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Abstraci

A collaboration experiment between lata Institute, Bombay, Osaka City
University and Durham University nas been performed underground at a depth
of 7500 m.w.e, in Kolar Gold iields, South India, primarily to study muons
produced by the interactions of cosmic ray neutrinos. The results obtained
are described and analysed.

The rate of neutrino-induced ruons has been found to be less than
predicted for several widely different assumptions made about the inelastic
interaction cross section avove 10 GeV (the limit of the muchine data).
However the results clearly show the importance of the inelastic interaction
and suggest that the cross section continues to rise o ‘Zé 30 GeV/c whilst
the fraction of energy talken by the muon falls.

The energies of' two neutrino-induced muons have been measured iith
nagnetic spectrographs and neutrino intersctions inside the detectors have
been recorded along vwith unambiguous examples of upward moving muons,

liuons of atmospheric origin nave also been detected and both their
intensity and angular distribution have been establisied and described by
appropriate expressions. Their energy spectra and mean energies have been
predicted and compared with those derived from observations made of their
electromagnetic accompaniment.

the celestial co-ordinates of the arrival directions of neutrino-

induced muons may be suggestive of a possible point source or extra-terrestrial

anisotropy in the southern celestial hemisphere, the implications of which
are discussed.
These results are compared with those of other workers and the future

plans for cosmic ray neutrino studies are discussed.
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Preface

The work reported in this thesis has been carried out by the author,

between September, 1965 and September, 1968, as a member of an international

team of scientists and technicians from Tata Institute of fundemental Research,

Bombay, Osaka City University, Japan, and Durham University.

During this

time, the author has been a research student working under the supervision

of Professor A. ue. Wolfendale.
w#hilst in India, the author,
for the construction, maintenance

improveuments and refinements made

along with his colleagues, was responsible
and operation of the apparatus and the

to the techniques and methods used.

The author's main contribution was to the erection and commissioning of the

magnetic spectrographs with particular reference to the alignment of the

spectrographs' flash tubes.

The calculations of atmospheric muon energy spectra were made in Durham

along with the co-authors of the two papers by Craig et al. (1967; 1968a).

The calculation of the mean energies, electromagnetic shower observation

probabilities and telescope's apertures iwere made by the author and the

interpretation of the results, calculation of rates, angular distributions,

celestial co-ordinates and mean energies of detected results reported and

those from the other underground experiments are also the author's respons-

ibility.
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v the international team after the author

joined the group are those published by lienon et al. (1966; 1967a,b) and

Krishnaswamy et al. (1968; 1969).

The results and observatiuns reported

in those publications are revised using the data available to the end of



(iii)

1968 and are given in the present vork.,
The stud; of the possibility of charged particle tracks in mica,
summarised in Appendix 5, was made in Durham together with the co~authors

of Craig et al. (1968c).
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Introduction.

Throughout the development of modern physics, the reseurches of the
physicist have steadily revealed the complexity of the sub-atomic particles.
Increased energies and fluxes of particles, produced in accelerators, have
lead to more and more intriguing observations in high energy nuclear
physics.

The existence of particles was beginning to be apparent by 1895.
Perrin showed that the cathode rays in the Crookes tube were charged
particles in motion and Thomson was able to measure their charge to mass
ratio.

Although the Crookes tube may ve regarded as the ancestor of the
modern accelerators, most progress in the field throughout the first half
of the twentieth century came from the study of natural phenomena. 1In
the early 1900's, not long after the study of natural radiocactivity had
lead to the identification of ,fS and ¥ radiation, it became apparent
that there wus a radiation of extra-terrestrial origin - the cosmic
radiation., Several of its properties were discovered and between 1930
and 1940 rapid progress was made through the discovery of both the
positron and the muon, Following the Second world iar the existence of
the pion, the kaon and the hyperons was established. In particular, the
discovery of the pion, in 1947, was a great step forward as it confirmed
Yakawa's theory of 1935, in explanation of the strong nuclear force,

The importance of this field of research had then become apparent

and the development of the accelerating machines progressed rapidly.
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Throughout the 1950's and 1960's, bigger and bigger machines have been
constructed, the largest ones in operation at present being the proton
accelerators at CERN, Brookhaven and Serpukhov. The high flux of
accelerated particles, made available in machines such as these, have
lead to the discovery of about two hundred sub-atomic particle-like
resonances,

This combined work of physicists, studying natural and artificially-
induced phenomena on the sub-atomic scale,has opened the door to a most

interesting,end perhaps the most basic,field of study in Science,

1,1 Neutrinos and Weak Interactions

Not the least simple conception in this field is that of the neutrino,
a particle which can possess very high energies, penetrate astronomical
distances without interaction and have so small a mass, if any, that it
cannot be measured. Since its postulation by Pauli in 1931, the neutrino
has proved to be a most interesting particle, Ior its direct discovery,
the physicist had to wait until 1956 when Cowan et al. finally confirmed
it via inverse beta decay interactions in a multilayer target and
scintillation counter assembled under one of the Savannah River nuclear
reactors,

The first role assigned to the neutrino was to explain the shape of
the beta decay spectrum by taking away the missing mass., The process was
described by Fermi in 1933 in the first wegf interaction theory. The same
weak force is now known also to be responsibig\fen\ggg_igggggction of

neutrinos and for the long-lived decays of a number of particles.

