low energy electron from outside

the telescope that failed to penetrate to the north nft array.
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For the majority of the telescope running time the chance twofold
coincidence rate for any pair of photomultipliers was a few
hundred per hour, making the former explanation quite possible.

The two other events in this category were similar in
nature. Event 13, discussed in appendix A, was a very large shower,
though there tracks could be seen in all three nft arrays, the
shower apparently penetrating telescope 2 and travelling in a near
horizontal direction. Event 21 was a near vertical shower with
tracks visible in the top three nft trays, different parts of the
same development of the shower being absorbed in the N6 and S5
scintillators. This event is most likely to have been caused by
an electromagnetic shower being generated in the rock ceiling by a
muon travelling downwards in a near vertical direction, the muon
missing the telescope altogether, or its track being hidden by the
shower. Event 24 is probably attributable to the same cause,
although the shower is by no means vertical in its direction of
propagation. A large photon component could give the high number
of single and grouped flashes observed, by the Compton effect or
by pair production.

The most difficult event to understand in this category
is number 13. The very large energy content, estimated to be of
the order of several hundred GeV, and the direction of propagation
are inconsistent with the initiating particle being an atmospheric
muon. One interaction that can give a muon with a very high energy

is the Glashow resonance interaction (section 5.4t) which might be
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expected to produce muons with energy ~1000 GeV. A similar
process discussed by Hiroshige and Matsuda (1965), also involving
the intermediate boson:
§é +e =W + v

which would take place

at neutrino laboratory energies above E the threshold energy

£
referred to in the Glashow resonance interaction discussion, might
produce a shower directly from the interaction of the y-ray,
although this interaction would necessarily have to take place
close to a telescope for it to be detected.

Alternatively, a high energy electron, created through

v, + N —2>N' + e,
could cause the development
of a large electromagnetic shower, if the energy of the v, was
large.

Because the nature of the initiating particle is unknown
and because any penetrating particle might be out of geometry,
this event has not been included in the analysis of the total
muon rates. However it appears likely that it is associated with
a neutrino interaction rather than with an atmospheric muon.

Table A.2 lists the observation of two possible weak
photon showers. They are discussed at the end of appendix A.
These 'events' may only be an upward statistical fluctuation

in the number of spurious flashes observed combined with an

electron track from bvackground radioactivity. In a number of
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frames in the nft records short tracks appeared, always in outer
nft arrays, that were ascribed to background B-rays because the
frame advance and nft trigger was initimted by the timing unit,
This unit regularly generated a master pulse to avoid fogging of
the open shutter cameras through an over long exposure. However,
the three 'events' mentioned in appendix A were triggered by a
fourfold coincidence.

A possible interpretation of such events is in terms of
weak photon showers, but until further data has been collected
it is difficult to assess what significance should be attached
to these observations.

It is cases such as these which make it essential to
employ a visual detector underground for this type of work, since
interpretation that is difficult with a visual record would become

impossible without it.

5.9 Conclusion

The expected numbers of events in the KGF experiment
from various modes of neutrino interaction have been given in
table 5.1. These figures can be converted to expected intensities
of muons in the horizontal direction. Figure 5.6 shows the
observed horizontal neutrino-induced muon intensity at KGF and
at Johannesburg. (The latter figure is given in section 6.1.4).
The figure also shows the estimated horizontal intensities under

three different assumptions.
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Purely on the basis of the observed rates, it is not

possible to distinguish between the contribution to the rate by

the presence or absence of an intermediate boson and the contribution

by the rising inelastic cross-section. If it is assumed, as seems
reasonable, that the inelastic cross-section does not saturate at
the limit of machine energies, but continues to increase with
energy up to a point controlled by the breakdown of the V-A theory
of weak interactions, then it can be assumed that the contribution
from a boson mediated interaction is very small, and as a.con—
sequence the boson mass, if the boson exists, must be high.

Two methods are being adopted to resolve this dilemma.
The first, which was embodied in the design of telescopes 3-5,
was to attempt to observe simultaneously two penetrating tracks
whose directions were unambiguously defined. The unequivocal
pin-pointing of the apparent origin of the tracks, and their
passage through 30 cm of iron would enable a firm conclusion
to be drawn about the nature of the particles causing the tracks.
If two muons were simultaneously observed this would constitute
strong evidence for the existence of the intermediate boson.

In chapter 7 the design and recent construction of two
magnetic spectrographs is discussed. It is hoped that the
elucidation of the energy of a sufficient number of neutrino-
induced muons will enable a decision to be made on the type of

interaction in which they were produced.




Chapter 6

OTHER NEUTRINO EXPERIMENTS UNDERGROUND

At present there are only two experiments, other than the
one at KGF, designed to investigate the neutrino initiated muon
flux underground. Chronologically the first of these was the
Johannesburg experiment, mentioned in chapter 2, which is now

discussed.

6.1 The Johannesburg Experiment

As explained in section 2.2, this experiment is basically
very similar to the KGF arrangement. Located in the East Rand
Proprietary Mines near Johannesburg, (the only other mine in the
world comparable in depth with the Champion Reef Mine, KGF) at a
site 3200 m below surface, the overburden is roughly equivalent to
8800 m.w.e. local rock, (ZZ/A =5.0 and p= 2.75 g.cm-B) or approx-
imately 8500 m.w.e. standard rock. The characteristics of the
overburden have not been published, making the conversion to
standard rock only an approximate one, the absolute depth in
stendard rock may be in error by + 150 m.w.e. since no great
emphasis has been placed on accurately measuring the equivalent
depth below surface, the experiment being primarily concerned

with measuring the horizontal muon flux.
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6.1.1 Description of the Apparatus

The detector array, shown schematically in figure 6.1,
consists of two parallel vertical walls made up of 36 detector
elements. The array is grouped into 6 'bays' of 6 elements each.
Each element is a rectangular box of Lucite of sensitive dimensions
547x56x12.7 cm® containing 380 litres of & mineral oil based liquid
scintillator and is viewed by two 5 in photomultipliers at each
end. Later three further bays were added (nos 7-9), each contain-

3

ing 6 elements of sensitive dimensions U473x56x12.7 cm”, increasing
the detecting area to approximately 165 n’. The array constitutes
a hodoscope giving a rough measurement of the zenith angle of a
charged particle passing through it. Additionally, the event is
located along the detector axis by the ratio of the photomultiplier
responses from the two ends of each element traversed., The sum of
the responses indicates the total energy deposited and hence the
track length in the scintillator. The energy deposited by a
minimum ionising particle traversing the scintillator should be
greater than about 20 MeV, well above the energies characteristic
of natural or induced radioactivity. The triggering requirement
was a fourfold coincidence between any four photomultipliers on
one wing of the array.

It is unnecessary to discuss the detail of the experimental
arrangement and checking system here, a full account can be found
in the literature. (Reines et al 1965a, b, 1967, Reines 1966,

Crouch et al. 1966a, b, Gurr 1966.)
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6.1.2 The Results and their Interpretation

With the array illustrated in figure 6.1 several types
of event can be recorded.