As ileak interaction theory is still being developed, there remains
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doubt as to whether the intrinnic interaction has any energy dependence
before modification by strong interactions. Two approaches may be made
to this problem, One is to study purely leptonic processes and the other
is to measure leptonic properties in mixed interactions,such as the
scattering of neutrinos by nucleons, as has been done in the accelerators,

Following the predictions of Lee and Yang (1955), wu et al. (1956)
discovered the non-conservation of parity in the beta-decay of Co60. As
a consequence, weak interactions may be identified not only by their control
of the behaviour of the neutrino but also by their violation of parity
conservation, |

After this important discovery, rapid progress was made in the study
of the weak nuclear force which lead to the development of the V - A
theory of weak interactions by Feynmann and Gell-mann. The V - A theory
successfully describes the kmown processes at low energies in which
‘strangeness is conserved. At higher energies, however, it breaks down.
For example, the cross sections for interactions such as Jy,+e — Dy +e
and D, + e — 2u17u are predicted to be greater than the limit set by
unitarity for neutrino energies above 300 GeV,

One means of overcoming this difficulty at high energies is by the
mediation of weak interactions through a vector boson of finite mass, such
as the intermediate (i/) boson proposed by Lee and Yang (1960). Any such
mediating boson is predicted to be of large mass since studies of beta
decay, polarisation of weak decay products and low energy reactor-neutrino
interactions show that the weak force is of very short range.

So far, machine experiments have only shown that the mass of the
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intermediate boson, if it exists, must exceed about 2 GeV., Future
experiments,either in larger accelerators or in colliding beam arrangements
for lepton- lepton scattering or nucleon - nucleon interactions,may well
throw light on the existence or otherwise of this particle apart from

giving a more complete understanding of the whole field of weak interactions,

1,2 Natural Sources of Neutrinos

Since the suggestion of Bethe and Critchfield in 1939, the fusion
chain as the mechanism of energy production in the heart of hydrogen-
burning stars has been widely accepted. Several of the reactions involved
lead to the emission of neutrinos and the value to astronomers of the
detection of these neutrinos is easily appreciated,

The neutrino experiment of Danby et al. (1962), carried out at the
Brookhaven National Laboratory, in which the existence of two types of
neutrino, the muon neutrino and the electron neutrino, was shown has
affected the approach to the field of neutrino astronomy. The electron
neutrinos, produced in stellar interiors, can only give rise to electrons
in their interactions (unless the reaction Ve +e - Ju+u 1is found to
be possible) and,as a result of the low energies of such neutrinos, < 14 MeV,
their presence can only be detected via processes such ag n + Ve —» p+&
The identifications of the pair p + e-'is not as easy as the identification
of the pair n + e* via secondary ¥ rays as in the case of detecting
reactor-produced antineutrinos,

37

A technique involving this interaction in Cl is being employed by
Davis (1964) of Brookhavan in an attempt to detect solar neutrinos but

as yet no signifiicant rate has been recorded,
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On the other hand, muon neutrinos, particularly at high energies,
are more easily detected, as their interactions give rise to penetrating
muons which can be detected by the conventional techniques of Cosmic Ray
Physics, Very few muon neutrinos, however, are expected to be produced
outside the Earth's atmosphere and it seems unlikely that a study of them
in the cosmic radiation could be of any use to neutrino astronomy. That
is not to say that a study of muon neutrinos in cosmic rays reaching sea
level and below would be of little use., On the contrary, as the accelerat—
ing machines are restricted to low energies in comparison with cosmic rays,
a study of cosmic ray neutrinos and their interactions at high energies
is essential in exténding our present knowledge,particularly with regard
to the cross sections for neutrino interactions,

The production of atmospheric neutrinos is best understood with regard
to the overall propagation of primaries and secondaries through the
atmosphere,

From the results of experiments, in mountain research laboratories,
aircraf't, rockets, satellites and particularly balloons carrying nuclear
emulsions, it has been possible for the composition of the primary cosmic
rays incident upon the Earth's atmosphere to be established., Other than
the extra terrestrial neutrinos previously mentioned, the vast majority
of primaries are protons with about 6%. alphs particles and much smaller
fractions due to heavier nuclei, electrons and ¥ -rays.

Interactions of the primaries with air nuclei nearly all occur in
the first 200 gu;/cm2 of the atmosphere and, if the primary energy is
high enough ( > 10'eV ), they can produce a few tens of hadrons in one

collision. Of the particles created ~80% are pions, and ~ 20% are
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kaons along with a smaller number of baryons.

Proceeding to greater depths, nucleons continue to undergo nuclear
interactions in which more pions are produced, the neutral pions decay
very rapidly into X - rays, which give rise to electromagnetic cascade
showers, and the charged pions either interact with nuclei to produce
more hadrons or decay to muons and muon neutrinos,

By virtue of their veak nuclear interactions and their time-dilated
lifetimes, many muons survive to sea level and below, Consequently the
charged cosmic radiation reaching sea level is primarily composed of
muons to the extent of almost 80%, the remainder being made up of electrons
with £ 1% protons and pions., (Those muons decaying before reaching sea
level produce both electron and muon neutrinos.) At depths greater than
a few meters underground only the muons remain along with the neutrinos,

Thus, it can be seen that the atmosphere and the Earth's surface can
provide a natural filter for neutrino detectors situated deep underground.
Only one main problem remains, that of removing or identifying muons of

atmospheric origin,.

1.3 The Nature of Particles Underground.

The early workers performing experiments for the detection of cosmic
rays underground were well aware of the background radiation from local
radioactive decay. The fractional contribution to the measured rates,
on account of this background,increases with depth as the muon intensity
decreases, Anomalous results recorded by some workers using only two
or more unshielded layers of geiger counters have since been explained in
terms of successive Compton scattering of ¥ - rays in the counter trays.

To avoid the same effect, more recent workers have used lead-shielded
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detectors and by and large the results obtained at various depths are
consistent with one another.