1) Single Wall Events

a) Single tank events. These are triggered by a fourfold
coincidence from the photomultiplier tubes viewing a single tank
where no other signal is recorded in any other tank. The cause
is most probably a single ionising particle traversing an element
and failing to pass through any further elements.

b) Double and triple tank events in a single bay. A
particle travelling in a near vertical direction will possibly
pass through two or three tanks in a single bay.

c) Coincidences involving more than one bay. In the
light of the KGF experiment it seems likely that these events
are caused by particle accompaniment, either of a soft, electro-
magnetic type or pionic or muonic in nature.

2) Cross Tunnel Events (Double Wall Events)

a) Single tank incidences, one tank on each wall. These
events are most probably due to a single particle moving across the
tunnel at an angle greater than 430 to the zenith. This category
divides into three classes, (i) U-L, (ii) U-M or M~L and (iii) U-U,
M-M or LfL coincidences, where U = upper, M = middle and L = lower
tank in any bay.

b) Multitank incidences involving only one bay on each

wall.
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¢) Multitank incidences involving more than two bays and
both walls. In view of the results of the KGF experiment these
two categories can both be explained in terms of muons accompanied
by electromagnetic showers, inelastic neutrino interactions, etc.

With this complexity of events, coupled with the fact
that two or more tracks in any element will make the pulse height
analysis difficult if not impodsible, it can be realised that the
interpretation of this experiment is not easy. This conclusion is
readily confirmed by reading the most up to date report, Reines et
al. (1967), vwhere the rate of neutrino-induced muons through the
apparatus is quoted as lying between

(2.0 + 0.5 and 4.5 + O.’?)lO-13 cmuzsec-lsterad-l.

There are several difficulties associated with the
derivation of a rate of either neutrino-induced or atmospheric
muons., First there is no exact method for determining the angle
the particle trajectory makes to the vertical. When both scintill-
ator walls are traversed the zeith angle can be gauged to approx-
imately + 19o by noting which of the six tanks in each bay was
triggered, although this assumes that only one tank per wall is
involved. In theory the energy deposited by a particle will be
a function of its path length through the scintillator and hence
of its spatial zenith angle. However this picture is confused
by the quoted inaccuracy of the determination of the deposited
energy, + 20% to 30%, the increasing rate of energy loss with

particle energy, and by the existence of secondary particles
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accompanying the parent muon into the scintillator.

This lack of resolution of the spatial zenith angle is
most important for single tank events, since cross-tunnel events
involving both walls require that particles have 6:>h3°. Because
of the depth of the experimental site and the small cross-tunnel
aperture of the detector at that angle, the contribution to the
observed rate of cross-tunnel events from atmospheric muons is
negligible. Single tank events are thus attributable to both
atmospheric and neutrino-induced muons, and since the angular
distribution of the former cannot be measured the separate
contributions have to be estimated from an assumed angular
distribution.

Unlike the KGF experiment, events that are 'out of geometry'
cannot be subtracted easily from the total number of single tank
events, but the proportion of such events can be assessed from
the KGF data and allowances made for them in the estimated inten-
sities.

The nmultitank events comnstitute a separate problem.
Almost certainly they are caused by muon accompaniment, though
the lack of absorbing layers between the scintillators makes it
difficult to assess its nature. Where the energy deposition in
one or more tanks is very high it is likely that an electro- |
magnetic shower has entered, or been produced in the scintillator,
but as has been seen in the KGF experiment, it is not always

necessary for a penetrating particle to be present,




In the cross-tunnel events, 2a, it was found that
approximately one third of the events deposited between 5 and 10
MeV in one of the two tanks, a level well below that expected on
average from a minimum ionising particle; whilst the deposition
in the other tank appeared reasonable when compared with the
value expected from the known azimuth angle, (the position of
the track can be estimated to + 0.6 m along the length of the tank)
and an assumed average particle energy and zenith angle. It is
estimated that no more than 20% of these events can be explained
by assuming that the particle passed through a corner of the
scintillator tank., Some of the events may be due to a low energy
electron being absorbed in an element on one wall whilst the parent
muon traverses the other wall, but the large fraction of these
events makes it unlikely that this is the complete explanation.
Particles having fractional charges, the hypothetical quarks,
might be expected to deposit amounts of energy of the order of
5 - 10 MeV, but the lack of any other evidence for their existence
does not allow much emphasis to be placed on an interpretation in

terms of these particles.

6.1.3 The Rate of Neutrino-Induced Muons .

If it is assumed that all cross=tunnel events of the
type 2a are caused by neutrino-induced muons, ¥b,,» and that the
cross~-tunnel multitank events 2b and c¢ are attributable to the

same cause, rather than showers, or pairs or 'bundles' of particles
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travelling in a near vertical direction giving rise to apparent
cross-tunnel coincidences, then an upper limit to the vy flux is
obtained. Conversely, if it is assumed that those events of type
2a with an unusually low energy deposition in one wall are not

p 8, and that none of the complex events in 2b or ¢ is attributable
to an in geometry u,, then a lower limit to the flux is obtained.
The most recent estimate of the flux given by the Johannesburg
group is that given above, based on almost three years of exper-
imentation. (September 1964 to June 1967). This is the instrum-
ental flux, which because of the geometry of the Johannesburg
array can best be compared with the flux through telescopes 3-5
in KGF, with which it is in good agreement.

The horizontal flux may be obtained in the manner described
in section 5.6 by assuming & median neutrino energy of 10 GeV to
give the shape of the correction factor to be applied to the
differential aperture of the Johannesburg array. The horizontal
intensity is found to be

(2.6 + 0.65 to 5.8 4+ 0.9)10"13 cm-asecnlsterad-l,

a value that agrees well with the values from the KGF experiment,

plotted in figure 5.6.

6.1.4 The Rate of Atmospheric Muons

These constitute the majority of events of type 1. The
latest paper available containing details of the different types

of event is that of Reines (1966). The results are listed in
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table 6.1.

Table 6.1 The Johannesburg Results

No. of Events Type of Event
23 Two tank cross-tunnel single particle (2a)
189 Single tank (1la)
35 Two tank vertical (1b)
19 Three tank vertical (1b)
L Three tank cross-tunnel (?) (2b)
14 Multitank events ( >3 tanks) involving both walls

or in more than one bay (lc¢ and 2¢)

The results in categories la and b can be expressed in
terms of 'tank incidences', defined so that there are 189 + (2 x 35)
+ (3 x 19) = 316 tank incidences in these two categories. The
differential aperture for incidences from the upper hemisphere
for any one tank can easily be calculated, the resulting aperture
for the sum of the 54 single tanks in the array is shown in figure
6.2. The difficulty now arises of assigning an angular distribution
to the atmospheric muon events. For the lack of better data we
assume that equation 4,5.2.1 holds, from which n = 9.0, with an
error assumed to be + 1.5. When the differential aperture of

9

figure 6.2 is multiplied by cos”6 and integrated, it is found that

the total effective aperture for the sum of all the single tanks
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in the upper hemisphere is 44.2 mzsterad. The effective running
time for the total array was 0.93 years.

Before the vertical atmospheric intensity can be calculated
the number of tank incidences caused by u, must be deducted from
the observed total. The total aperture in both hemispheres for
the sum of the Sk tanks is 1231.1 mzsterad (Gurr 1966) and the
total aperture for cross~-tunnel events is 324 masterad. The
aperture for u events in categories la and b is thus 907.1

masterad, which with a running time of 0.9% y and an intensity of

(3.25 t 1'32)10-13 em~2sec Ysterad™t indicates that 86 : Zg tank
incidences were caused by n, events, leaving 230 i Z; attributable

to atmospheric muons, By However, no account has been taken of

the multitank events, type lc. If it is assumed that half of the

14 events listed above are of type lc and that each of them involves
~2 tank incidences, then the total number of tank incidences

attributable to ns is 2k ¥ 72, This results in a vertical

1 em™2sec™tsterad™ . 1If the inaccuracy

intensity of (1.9 + 0.4)10°
inherent in the assumption that n = 9.0 is taken into account, a
final intensity of I_ = (1.9 + 0.7)107% cn™%sec ™ sterad™ is
obtained. It must be pointed out that this assumes that no events
are out of geometry, i.e. that a penetrating muon was observed in
each case to pass through the acceptance of the detector. However,
for various reasons, the chief of which is that the accompanying

particle must deposit at least 20 MeV in the scintillator, the

assumption is thought to be a reasonable one.
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In the paper delivered to the Calgary Cosmic Ray Conference
(Reines et al. 1967) 28 events were observed to be in category 2a,
of which 3 were in class (i), 12 in class (ii) and 13 in class (iii).
These rates, when taken with the relevant apertures and running
times, separately confirm the ¥, intensity quoted in the paper,
but more particularly it can be shown that ~3 events of y, origin
are expected to fall in class 2a(i), confirming that the atmospheric
muon rate detected by the apparatus at 6;>43° ig negligible,
certainly less than one event to date. Thus it is not possible to
differentiate between an exponential and a cosine power law
operating in the atmospheric angular distribution, from an analysis

of the number of events in division 2a(i).

6.1.5 Conclusions and Future Developments of the Experiment

Summarising, the results of the Johannesburg experiment
are in good agreement with those of the KGF experiment, confirming
that the underground neutrino-induced muon flux exists, and has a
magnitude close to that expected from an extrapolation of the
machine neutrino-nucleon cross=-sections. The flux observed in
the near vertical direction is somewhat lower than might be expected
from that observed at the KGF site, but the discrepancy, which is
within the statistical limits of uncertainty, is not sufficient to
determine the shape of the angular distribution of atmospheric
muons at these depths. The feature of the experiment which
remains partially unexplained is the apparent low energy deposition
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of some of the penetrating cross-tunnel particles. It is possible
that these events may be related to the weak photon showers,
mentioned in section 5.8.

Since it was realised, some time ago, that the limits on
the present experiment came chiefly from the lack of a visual
record of the passage of a particle through the detector, plans
have been made to transfer the experiment to an enlarged site
slightly deeper and to install 12 layers of neon flash tubes
between the two scintillator walls. With the adoption of this
technique it may well be possible to interpret further the results
so far obtained, as well as to acquire more precise estimates of

the magnitude and direction of the muon flux.

6.2 The Utah Experiment

Although primarily designed to detect neutrino-induced
muons, this experiment differs considerably from the two previously
discussed. Sited at a depth of about 1500 m.w.e. standard rock in
a mine near Salt Lake City, Utah, the detector relies on the
unambiguous determination of the sense of direction of the muons
traversing the apparatus to distinguish between atmospheric and

neutrino=induced muons.

6.2.1 Description of the Apparatus

The development of a novel type of cylindrical spark

counter and a large area Cerenkov counter enabled a completely
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new approach to be tried. The detector is illustrated schematically
in figure 6.3. The four Cerenkov counters, each consisting of a
water filled concrete tank 6 x 10 x 1 m3 provide the coincidence
trigger for the banks of cylindrical spark counters. Mirrors cover
the 1 x 6 m® and 1 x 10 m° surfaces of the tanks. Each 6 x 10 m°
surface is covered by an array of light collector elements which
are 6 ft long, l.75 in diameter plastic tubes filled with mineral
oil and a wave shifter. A 2 in diameter photomultiplier views
one end of each tube and a mirror covers the other. The arrays,
on opposite walls of each Cerenkov counter, enable the direction
of traversal of a minimum ionising particle to be determined since,
typically, 25 to 50 photo=-electrons are produced in one array after
the Cerenkov light has been trapped and wave shifted, whilst very
few are produced in the opposite collectors. Data recording
includes the pulse heights from each Cerenkov array as well as
the relative time of the pulses, so that in the most favorable
case the direction of the muon is determined by four independent
Cerenkov measurements and three time of flight measurements.

The event rate, triggered on any one Cerenkov counter
that indicates an energy release of about 200 MeV, (the particle
trgvelling close to the horizontal so that most of the light strikes
a single collector surface), is about 4 per minute. Specifically
upward travelling muons can then be attributed to a neutrino

origin.

The cylindrical spark counters fill the role occupied by
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the neon flash tubes in the KGF experiment. They resemble giant
Geiger counters 15 c¢m in diameter by 10 m long. A central wire

at 6 kV runs the length of the counter, which is filled with

50 cm Hg of argon and 25 cm Hg ethylene, and the application of

a 1.7 us 2 kV pulse causes a sharply localised corona spike at the
point of ionisation. The st:eamer only builds out to about 3 mm
_from the centre wire before gquenching takes place. Microphones
mounted inside the counter at either end record thé. discharges,

" and this simple technique has been found to give a resolution of
the position of the spike along the tube of about 3 mm when a
single particle has penetrated the counter. Several particles

can be recorded at the same time in a given counter provided that
they are separated by about 15 cm. The efficiency of the counters
was measured as being very close to 100%.

The two regions of magnetised iron, which are each in a
field of 16 k.gauss, are expected to allow the momentum of particles
to be determined up to a maximum detectable momentum of about
100 GeV/c.

The design and development of the detectors used in the
experiment have been described fully by Keuffel and Parker (1967),
Hilton et al. (1967) and Bergeson and Wolfson (1967). The progress
of the experiment has been reported by Bergeson et al. (1965 and

1967).
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6+2.2 Results and Conclusions

In order that the detectors to be used in the underground
experiment might be tested, a half scale prototype was built on
surface, and was successfully operated from March to August 1966,
detecting more than 2.106 cosmic ray muons. This pilot experiment,
which provided many useful results as well as testing the design
for the full scale experiment, was the first in which muon pair
production by muons was conclusively detected. (Morris and
Stenerson 1967).