Barrett et al.(1952) were the first to describe the angular
distribution of underground atmospheric muons by the cos ® form which
follows from the depth intensity expression Iv = Ad_(n + l), where d is
the depth. The establishment of such an expression was necessary for
the calculation of effective aperture of the esarlier apparatus, which
did not include visual detectors.

A series of intensity measurements was made at various depths by
Miyake et al.(1964k) in a collaboration between Tata Institute of Fundamental
Research, Bombay and Osaka City University. This series, which included
the operation of telescopes at a depth greater than ever before, was
followed by a similar series in the same mines by a team from Tata Institute
and Durham University. This second series employed flash tubes to clarify
the results, particularly with regard to electromagnetic accompaniment.

The results were in good agreement with those of Miyake et al .and provided
a useful contribution to the composite depth intensity relation built up
over the years from the results of various experiments.

One of the most important results of this work was that the experiment
of Miyake et al.recorded no events wvhatsoever at the greatest depth of
8400 m.we, (K.G.F. rock). It ,thus became obvious that at great depths it
might be possible to detect muons produced in neutrino interactions in the

surrounding rock,

l.4 The Cosmic Ray Neutrino Experiments

Two cosmic ray neutrino experiments were commissioned in the period

late 1964 - early 1965, one as a collaboration between the Case Institute,
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Ohio ond the University of .itwatersrand situated in the Bast Rand
Proprietry lines, South Africu and the other as a collaboration between
Tata Institute Bombay, Osaka City University and Durham University situated
in the Kolar Gold Fields, South India,

The vosic principles behind both experiments are the same, as well
as their situations in Gold Mines. Operating sufficiently deep under-
ground with detectors giving some degree of ongular information, it is
possible to identify near-horizontal penetrating particles which have been
oroduced in the surrounding rock by neutrino interactions. Atmospheric
muons, incident from near vertical directions, can easily be distinguished
with the angular information available.

At this point the two experiments diversge. To have as large a detecting
area as possible, to compensate for the low rate of neultrino events expected,
the Case-wits experiment originally consisted of two parallel walls of
scintillators extending along each side of one of the mine tunnels.

The K.G.F. experiment on the other hand, although covering a smaller area,
was of a more sophisticated design,; involving visunl detectors interspeaced
with lead absorbers to give more information about the events.

Both groups reported the detection of the products of the first
identified natural neutrino interactions in 1965. The X.G.F. group
confirmed without doubt, through flash tube photogrephs, that one event
was an example of an inelastic neutrino interaction (4char et al., 19654),
convincingly demonstrating the value of visual detectors in such an
experiment. (The accumulation of more flash tube records has shown the
complexity of many events detected which would have lead to ombiguity if

visual detectors had not been employed.)
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Still continuing, these two experiments have been extended both to
detect more neutrino interaction products through larger detectors and
to give more information about the events.

Another experiment designed to detect neutrino muons was commissioned
in 1967 by the University of Utah group. Although no results on neutrino-
induced muon events have yet been published, the apperatus is expected to
provide useful information in this field., The principle behind the design
is different frowm the other two experiments in that it is situated at a
shallower depth employing Cerenkov detectors to identify upward-moving muons,

presumed to be neutrino-induced.

1.5 The Development of the K.G.I', Experiment

The choice of location for the neutrino experiment was not a difficult
one. The experiments of Miyake et al. and Achar et al. (Tata/Durham
collaboration) had given useful data on atmospheric muon intensities under-
ground in the Kolar Gold Fields. One of the difficulties of interpretation
of underground results has been the normalisation of the depth of operation
to an equivalent depth in standard rock. Bearing in mind the possible
errors in this conversion, it was clearly desirable to perform the neutrino
experiment under rock with known attenuation power, in order to have as
accurate an estimate as possible of the atmospheric muon background.

The cross cut to Heathcote Shaft at 80th level in Champion Reef Mine,
K.G.F. was chosen as an ideal site. Being over 10 ft. high and 12 ft.
wide, supplied with electricity at 25 ofs and situated in the down cast
ventilating air stream, usually at less than 3500 and 85% humidity, it
provided ample space and comparatively good working conditions under 7600 ft.

( = 7500 m_we, standard rock) of well studied rock.
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Telescopes 1 and 2, fully described in the next chapter, were
constructed initially for the main purpose of detecting unambiguously
neutrino-indueed muons and pions,.

Following the successful detection of the products of an inelastic
neutrino interaction and at least two other possible neutrino-induced
events, the experiment was expanded in the form of three additional
telescopes, the purpose of which was two fold. TFirstly, the increased
aperture of the apparatus would increase the rate of events and enable a
more accurate estimate of the intensity of neutrino-induced muons to be
made, Secondly vertically mounted flash tubes were introduced along with
the horizontal ones as used in Tels 1 & 2, interspaced between thicker
layers of iron absorber. The resultant increased angular resolution and
increased penetration required of the particles was to give a better
estimate of the interaction points in the rock for multiparticle events
and to help to distinguish between muons and pions. These telescopes
were commissioned in March 1966 and operated along with Tels 1 & 2.

It became obvious, from the electromagnetic accompaniment of the
events recorded in the five telescopes, that the neutrino-induced events
were, as expected, of much lower mean energy than the atmospheric muon
events, being most probably in the range of a few GeV to a few tens of
GeV. Thus the operation of spectrographs came to mind as a workable
proposition. However, the cost of building spectrographs of sufficient
aperture to measure the momentun of, at the most, a few neutrino-induced
muons, did not seem to be justified when at the same cost a much larger
arrgy of telescopes of the Tels 1 & 2 type could be constructed.

Fortunately, before the decision was taken, a generous offer was made by



-11-

the Yawata Iron and Steel Co. Ltd. of Japan to donate the required magnet
iron. The offer was accepted.

Spectrographs 1 & 2 became operative in mid - 1967, Their design
is essentially for the detection of neutrino-induced muons but also
includes sets of scintillators to aid the detection of atmospheric muons,
the nature of which is of great importance at such depths,.

The final development in the experiment was partly triggered by the
manifestation of one of the difficulties of operating an experiment in
such a remote situation, namely the lack of a high flux of background
cosmic radiation for testing the apparatus, Throughout the first 10 -
11 months of 1967, Tels 3, 4 and 5 failed to yield any events to add
to the total of 6 recorded during 1966, Regular maintenance tests were
made on the apparatus but without any penetrating cosmic rays to simulate
genuine events’there was doubt about whether or not the apparatus had
been functioning correctly.

Beginning in January 1968, Tels 3, 4 & 5 have been operated success-
fully on a 2 - fold coincidence (one side triggering) arrangement as
opposed to their original 4 - fold operation as in the other detectors.
Essentially the same circuitry has been employed, as before, and,in the
absence of definite evidence regarding the erficient or inefficient 4 =~
fold operation in 1967, the running time for.that year has been rejected.

The present situation may be briefly summed up as follows, Tels 1
& 2 and Specs., 1 & 2 are recording events, as they have always been, on
4 - fold coincidence triggering, whilst Tels 3, 4 and 5 are yielding a
higher rate of events operating on 2 - fold coincidence triggering,

Since the commissioning of the experiment in 1965, well over 200 events
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have been recorded in all, of which at least 14 were neutrino-induced.
The follo.ing chapters describe the apparatus involved in the K.G.F.
Neutrino Zxperiment, its comstruction, efficiency and monitoring, the
results obtained and the interpretation put upon them. Comparisons are
given between intensities and angular distributions of muons expected and
observed and between the expected and observed mean energies of muons
underground., The celestial co-ordinates, calculated from the directions
of the observed events are examined and finally, in Chapter 9, the
information gained from the experiment is assessed, compared with that
from similar experiments and used as a guide in anticipating future work
and the contribution it may make to our knowledge of the phenomena under

Stud‘Y.
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CHAPTER 2

The Bxperimental Apparatus.

2.1 The Design of the Detectors.

2,1 1 ‘Telescopes 1 and 2

\

The construction of the first 2 telescopes can be seen in the diagranm
fig. 2.1. Two walls of plastic scintillater 3m high and 2m wide are
split into 1Im 2 sections,each section being viewed by a pai£ of 5" diameter
photomultipliers., The enclosure for each scintillator element is in the
form of a 4 sided pyramid with scintillator blocks,l+x@L5 m%l being
held in the base and the photomultipliers mounted on a light tight box.at
the apex. The internal surface of the pyramids are painted white to allow
diffuse scattering of the scintillator light.

Separated by 80 cms, the two 5 cm. thick walls of scigtillator enclose
3 layers of neon flash tubes separated by 2 walls of 2,5 cm thick_lead
absorber, The flash tube layers are composed of 3 trays, each containing
a total of 214 tubes packed in 4 columns, mounted one above the other,
The flash tubes 2m long, lying horizontally parallel to each other in each
tray, are arranged such that the two inner columns are staggered by % tube
diameter to those in the outer columns to reduce to a minimum the effect
of the dead space between tubes. An aluminium sheet 2m x 1lm between the
inner columns of tubes; positioned by teflon insulators, serves as the
high voltage electrode and two similar sheets,one outside each of the outer

columns of tubes,provide the earthed electrode,

The two lead absorber layers are of the same height and width as the
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scintillator walls such that a particle creating a 4 - fold coincidence
by passing through both walls must have penetrated all three layers of
flash tubes and 2 layers of lead also,

Telescopes 1 & 2 face each other seperated by a distance of ~ 6 m.
3 cameras are mounted on the front of each, arranged so as to view the
other telescope. The top and bottom cameras are mounted so that each
view about % of the telescopes flash tubes. The middle cameras view
the complete telescopes but lie at a large angle from the axes of the
most extreme flash tubes and thereby receive a reduced intensity. For
this reason the middle cameras were regarded as reserves in case of

failure of one or both of the others,

2,1 2 ‘Telescopes 3, 4 and 5

As already mentioned, the reason for building telescopes 3, 4 and
5 was not only to increase the size of the detecting area but also to
have detectors giving more information regarding the nature of the neutrino
induced events.

Basically of the same design as the first two telescopes, 3, 4 and
5 incorporated 2 layers of vertically mounted flash tubes and four layers
of 7.5 cm iron absorber instead of lead., The construction can be seen
in fig. 2.2. The need for a reasonable optical path length above the
telescopes for viewing the vertically mounted azimuthal flash tubes
necessitated the reduction in height to 2 m, The width of the
scintillator walls is the same, 2 m.

Partly to keep the space required to a minimum and partly to anable
the use of only one camera per telescope without viewing the flash tubes

at large angles, mirror systems were arranged for each telescope. These



FIG 2.2:  Front View of Telescopes 3 4 &5
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were very successful for the horizontally mounted (zenithal) flash tubes
but involved 3 reflections of flash tube light at a large engle for the
azimuthal tubes, The use of the fastest film available (Ilford H.P.S.)
and large aperture cameras (Cannon) helped to overcome the consequential
difficulty of lack of brightness. Recently, perspex prisms have been
fitted so as to enable the tubes to be viewed wvirtually along their axes.

This has greatly improved the image brightness,

2,1 3 Spectrographs 1 & 2

The Spectrographs are intended for measuring the energy of neutrino
induced muons, They have, therefore, been designed to present their
greatest aperture to particles travelling in the horizontal direction as
can been seen in fig. 2,3.

Two layers of flash tubes on each side of the magnet enable the
estimate of track location to A:0.2° projected zenith angle.