The underground detector began operating in April 1967,
and until June this year had logged a number of atmospheric muons,
but no upward travelling neutrino-induced muons had been detected.
(Bergeson et al. 1967). The aperture of the experiment is
~160 mzsterad, which taken with a measured p intensity of
~3.10-13 cmﬂasec°lsterad=1, indicates that about one neutrino event
a fortnight might be expected to have been detected. The *'no count!
result is therefore not unexpected, since the 'on time' of the
detector was only three weeks.

The surprising feature of the results, as reported at
the Calgary Cosmic Ray Conference in the middle of June 1967, was
the angular distribution of the atmospheric muons. This distribution
is reproduced in figure 6.4, The predicted number, Ny(predicted)
is based on the summary of Menon and Ramana Murthy (1967) of the
depth-=intensity curve. The two sets of points are obtained, with

and without the sec6 correction term for the enhanced n-p decay
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in the atmosphere, discussed in section 4.4k, If correct, this

graph would indicate that the sec6 term did not apply at angles
greater than about #50, a result only apparently explicable,
according to the Utah group, by assuming that pion decay is not

the production mechanism of the muons observed, but rather that
they are produced either by the decay of very short lived secondaries
or directly in the nuclear interactions of the primaries and their
secondaries in the upper atmosphere. This result seemsto be in
contradiction with the predictions of quantum electrodynamics,

since the cross-section for direct muon production would need to

be ~106 greater than that expected on the basis of accepted theories
(J. Wdowczyk: private communication).

A more likely explanation is the breakdown of the correct-
ness of the secd term at high angles because of the finite curvature
of the atmosphere, especially if the interactions giving riae to
the pions, which subsequently decay to muons, take place very high
in the atmosphere. This, coupled with the survey of Menon and
Ramana Murthy, (which as already noted gives, perhaps, a rather
high estimate of the muon flux at great depths,) and the inaccuracies
inherent in the estimation of the effective depth (and its correction
to standard rock,) for a surface topography as complicated as that
existing in the Utah experiment, where the experimental site is at
the centre of a mountain, may account for a good deal of the effect
observed. However, the result clearly needs very careful examination

and it is to be hoped that the fuller analysis by the Utah group,
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which is presently in hand, will clarify some of the ambiguities.

It is interesting to note that many workers have found
a deficiency of events at high angles to the vertical whilst
working at depths ~1500 m.w.e., resulting in the observation of
a value of n, the exponent of the angular distribution, that is
higher than that expected from the depth-intensity curve with the
usual secd correction. This disparity can be seen in figure 4.k,

Because the Utah experiment can potentially be triggered
on events occwrring within the 2000 ton bulk of the apparatus,
it should be possible to register the production of secondaries of
neutrino interactions very close to the point of the interaction.
A knowledge of the energies and relative directions of emission of
the secondaries, which should be available in the most favorable
cases, Will be of great use . in determining the principal mode
of interaction and the form of the interaction cross-section at
neutrino energies higher than the 10 GeV currently available from
accelerators.

The approach used by the Utah team would seem to be the
most promising one devised to date, though only after an extended
period of observation will it be possible to see if the particular
problems that beset an underground detector have been successfully

resolved.



Chapter 7

RECENT DEVELOPMENTS IN THE K.G.,F. EXPERIMENTAL PROGRAMME

7.1 Introduction: The Energy Spectra of Neutrino-Induced Muons

A theoretical study of the neutrino interaction cross-
sections and the production spectra of muons emerging from a
neutrino-nucleus collision showed that a significant number of
the neutrino-induced muons probably had an energy at the detector
of less than 30 GeV. This conclusion was confirmed by the evidence
from the electromagnetic accompaniment of muons coming from near
horizontal directions, as has been explained in chapter 3. A very
recent paper on the energy spectra of atmospheric and neutrino-
induced muons at the KGF site (Craig et al. 1967) gave the theoret-
ical estimates reproduced in table 7.1.

From these considerations it was thought worthwhile to
build two spectrographs underground in the KGF laboratory with
the aim of examining the momentum of the neutrino-induced muons
up to a maximum of :about 30 GeV/c. It was realised that even with
large area detectors the rate of events whose momenta could be
measured accurately would be low, so it was decided to modify the
design of a conventional spectrograph to accept muons from the
near vertical as well as the horizontal. A discussion of the

spectrographs is given in the next section., Subsequent sections



deal with the first results from these detectors and summarise

the plans for the KGF experimental programme.

Table 7.1 Mean Energies Expected at the Detector for Neutrino-

Induced Muons from the Horizontal

Processes and Cross-sections fp(GeV)

i) Elastic + o o1 * By to 10 GeV, then conmst. 8.8
ii) Elastic + %ne1 * By tO 10“ GeV, then const. 8o
iii) (i) + Boson production, m, = 1.8 GeV 28
iv) (i) + Boson production, m, = 3.0 GeV 27
v) (ii) + Boson production, m, = 1.8 GeV 60
vi) (ii) + Boson production, m, = 3.0 GeV 76

7.2 The Magnetic Spectrographs

The gift of approximately 100 tons of soft iron from the
Yawata Iron and Steel Company, Japan, made it possible to build
two spectrographs, rather than the alternative proposition of a
further extension of the existing array by adding more units of
the telescope 1 type. After a design study a compromise between
magnet afea and thickness was reached so that the spectrograph
magnets were identical in having a thickness of 40 cm and an area
of 2 x 4 m°. The advantage of a thick, high field magnet is that
it gives a better magnetic deflection to scattering ratio than a

thinner magnet would allow, although the latter has a larger

109
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acceptance area if only a fixed weight of soft iron is available.

Between November 1966 and May 1967 two spectrographs of
the type illustrated schematically in figure 7.1 were constructed.
The magnets are each composed of 40 soft iron blocks 10 cm thick,
and wound with 25 turns of 5 x 0.5 cm2 cross=-gsection aluminium
belt on each of the four magnet arms. Figure 7.2 is a diagram of
one of the magnets. The curved end-pieces complete the flux
linkage to give an approximately uniform field in each of the
four arms of 14 k.gauss when a current of 250 amps is passed
through the coils.

The scintillator elements are identical to those used in
telescopes 1 to 5, eight elements covering each of the.a x b m2
sides with four further elements mounted on top of the spectro-
graphs.

A master pulse is generated by any fourfold coincidence
involving two pairs of photomultipliers, each pair of tubes viewing
a separate scintillator element. The coincidences thus fall into
two groups, those involving top-side coincidences, almost entirely
attributable to atmospheric muons and their secondaries, and those
involving side~side coincidences. Muons causing side-side coincid-
ences must have a zenith angle greater than 26.50, because of the
scintillator geometry, and are therefore likely to be a mixture,
those of atmospheric origin predominating over those of a neutrino
origin.