To provide additional information on atmospheric muons, four
scintillator elements were positioned on top of the spectrographs,together
with a layer of flash tubes,such that 4 - fold coincidences are accepted
between North and South side scintillators and top and either side
scintillators glso.

It was not expected that the energy of atmospheric muons would be
measured with these spectrographs firstly because of the estimated high
mean energy of the former and secondly because of the poor geometry
presented to near-verticle particles.

The scintillator boxes, for space conservation, are not so deep as

those used in the other detectors but have been shown at Tata Institute



FiIG 23 Front View of Spectrographs 1&2
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to have virtually as good light collecting efficiency. They also have
a base 1 m2 housing 4 scintillator blocks 5 cm thick,
Bach spectrograph is ~ 4 meters long and incorporates 'back to back!
2 m flash tubes, It has, therefore, to be viewed from both the front
and the back, This is achieved via mirrors for the Spectrograph 'backs'
and directly for the'fronts'which face each other with about 11 m separation.
The magnets themselves consist of about 40 tons of iron blocks (< 0.15%
carbon). 40 sections are welded together to give each magnet the dimensions
2.1 m high, 4 m long and .4 m thick, A slot 10 em high, for taking the
windings runs 35m along the centre of each magnet. ‘ielded to the ends
of the magnets are curved end pieces for maintaining a smooth flux shape,
Aluminium strips 5 cm wide and 0,5 cm thick are used for the coil
winding in the two sections of each magnet, one for the upper arm and one
for the lower, The power supplies provide currents of Q0 - 300A at a
voltage 0 - 10V. A study of the magnetic induction in the two arms of
the magnets showed that it saturgted at ~ 14.5 kilogauss for > 220A.
The fringing fields of the magnets were used as a guide to the uniformity
of the flux throughout the magnet. The field was found to be quite uniform
along the region covered by the winding but of reduced intensity near the
extremeties of the two arms. To eliminate the complication of estimating
the energy of muons deflected in these regions, the adjacent scintillators
were partly blanked off, as shown in fig. 2.5,
The moximum detectable momentum {m.d.m.) not only depends on the
strength of the magnetic field and the distance between the 2 flash tube
layers in each arm but also on the configurations of the flashed tubes,

Some configurations permit a large variation both in angle and positian
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of the particle trajectories themselves whereas others, usually by virtue
of the particle passing through inter-tube gaps, do not. The average
m.d.m. has been estimated to be ~ 20 GeV/c but under certain circumstances
it moy approach .30 GeV/c.,

The complete arrangement of detectors in the laboratory is shown

in. figo 2.1}-0

2.2 Spectrographs flash tube alignment

In the construction of Telescopes 1 - 5, the flash tubes were optically
insulated from each other via a continuous sheet of 'fablon' black plastic
sheeting. The flash tubes were inserted into the trays enwrapped by the
fablon in a continuous 'figure 8' manner. This method was somewhat crude
and did not give very uniform packing as regards the horizontal and parallel
positioning of the tubes. The tendency was for the tubes to form a fan
shape being closer at the back than the front.

For the construction of the spectrographs, individual fablon sleeves
were used for each flash tube, Careful packing enabled the horizontal
alignment of all tubes to better than ~ 0.4 cm back to front difference
with respect to the base support of the tray. (In most cases the error
was 0 - 0,2 cm).

The heights of every 10th tube in the inner columns of flash tubes
in every tray were measured above the base level af both the front and
back (See fig. 2.5). The height of a sighting bracket at the back was
also measured.

A system of Cartesian Co-ordinates was marked on the spectrograph
framework such that the 'horizontal' base line was the same height with

respect to the magnet at the front and the back (The magnets were not
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FIG.25: Specirographs’ Flash Tube Alignment

Sighting Bracket

Tray I

~«—— Flash Tubes

Base Level

Base Level — "

Scintiliator

Bianked oft

Positioning\
Brackets

A \

Magnet

~«~—— Fixed Height

ARSI
\
W\

~——— Magnetl Horizontal

««——— Adjustcble Height

Vertical



-18-

positioned truely horizontal.) The vertical base line was a true vertical,

As the flash tube trays were moved into position,a cathetometer was
used to site the bracket of the rear of each tray so that, with the previous
measurements of the tubes in each tray known, the tray could be raised or
lowered at the front until the majority of the tubes were parallel with
the magnet. (Although there was a variation from tube to tube in each
tray,the majority could be aligned correctly and the ones which were not
were of knovm deviation.) The trays involving the greatest packing errors
te. > 0.2 cm were installed in the horizontal positions where accuracy
is not so important.

Through - sighting with the cathetometer was used for the vertical
alignment and back - to - back alignments of the trays. They were,
thereafter, held rigidly in these positions both at the front and back by
templates extending to the adjacent frame work girders.,

For each of the measured flash tubes it was possible to establish
co-ordinates of their positions.. Interpolation can then give the co-
ordinates of any of the 8500 tubes,

The extent of bowing of the tubes along their length has been
investigated and is estimated to give an error of z 0.5 m m, The greatest
error arises in the uncertainty of the position of tramnsit of a particle
across the tube in cases of tubes which are higher at one end than the
other, The crude scintillator azimuthal information can be useful in
these cases, Thus sometimes the tube height error for the vertical trays
may be ¥-1.m.m. gnd in others % 0.5 m.m.

The possibility of some tubes settling into position over a period

of time has been investigated but no changes > 0.5 m m have been measured.



-19-

2.3 The System and its Operation.

The linking of the ciruitry associated with each telescope has been
continuously improyed and modified during the development of the experiment.
The description which follows is of the final arrangement after the
commissioning of the one side triggering of Tels 3, 4 & 5. The more
fundamental aspects of the system have remained unchanged. Only the
interconnections and associated circuits have been modified.

Fig. 2.6ais a block diagram of the circuitry from photomultiplier
pulse to 4 - fold coincidence generation between scintillator elementsin
each wall of Tels 1 & 2 and Specs 1 & 2.

From the photomultipliers (Du Mont 6364 and E.M.I. 9579 B), the signals
are preamplified in the photomultiplier boxes. The signal from each preamp,
is fed to the main amplifier which gives two outputs, one linear and one
shaped after discrimination. The discriminator outputs of the two
channels from each photomultiplier box pass into the 2 - fold coincidence
unit where they are combined with those from the other boxes in the same
scintillator wall. The 2 - fold coincidence output is then combined with
that from the other scintillator wall of the telescope in an A N D gate in
the 4 - fold coincidence circuit. (In the case of the Spectrographs tﬂis
A N D gate has 3 inputs.)

The linear outputs of each pair of photomultipliers are added and
fed through a delay line to an 0 R gate mixer when all the pulses from
one wall of scintillator are combined before amplification for display on
an oscilloscope. The delay lines are so arranged as to delay the added

pulses from each pair of photomultipliers by successive multiples of %MS .



FIG 26a: Telescopes 1&2 and Spectrographs i1&2 Coincidence Circuitry
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As the complete sweep of the oscilloscope time base is > 30 us , the
pulses observed can be identified with different photomultiplier pairs
according to their positions. The O R gate does not operate selectively
in cases of several pairs giving pulses but accepts them all for display
as individuals by virtue of their various time delays. Continuing in
fig. 2.7, the 4 - fold coincidence pulses from Specsl & 2, Tels 1 & 2 and
the 'timer unit' are fed through an O R gate into the laster Pulse Generator.
In this way a coincidence in any of these detectors gives rise to a master
pulse which ultimately leads to the pulsing of the neon flash tubes in all
four detectors. (The'timer unit'is a seperate system which generates
artificial 4 - fold coincidences-once per 2 - 3 hrs, The unit is employed
because of the necessity to trigger the camera wind on system as light
leakage begins to fog the film in the open shutter cameras when it is
exposed for 3 3 - 4 hrs,)

The output of the Master Pulse Generator passes through an anti-
coincidence circuit (described later) to the gate circuit. This rejects
all 4 - fold pulses for the succeding 8 sec. whilst the wind on operation
takes place,

Three outpﬁts are taken from the gate cirouit, one to trigger the
oscilloscope wind on relay, one to trigger the sweep of the oscilloscopes
displaying Tels 1 & 2 2 - fold pulses and the other to trigger the
sweep of the oscilloscopes displaying Specs 1 & 2 2 - fold pulses.

A delayed output from the latter unit is used as a trigger for both the
reon flash tube pulsing units and the flash tube camera wind-on trigger
relay. This enables the 2-fold pulse shapes to have been recorded before

being obliterated by the severe pick up resulting from the high voltage
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flash tube pulse. The pulsing units, described in section 2 .6 , require
o long pulse of 7> 10 us, and > 30 volts in order to ensure the firing
of the thyrattons, This is provided by a pulse shaper unit which includes
a discriminator to eliminate spurioustriggering from 0.5.T. pick up.

The oscilloscopes are arranged in two groups, each viewed by a cumeru.
The four corresponding to the four scintillator walls of Tels 1 & 2 are
housed in a viewing box which also contains an illuminated clock. The
illumination is triggered by the oscilloscope wind on relay and immediately
afterwards the camera winds the film to a clean frame. The sume arrange-
ment is used for recording Specs 1 & 2 scintillator pulses which are dis-
played on 6 oscilloscopes, each with 4 different deluy times for the 2 -
fold pulses. The limited nuumber of oscilloscopes available necessitate
the adding, for display, of the 2 ~ fold pulses of vertically adjacent
photomultiplier boxes in the vertical scintillator walls of the spectro-
graphs. The loss of information resulting from this is of no importance
as the flash tube information provides the projected zenith angle from
which the upper or lower scintillator giving the 2 - fold pulse can be
identified.

All of the telescopes are also provided with clocks and date bourds.
The 'flash tube'! wind-on relay operates a cycling system based on a low
geared d.c. motor operating microswitches through a camshaft., The first
microswitch completes the fiducial light, clock and date boards illumination
to be followed shortly afterwards by the second which winds on the cameras.
Two such winding systems are employed, one for the Tels,1] & 2 and one for
Specs, 1 & 2. The former is connected to be the master and contains a

trip circuit with a maximum of 45 pulses to prevent the loss of film through
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repeated cycling caused by a fault elsewhere. Manual wind-on switches
are fitted at the two exits to the laboratory to enable clean frames to
be brought into position at the start of each run,

For the one side triggering of Tels 3, 4 & 5,the master pulse is
generated immediately after the 2 - fold mixing circuit. (See fig. 2.6b)
No oscilloscopes are available for displaying the pulses and the flash
tube cameras, fiducials etc, are operated directly by a relay - driven
cycling system triggered by the gate circuit output.

The greater number of one side triggering coincidences results in
many more flash tube pulsings than in the other detectors. The pick up
from the few pulses in the latter is accepted by the OST coincidence
circuitry and results in typically an additional 10 - 15 frames per night,
most of which are crent;d by the 'timer', This is negligible compared
with the total of about 200.

On the other hand the pick up of the OST flash tube pulsing by the
other detectors is much greater and cannot be tolerated in terms of film
wastage. The anticoincidence overcomes this by rejecting any L.-fold pulse

in Tels 1 & 2 and Specs 1 & 2 which is accompanied by an OST master pulse.