The neon flash tubes were loaded into the trays with



Figure 7.1

A Front V»iew of one of the KGF Magnetic Spectrographs
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greater care than had been given to the trays of earlier telescopes,
two trays 1 m high by 2 m long placed back to back giving the &4 m
long coverage required. Each spectrograph contains 20 flash tube
trays arranged as illustrated in figure 7.l. The hack=front
alignment is estimated to have an average error of + 2 mm for any
flash tube, giving a maximum detectable momentum of about 40 GeV/c
for a pparticle travelling close to the horizontal, if it is assumed
that no scattering takes place.

It can be shown that the Coulomb scattering and magnetic
deflection of a muon in the magnet are related by

emag/escat(r.m.s.) = 0'38tm/{¥s
where tm is the
projected path length in the magnet, normal to the flux lines,
and ts is the spatial path length of the muon through the magnet.
For a normal incidence tm = ts = 40 cm and the rms value of
Coulomb scattering will be 42% of the magnetic deflectionm.

The end vertical scintillator elements were masked where
the field‘direction was greater than about 300 to the horizontal so
thgt the spectrograph would not accept particle trajectories that
passed through a region of the magnet whose field was greatly
different from 14 k.gauss. The differential aperture of one of
the spectrographs is drawn out in figure 7.3, the calculation
being based on the dimensions given in table 7.2. (Osborne:
private communication). It is assumed that the scintillator

thickness is negligible, making the differential aperture zero at



Figure 7.3

Differential Aperture of a KGF Magnetic Spectrograph
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® = 0. The total aperture for isotropic radiation is 38.8 masterad,
a value which should be reduced by about 18% to allow for scintill-

ator gaps and masking.

Table 7.2 Characteristics of the Spectrograph Scintillator

Configuration
Scintillator top Value (cm)
Length . W5
Width 100
Separation of horizontal centre plane 39,0
from top of side scintillator wall ¢
Scintillator walls
Length k7
Height 209
Separation (centre to centre) 103.5
Orientation (°West of North)
Spectrograph 1 15.2
Spectrograph 2 10,5

8.25

If an angular distribution of Ig = Ivcos ® is assumed

to hold for atmospheric muons, then the total effective aperture

2sterad. After an allowance for

for atmospheric muons is 1.21 m
gaps it is estimated that the rate of atmospheric muons through

either spectrograph should be approximately 4.10™0 nrt,
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Using the rate of neutrino-induced muons observed to
traverse telescopes 1 and 2, the expected rate through each

-

spectrograph is in the region of 3.5 x 10 hr since the aperture

1
for neutrino-induced muons from both hemispheres is 3m.fvm25terad
after allowing for gaps. Possibly half of these events will pass
through the magnet and the outer neon flash tube trays in such a

way that the momentum of the muons can be measured to give a useful

result.

7.3 Preliminary Results and Further Developments

In the period 12th May to lst August 1967 a total of 10
events were recorded in the spectrographs in a running time of
approximately 2600 spectrograph-hours. These events will not be
discussed in detail since their analysis is at a very preliminary
stage. All but one of the events is a top-side coincidence, as
might be expected, however some of the events fail to show a
penetrating particle since there is no absorber between the top
and side scintillator elements, other than the magnet.

An event, $6, is illustrated in figure 7.4. This event
is a typical downward travelling muon producing secondary particles
in the magnet. TFrom the complexity of this and other events it
is clear that the interpretation will be difficult unless absorber
is placed between the top scintillator elements and the upper
horizontal flash tube trays. Initially it is proposed that 13"

of iron will be used ( ~2.1 radiation lengths) as this is readily
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available, but ideally 5 radiation lengths of iron would be prefer-
able to eliminate fourfold coincidences triggered by showers from

the rock ceiling.

7.4 Conclusion

It is to be hoped that the two spectrographs will provide
answers to several of the major problems still outstanding in the
KGF experiment.

The top=-side scintillator coincidences will give inform-
ation on the angular distribution and electromagnetic accompaniment
of atmospheric muons. The greater accuracy with which the angular
distribution can be defined will enable the inference of atmospheric
intensities at greater depths and will aid the separation of
atmospheric and neutrino-induced components.

More detailed information on the electromagnetic accompan-
iment will help to confirm the tentative conclusions reached in
chapter 3 on the mean energy of atmospheric muons at 7500 m.w.e.
and will show up any pairs of muons that arrive from the near
vertical direction,

Although the rate of accumulation will be slow, the
possibility exists of determining the chief mode of interaction
of neutrinos with nuclei from a knowledge of the mean energy, at
the detector, of neutrino-induced muons. The increased rate of B
detected by the seven arrays now installed at KGF will enable a

more accurate limit to be placed on the By flux, which coupled with
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the momentum data should indicate the form of the inelastic
cross-section at energies higher than 10 GeV, as well as allowing
a higher upper limit to be placed on the mass of the intermediate

boson, or enabling its detection.



Chapter 8

SUMMARY

8.1 Atmospheric Muons

The use of a visual technique in the form of the neon
flash tube to detect muons has enabled a wealth of data to be
accunulated on the characteristics of muons arriving at a detector
at a depth of 7500 m.w.e. The results of the analysis of the exper-
imental information listed in appendix A can be considered under
three headings: electromagnetic accompaniment, angular distribution
and vertical intensity.

The electromagnetic accompaniment of muons by a soft
component was reviewed in chapter 3. The observations of Achar
et al. (1965a) at depths less than 5000 m.w.e. were shown to be
in accord with an expectation based on the mean muon energy which
was derived from the sea level muon energy spectrum and the range-
energy relation fér Kolar rock. The broad assumption that muons
at 7500 m.w.e. with a projected zenith angle of less than 50°
were atmospheric in origin lead to the conclusion that their mean
energy was in the region of 500 GeV, a value that was higher than
that expected from an exponential depth-intensity relation of the
type suggested by Menon et al. (1967a). The result could be

9

eXplained on the assumption that the muon intensity falls as D~
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(where D is the depth below ground level) since this relation
predicts a mean energy of 490 GeV for the atmospheric muons
observed in the KGF neutrino experiment.

Confirmation of a non-exponential depth-intensity relation
was found in an analysis of the angular distribution of the events.
When the events expected from an approximately isotropic distribu-
tion of neutrino-induced muons are subtracted from the observed
distribution, the remaining events have a rather flat distribution.
The marked excess of events at about 45° p.Z.a2. over that expected
from an exponential angular distribution can be explained in
several ways. Firstly it could represent an upward statistical
fluctuation on expectation; this seems unlikely since the excess
has a chance occumence of less than 3.5%.

Secondly it could be caused by neutrino-induced events.
An assessment of this possibility has been made by Craig et al.
(1967). The only mechanism thought to exist that would give an
excess of events specifically at angles in the region 40° - 50o is
that of the Glashow resonance since, if it exists, the Earth will
no longer be transparent to electron neutrinos of the resonance
energy. However to account for the observed excess of events they
found that a velocity distribution of the atomic electrons in rock
would be needed that was very different from the one believed to
exist and that a much higher neutrino intensity at energies of
several thousand GeV would be required.