2.4 Coincidence and associated circuits

Both the preamplifier and main amplifiers are transistorized Japaonese
commercial products. The former consists of 2 cascaded emitter followers,
followed by 2 main stages of amplification, and ends'with a further 2
emitter follovwers,
shape. Wwith a gain of 30 x the pulse is fed to the main amplifier which
is directly coupled with 4 main stages split into 2 sections of 2 stages,

Bach section ends in an emitter follower with feedback to the first stage
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of the section. The output, amplified 100 x, is then split. One, the
linear output, leads to the oscilloscope display and the other serves as
an input to a Schmitt trigger. The latter is included so as to give a
fixed output pulse for any input signal over the triggering level. It
therefore acts as a discriminator.

The 2 - fold coincidence circuit adds the pulses from euch pair of
photomultipliers, passes the combined pulse through an OR gate along with
the other 2 - fold pulses, from the same scintillator wall of the telescope
concerned, and on to the discriminator. This method of 2 - foid coincidence
generation is based upon the fixed outputs of the Schmitt triggers. A
single channel pulse would have a voltage of ~ 3 volts and & double would
have nearly twice this. Setting the discriminator at 4 - 5 volts satisfies
the coincidence demands.

The master pulse circuit consists simply of a monostable multivibrator
followed by a pulse amplifier.

The gate circuit uses the master pulse input to trigger a bistable
multivibrator which feeds a monostable multivibrator, The former rejects
all input pulses until the long time constant pulse decay in the latter
reaches a bilas level required to reset it., As mentioned previously, the
time constant of the monostable section leads to a dead time of ~ 8 ;ec.

The delay circuit,used to withhold the flash tube pulse trigger, is
built into one of the oscilloscope sweep generator circuits. It is a
monostable multivibrator followed by a rectified differentiating circuit
which only gives an output on the return sweep of the multivibrator,

The time constant used gives a delay of ~ 35us. which easily covers the

sweep time of the oscilloscopes.



2.5 Neon Flash Tubes

The neon flash tube was first introduced by Conversi and Gozzini in
1955 and its properties have been well studied since then (e.g. Coxell,
1961) Nevertheless, some aspects of its behaviour are not fully under-
stood when it is operated with different types of pulsing systems
particularly at very high voltages. (see section 2.7.) The efficiency
variation with field given by Coxell is shown in fig. 2.8 together with
the angular variation of the light output intensity.

The tubes used in the present experiment are 2 m long 1l.76 mm external
and 1.59 mm internal mean diameter, They are painted black at the seal
end and white at the window end to enhence the light output. They are
filled to a pressure of 60 cm Hg with commercial neon (98% Ne, 2% He).

Their successful operation depends upon a rapid rise time of the high
voltage pulse to avoid clearing the ion pairs before the breakdown potential
is reached, as high a field as possible for moximum efficiency without
excess spurious flashes and a short delay time between the traversal of
the charged particle and the pulse application. The time delay of > 30us.
demanded by the oscilloscope display system only results in an eificiency
drop of a few percent from the value with no time delay for 60 cm Hg
precsure tubes. The other reguirements can only be met by the pulsing
units and discharge circuitry used.

Care over the angle of observation of the tubes has been taken and

. o .
no tubes are viewed at an angle greater than 8 from their axes.

2.6 _U,H,T, Pulsing Units

The most common pulsing unit used in the experiment is the M K III

shovm in fig. 2.9. It consists of a 2 - stage R - C coupled amplifiier
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with a cathode follower to supply the pulse' to the thyratron grid,
The thyratron only switches ~ 4 KV which is used as a trigger for the surge
diverter, The surge diverter is a cold cathode tube capable of passing
~ 2000 amps. This property makes it most useful for the discharge of
up to 16 discharge circuits, 4 of which are shown,

Previous circuits (1K II) used the thyratron directly as the switch
for the discharge circuit but the current restriction of 200 amps only
permitted the discharge of one discharge circuit and several units were
required.,

More recently some circuits have been modified to use a high ratio
pulse tronsformer to trigger the surge diverters. These have the advantage
of not needing the bulky high current heater transformer required by the
thyratrons.

The variation of flash tube layer efficiency with the number of K.G.F.
flaosh tube trays being pulsed from one discharge circuit has been studied
using a LK IT unit with TCC Visconol 0.04 pF  High Voltage condensers.
The variation for a standing voltage of 12-5 KV on the bondenser is
shovm in fig 2.8. (The maximum value of the layer efficiency depends on
the flash tube dimensions and is ~ 80j% for the K.G.F. tubes.) Although
the efficiency of tubes tested using the Visconol condenser does not fall
very rapidly with increased load (i.e. no. of trays pulsed), the brightness
falls off more rapidly ond the effective efficiency as recorded on the film
is reduced. For this reason Visconol condensers were never used to pulse
> 4 trays from the same discharge circuit.

The inductance in the discharge circuit has been shown to have a

large effect on the efficiency and brightness of the tubes, liuch of this
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inductance is estimuted to be in the condensers themselves. Variations
in brightness and efficiency have been observed in the same trays pulsed
by the same unit at the same voltoge with only a different type of
condenser being used. P.C.I. 0.05}4F condensers have been found to
be very satisfactory in this respect and huve been used successfully to
pulse up to 6 trays from one discharge circuit whilst still maintaining
a high brightness and efficiency. Hivotronic 0.13 }lF condensers,
coupled to a 50 . non-inductive resistance, have also been shown to give
good results.