The third, and most likely explanation of the events is

that the depth-intensity relation is not exponential and that the
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angular distribution follows a cos™0 law even at very great depths,
a finding that is in accord with that from an analysis of the elect-
romagnetic accompaniment.

A knowledge of the angular distribution of muons at
7500 m.w.e. enabled an estimate to be made of the depth-intensity
relation at greater depths. The single experimental observation
of Reines (1966) at 8500 m.w.e. gave a result that was not sufficient-
ly accurate enough to confirm the proposed relation, but the depth-
intensity relation obtained from the primary cosmic ray spectrum of
Greisen by Craig et al. (1967) was close to that predicted from
the observed angular distribution of muons at 7500 m.w.e. Craig
et al. used generally accepted models and relationships for the high
energy interactions of the primaries, the propagation and multi-
plicity of the secondaries, and the derivation of the sea level
muon Spectrum'and its translation, via the energy-loss curve and
flictuation correction, to the depth~intensity relation. This
therefore tends to indicate that the depth-intensity relation
derived from the angular distribution of muons at 7500 m.w.e. is
compatible with presently accepted theofies.

The continued operation of the seven detectors at KGF
shpuld give a total number of events that is large enough to give
a relatively unambiguous indication of the angular distribution,
and hence the depth-intensity relation at greater depths.

The possible anisotropy observed in the arrival directions

of atmospheric muons at 7500 m.w.e. could be explained by a high
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magnetic field component normal to the line of siglt in the direction
of the anisotropy, but until better statics are available such
inferences are only speculative.

In response to a paper by Higashi et al. (1965) who
claimed that measurements of muon intensities under rock were
inaccurate, the results from experiments at depths down to
1500 m.w.e. under sea water and rock were discussed and it was
shown that there was no significant difference between sea level
muon spectra derived from intensity measurements under the two
media. It was further shown that comparable experiments at depths
in the region of 4000 m.w.e. in different media could give inform-

ation on the value of b, the energy loss parameter.

8.2 Neutrino-Induced Muons

It is this aspect of the experiment that has proved to
be the most important in terms of new developments in the fields
of cosmic ray and high energy physicse. The unambiguous registra-
tion of a signal from neutrino-induced muons by two experimental
teams using different techniques, one in India and the other in
South Africa, has opened up the possibility of a new experimental
approach to the understanding of weak interactions. The rock walls
enclosing an underground detector provide an effective target
thickness of many thousands of tons for high energy neutrinos,
a condition that cannot be duplicated at present accelerators.

In a paper to be submitted to the Proceedings of the
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Physical Society, Craig et al. (1967) have extended: the analysis

of the expected rates and mean energies of the neutrino-induced
nuons through the KGF detectors to construct the graph reproduced
in figure 8.1. As explained in chapter 5, the instrumental
intensity e;pected at the detectors depends on the energy at which
the rising inelastic neutrino-nucleon cross-section saturates and
.on the mass:.of the intermediate boson, if it exists. However the
mean muon energy»ﬁ(uv) is also a function of the type and dominance
of each interaction as can be seen from table 7.1, so that in
principle it is possible to separate the contribution to the total
muon rate of the inelastic mode and the boson mediated mode, if the
mean muon energy can be determined. Curves representing different
saturation energies for the inelastic cross-section and masses

for the intermediate boson, are drawn out and the shaded area
represents the region in which most of the detected muons are
believed to lie. The only indication of the muon energy to date

is that from the electromagnetic interactions of the muons which
suggests that f(uv) lies between threshold and 30 GeV.

The operation of the spectrographs will help the inter-
pretation considerably, and it is possible that the analysis of
muon scattering in the lead absorber of the telescopes, which is
at present only in the preliminary stages, will enable the upward
travelling muons to be distinguished from the downward travelling
atmospheric muon background. This analysis assumes that an atmosph-

eric muon can only rarely be expected to show any scattering,
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whereas neutrino-induced muons have a high likelihood of being
scattered, since their mean energy is thought to be less than

about 30 GeV. The difficulties associated with scattering measure-
ments stem from the accuracy of the flash tube alignment. If the
tubes are not all exactly parallel, the back-front misalignment

of one group of tubes can give rise to an apparent scattering if
the particle passed through the backs of the tubes.

Despite the uncertainty in the value of the mean muon
energy, some inferences can be drawn from figure 8.1. It is
unlikely that the inelastic cross-section saturates at 10 GeV or
just above, since the data from accelerators indicates a rising
cross-section up to 10 GeV, and, in this case, it is probable that
the mass of the intermediate boson is greater than about 2.5 GeV.
If there is no boson mediated contribution, the inelastic cross-
section appears to saturate at a few hundred GeV, and if the boson
contribution is significant this saturation energy is reduced to
well below 300 GeV,

The initial results are therefore in accord with expectation: the
boson contribution is small if not zero and the inelastic cross-
section does not continue to increase indefinitely. However, it
has been pointed out by Lee (private communication to A,W.
Wolfendale) that the assumption of a constant energy taken by the
muon in an inelastic interaction may not be valid, in which .case
a continuously increasing inelastic cross-section cannot be ruled

out.
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The possibility of detecting extrasterrestial neutrino
sources was discussed in chapter 5. At present the statistics
are hardly significant, but if an appreciable number of muouns
does prove to come from a point source the conclusions reached
above will have to be revised.

It is expected that the neutrino experiments in progress
will continue for several years since the initial results have
proved éncouraging. The consquent improvement in statistics
coupled with the greater sophistication of the more recent
detectors offers hope that the outstanding problems will be solved.
Neutrino events in detectors such as telescopes 3 to 5, capable
of complete definition of the tracks of several particles, should
eventually enable a high minimum limit to be put on the mass of
the intermediate boson, although it will not be possible to
demonstrate its non-existence. The energy at which the inelastic
cross-section saturates should become clear, and the nature of the
large electromagnetic showers, as well as the apparent weak photon

showers, may be elucidated.
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Appendix A

EVENT DATA.

This appendix covers the data on events that occurred in
the five KGF neutrino telescopes between lst April 1965 and 1lst
June 1967. The basic data for each event is listed in table A.l.
In the table the scintillator elements that gave saturated pulses
are underlined, where more than one element per wall was triggered.
The scintillator nomenclature is illustated in figure 3.10. The
following notations are used:

IsT Indian standard time

]

MST = mean sidereal time

0G = out of geometry, sh = shower event.
The angles quoted are known to approximately + 1° unless otherwise
stated. Features of the events not covered by the table are as

follows.

Bvent 1 The neon flash tube (nft) trays for telescope 2 were

5t1ill under construction and only scintillator information is
available for this event. The event was unambiguously distinguished
from a chance four-fold coincidence by the size and position of

the oscilloscope display pulses as well as by the statistical un-
likelihood of a chance coincidence. The p.z.a. is >39° from the

scintillator data.

Event 2 A single track. The centre nft array was not installed
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in telescope l.at this time.

Event 3 A single track. Only the centre nft array was present

in telescope 2.

Event & This event has been discussed at length by Achar et al.
(1965d) . (Figure A.l). The two tracks appear to diverge from a
point that could be close to the surface of the southern rock wall
or up to 1 metre inside it in the projected plane. The tracks
diverge at an angle of 30 + lo, track 'a' passing through 10
radiation lengths of lead without interaction and track 'b',
presumably missing the southern nft array because of its inclina-
tion in azimuth angle, passing through 5 radiation lengths. It
can be concluded that both tracks are due to either a pion or a
muon. It is possible that the pnoint of origin lies in the north-
ern rock wall, either or both of the particles having been scatter-
ed by a total of 30, however the absence of further scattering in
the lead reduces this probability. The simplest explanation is
that this event is attributable to an inelastic neutrino inter-
action, the two particles being a muon and a pion, but is is also
possible that both are muons observed as a result of the creation

of an intermediate boson in the interaction.
Event 5 A single track.

Event 6 A near vertical track that is out of geometry. The S1

scintillator was traversed by a muon and one of thie knock=-on
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electrons causing the coincidence between S1 and N6 can be seen

in the north nft array.

Event 7 4 penetrating track with a single knock-on electron
from the scintillator visible in the north nft array indicating

a downward moving particle.

Event 8 A penetrating track with two knock-on electrons from
the lead visible in the centre nft array with a S-ray produced
in the same tray. There is some evidence for a srall angle of

scatter in the southern lezd wall. A downward moving particle.

Event 9 A penetrating track that produced a large electron
shower (73 fl.) in the north lead wall. It is possible that
this event is out of geometry, the electron shower causing the

coincidence in N1l. A downward moving particle.

Event 10 An OG event, the single track visible missed the
south scintillator wall: preswaably a knock~on from the rock
caused the coincidence. Probably a downward moving particle
that possibly undergoes snall angle scattering in the north

lead wall. No scintillator data available.

Event 11 A single penetrating track with a single knock=-on

from the south lead wall., Probably downward moving.

Event 12 A single penetrating track that missed the south
scintillator wall, a large electron shower that can be seen

coming from the rock causing the coincidence. A low energy
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knock-on electron from the south lead wall visible in the centre

nft array.

pvent 13 A very large electron shower coming from the south
rock wall. From the oscilloscope data a large amount of energy
was deposited in all six scintillators on the south side of
telescope 2, as well as smaller amounts in five of the north wall
scintillators. Pulses were also recorded from telescope 1 although
few flash tubes fired. Almost all the nfts in telescope 2 south
array fired, indicating a shower energy of several hundred GeV.
Mo clear penetrating track that could definately be ascribed to
muon could be seen, though it is possible that a particle did
traverse the width of the telescope. From the few short tracks
in the centre and north arrays the particle initiating the

shower was estimated to be travelling in a near horizontal Jdir-

L . O v :
ection at an angle of about 40  to the line of the telescopes.

Event 14 A penetrating track with an electron shower visible
in the centre nft array coming from the north lead wall., (27 fl.)
A further small shower is visible in the south nft array. (13 f1l.)

A downward moving particle.
Event 15 A single track.

Event 16 A single track. No flashes are visible in the north
nft array. This may be an out of peometry event, but it is

difficult to be certain as the photographic technique was poor.
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Event 17 There is no nft data for tihis 'event'. Subsequent
analysis of the oscilloscope pulses indicated that this was prob-
ably a chance four-fold coincidence, the two-fold rates having

been increased considerably since event 1 was recorded.

Event 18 A single track with an additional short track in the
south array. This could be a knock-on electron from the south
lead wall, the particle moving upwards. fThere is some slight

evidence for small angle scattering in the south lead wall.

Event 19 A penetrating track indicating a downward moving vpar-
ticle that knocked-on two electrons from the north lead wall and
possibly one low energy electron from the south lead wall. HHo

oscilloscogpe data available.

Event 20 A penetrating ftrack with one knock-on electron from the
north lead wall visible in the centre nft array indicating a down-

ward moving particle.

Event 21 lio clear penetrating track. The coincidence apnears
to have been caused by a medium sized electron shower generated
in the rock ceiling, the direction of propagation of the shower
being close to the vertical. There are several widely spaced

pairs of flash tubes that fired, possibly caused by electrons

generated by photons in the nft arrays.

Event 22 A single penetrating track with a low energy knock-on

electron in two of the five nft arrays. A downward moving particle.
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Event 23 A single penetrating track. No oscilloscope data

available. Some evidence for scattering in the north lead wall.

Event 2k A medium sized electron shower in the south nft array.
No evidence of a penetrating track. The direction of the shower
is difficult to determine, but it was probably travelling at >5Oo

to the zenith.

Event 25 A single penetrating track with a possible low energy
knock=on electron in the south nft array from the south lead wall.

Probably downward moving.

<

Event 26 A single penetrating track with a knock-on electron
coming from the north lead wall. The unusually large number of
single tubes that fired in addition to the main traclks may indicate

the presence of a weak photon shower. Probably downward moving.

Event 27 A single penetrating track with, possibly, two S-rays
generated in the south nft array indicating a downward woving

particle.

Bvent 28 An 0G event. A near vertical track is visible, with

a knock=-on electron, in the north horizontal nft array.

Event 29 This event consists of three main tracks. (Figure A.2).
The near horizcntal track is a penetrating particle assumed to be

a muon, although it could be a pion. The two additional shorter
tracks appear to converge on the central track at a distance of

60 cm from the south scintillator wall in the projected plane.
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The upper track passes out of the top of the telescope, possibly
generating the two low energy knock=-on electrons that are visible,
the lower track is stopped in the south lead wall with two short
tracks nearby, possibly low energy knock-on electrons. The
interpretation is the same as that for event L, An inelaétic
neutrino interaction, possibly taking place within an iron pillar
at 60 cm from the south scintillator wall, gave rise to a muon
and a pion and one other particle. This event could also be
ascribed to the creation of a W, the upper track being a nuon as

well as the centre track.

Event 30 A penetrating track that passed through telescopes

4 and 5. No visible accompaninment.

Event 31 A single penetrating traclk showing evidence of small
angle scattering in the north lead wall. This track could be
out of geometry because of the scattering of the particle.
Fresumably the coincidenct:would then be caused by an unobserved

knock-on electron from the rock.

Event 32 This event (fipure A.3) shows several tracks. The
lower track is most probably a muon which produces a large shower
(52 £f1.) in the south lead wall, visible in the south nft array.
The upper tracks could be caused by a pion, acconmpanied by an
electron from the rock, knocking-on an electron from the north
lead wall and stopping in the south lead wally or by a muon with

the same accompaniment which passed out of the telescope missing
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the south nft array. Alternatively, there could be two separate
pions, both penetrating the north lead wall, one undergoing
scattering. HBecause of the low p.z.a. and the energetic shower

in the south array this is most probably an atmospheric muon

event.

nwvent %3% A single penetrating track accompanied by possibly two
electrons from the rock ceiling. A low energy electron is knocked-
on from ihe inner north iron wall, and possibly one is also knock-
ed-on from the south iron wall. & downward moving particle that is

out of geometry.

Event 34 A single penetrating track showing some evidence of

small angle scattering in one of the lead walls.

Event 35 A single penetrating track showing some evidence of
small angle scattering in the south lead wall. A knock-on electron
in the north nft array could be from the rock if the particle is
downward moving, or from the north lead wall if upward moving, the

latter being perhaps the more likely.

Event 36 A single penetrating track that appears to undergo
large angle scattering as a result of its traversal of the four

iron walls. The particle missed the centre nft array.
Event 37 A single penetrating track.

Event 38 A single penetrating track that undergoes small angle

scattering in the south lead wall. A low energy knock-on electron
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from the south lead wall is visible. Frobably a downward moving

particle,

Event 39 A single penetrating downward moving particle producing

a small electron shower in the inner south iron wall. (Figure A.4).
Event 40 A single penetrating track.

Event 41 A single penetrating track with a small electron
shower (17 rl,) in the centre nft array from the north lead wall,
a further development of this shower (43 fl.) being observed in

the south nft array. A downward moving varticle.

Event 42 A single venetrating track that is out of pgeometry,
the coincidence being caused by considerable energy deposition
in the S6 scintillator, the particle passing thirough the N5 scint-
illator. Presumably there was considerable accompaniment from the

rock.

Event 43 A single, near horizontal track with several other

short tracks visible in the lower half of the telescope. (Fig. A.5)
The penetrating track did not produce auny accompaniment in its
passage through the telescope except for one, possible, knock-on
electron. The associated tracks could be two pions, each peanetrat-
ing

o

one lead wall and the high number of random flashes could be
due to a photon shower. This event is probably due to an inelastic

neutrino interaction.

Event 44 A single penetrating track.
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Event 45 A single penetrating track. No scintillator information

is available.

Bvent 46 A single penetrating track.

A breakdown of these events is shown in table A.2.

In addition to the events mentioned above, three fourfold
coincidences were recorded, 24A, 32A and L5A, that showed evidence
of particle tracks or an abnormal number of spuriows flashes. 1In
no case was a penetrating particle seen, and the short tracks were
tentatively ascribed to electrons. 24A occurred in telescope 5
and shows a track in both the azimuth (vertically orientated) nft
arrays, but no traclkis in the three zenith (horizontally orientated)
arrays. This does not seem to have been due to instrument failure.
BEvent 324, a coincidence between the N3 (tel. 4) and $2 (tel. 5)
scintillators shows only one definite track in one of the nft arrays,
but there is an unusually ﬁigh number of extra single flashes,
indicating that the event may be asweak photon shower. A similar
explanation is possible for event 45A since, again, there was an
abrnormally high number of spurious flashes.

In general very few doubtful events were recorded, even
though the setting of the amplifier gains and biases was adjusted
so0 that there was a chance fourfold coincidence approximately every

300 telescope-hours.
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Events Recorded by the KGF Neutrino Telescopes (1/L/65 to 1/6/67)

Event
No.

Date

5/4/65
27/4/65
25/5/65

3/7/65

13/7/65
18/7/65
2L/7/65
27/7/65
29/7/65

1/8/65

2/8/65
11/8/65
12/8/65

9/9/65
10/9/65
13/10/65
26/1/66
27/1/66

5/2/66
14/3/66

9/5/66

9/5/66
25/5/66

9/6/66
16/6/66
27/6/66
29/6/66
29/6/66
18/7/66

6/8/66

L/ 9/66
17/10/66
31/10/66

1/11/66
13/11/66
20/11/66
15/12/66
18/12/66
29/12/66

Time

IsST

20.04
18.26
20,03
12.30

16.13
02.52
11.47
03,24
19.07
21.00
03%.38
17 .37
11.38

02.22
08.20
12.14
03,38
02.23
ok, 28
06.02
13.31
17 .42
00.01
12.47
18.32
16.06
21.06
22.15
20.37
16.33
05.54
02.17
19,28
08.32
22.20
20.40
09.k5
03.50
01.57

MST

08.38
08.30
11.58
06.57

11.21
22.15
07 .37
2%.23
15.18
17.23
00.02
14 .38
08.43

01l.1l2
07.15
13.23
11.40
10.29
13.10
17 .09
ok,.21
08.33
15.52
05.39
11.52
10.09
15.18
16.27
16 .0k
13.14
ok .28
03.40
21.49
10.55
01.3%2
00.20
15.02
09.17
08.08

Tele-
scope

[AS IRV ol V)

g

Scintillators

Nk, sk
N1, s1
N6, S6
N1, sl

Nk, 8356
N36, $12
N6, S3
N6, 83
N1, S3

N6, Sk
Nk, S5

712456, S all
N1246, 513KG

N5, 813
N6, S3
N3, S1
Nk, 85

N6, Sk
Naok6, 85
K3, 51
Nk,
N3,
N2,

8135
sl

shs

nk, 86

N3, 83
N13k, 51245
N1, S1

N6, S13
N23456, $13
N4, 82

k6, s2
N35, S1

N2, Sk

Nz, s6

N6, S1

N1, 83

N6, Sk

P.z.2a,

degrees

>39
L8
75 + 15
96.2
99.2
ks
8.5
37.5
29.5
3245
25
47
33
near
horizontal

008
0.3

I+1+

51.5

near vert.
Lo (s.z.a.)
Li 5

~50

L

19.5

L3

10

3%.5

72 (s.z.8.)
21 + L

26

3h (s.z.a.)
31

27

74 (s.z.a.)
19

19

L8 (s.z.a.)
36

Comments

no nft

oG

oG

sh

sh,0G

sh,0G

0G

0G
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Table A.1 (cont.)

Event Date Time Tele- Scintillators P.z.a. Comments
Fo. IsT MST scope degrees

L 8/1/67 23.55 06.49 1 N2, s12ké L

Lo 16/1/67 22.21 05.46 1 N5, 546 18 oG
L3 5/2/67 22.41 07.25 1 N3, s123k 85.5 + 0.5

Ly 10/4/67 20.36 09.32 1 N5, S1 29

ks 20/Lk/67 02,41 16.17 1 - 36

L6 L/s/67 01.01 15.28 2 N2, S5 20

Table A.2

Breakdown of Events.

Type Telescope
1 2 3, L and 5
In geometry B <60°
(incl. event no. 1) 13 15 2
In geometry 8 60° > > 2
Out of geometry L - >

Shower events (with no
obvious penetrating ptle.)

(Weak photon showers?) (1) - (1)