Therefore, according to the components and cable used in a given
section of the detectors, the U,H.T. supply voltage has been adjusted over
the range 12 - 15 KV to give high efficiency coupled with a low rate of

spurious tubes,

2.7 Operation and Testing Procedures

Before the commencement of each run all flash tube trays were pulsed
and observed for spurious flashes to ensure that all circuits concerned
were on. The cameras were all wound on via the 'manual' switch at least
one frame to ensure that the motors were operational, The triggering
circuitry was checked to be on and the run was started by giving 2 wind-
on pulses from the laboratory gate. During the run,timer-initiated master
pulses vere generated about every 2% hrs, along with any master pulses
generated from 4 -~ fold coincidences, In the one side triggering section,
2 - fold coincidences occurred so frequently that it was not necessary to
induce artificial master pulses for winds-on. The run was terminated by

2 winds-on, as it was started, ond the oscilloscope films were developed
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cnd analysed on site, Any faults vhich had developed and were apparent
on the film could be remedied then. Usually the run films were composed
of timer frames, accidental 4 - fold frames and genuine 4 - fold frames
when an event had been recorded. The development of the flash tube film
was done on surface to avoid the loss of running time, as this usually
involved processing ~ 25 m of film (20 m from OST).

As mentioned previously, the problems of operation of the apparatus
of this great depth are heoded by the lack of cosmic rays for testing
purposes. A long running time without events can be indicative of both
a low intensity and fault conditions in the detectorg. Therefore
effective testing proceedures had to be devised.

The monitoring and testing proceedure for the coincidences circuitry
is given in section 2.8 and that for the flash tube circuitry was as
follows, Everyday the mirrors were cleaned and the electronic circuits
were checked for obvious faults such as a cracked high voltage condenser,
(This fault although drastic occurred several times as a result of over-
heating. The shutting down of the mines ventillation system for a few
hours could cause the laboratory temperature to rise by several degrees.)

About twice per week the circuits and cables were cleaned of dust
and the U.H.T. voltages on the discharge condensers were measured for
comparison with the voltage when the last event occurred.

As a weekly check, photographs were taken of each flash tube tray

The test photographs were examined for significent variations in the
number of tubes flashed. The theory behind these tests is that all tubes

would flash in winich ionisation had occurred but total recombination was
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not completed prior to the high voltage pulse application. If the

rise time is longer, more recombination and clearing of the ion pairs
would occur resulting in the flashing of fewer tubes, Although the
absolute number of flashes expected is difficult to predict, a steady
change in rise time over several tests would be obvious. As another
test, the number of spurious flashes and 'glow' tubes (repetatively spurious)
in each tray on each frame of every run was recorded for Tels 1 & 2 and
Specs 1 & 2 whilst the same was recorded for a sample of frames for Tels
3, 4 &5 0,5,T. The variation of numbers of 'glow'tubes is a good
indication of the variation in voltage reaching the tray., The variation
in the number of spurious tubes is more subject to statistical error.

An interesting observation worthy of mention was made during the radio-
active source tests., If a second pulse was given to a flash tube tray
with the source present within a period of £ 20 mins. after the first pulse,
a less than usual number of flashes occurred. This observation agrees
with the findings of Pickersgill (private communication.) He found a
similar effect using a similar type of dischaorge circuit for pulsing trays
traversed by a single muons at sea level. A possible explanation that
has been given is the temporary polarisation of the flash tube glass,
Presumably this would be analogous to the slow rise time situation in
which the ion pairs diffuse before the critical voltage is applied.

In the observed case the effect only occuredwhen the first pulse was
applied with the source in position, indicating that a discharge is
necessary to produce the memory. It, therefore, seems unlikely that the
effect could affect the ordinary running of the apparatus as only very few

spurious and glow tubes flash when the pulse is applied.
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It is considered that the test proceedures used were sufficient to
establish the efficient running time of the experiment. The only period
of doubtful running time was that of Tels 3, 4 & 5 4 - fold coincidence
operation discussed in Chapter 1, This rumning time occurred when less

rigorous checking technigques were employed.

2.8 L - fold Coincidence Triggering

The setting up procedure and monitoring system of the scintillator
elements, to ensure high efficiency for the detection of minumum ionising
particles with low noise background, has been described in full by
Norasimham (1967). Briefly, the methods used were as follows:-

Before incorporating the scintillator elemeénts into the Neutrino
Experiment, a preliminary experiment was performed at a depth of 824 m, we,
st. rock, Here the muon rate was high enough to perform the tests quickly
and the local radio-uactive decay background was comparable to that in the
experimental site. The composition of the apparatus was the same as is
shown in Fig. 2.10.

The 2 - fold counting rate from either pair of photomultipliers viewing
their respective scintillator blocks was the total of the counting retes
from cosmic ray muons, local radic-active decay and noise created in the
photomultipliers. The rates observed were high enough for the latter to
be neglected at this shallow depth as the resolving time for a coincidence
was only 2}15 .

The 4 - fold counting rate was considerably less than the 2 - fold
rote as radio-active decay coincidences were eliminated by the lead
absorber between tﬁe scintillators., The fraction of the 4 - fold rate

attributable to the detection of the soft component accompanying out -
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of - geometry' muons vas shown to be < 5° by putting the scintillator
elements side by side for some time,

The forms of the 2 - fold and 4 =~ fold rates were similar to those
shown in Fig. 2.10. The rapid rise in the 4 - fold rate with photo-
multiplier voltage in the lower voliage region iﬁdicates the rise to
maximum efficiency for muon detection. The slower rise beyond the critical
voltage for moximum efficiency for muons is due to increased efficiency
of detection of the muon - accompanying soft component. The rapid rise
in the natural 2 - fold rate above the critical voltage comes from increased
efficiency of detection of local radioactive decay. 2 - fold rates taken
with a radio-active source at a given distance from the scintillator are
also shovm in Fig. 2.10.

The same tests performed at the experimental site at 7500 m we, st.
rock showed an overall reduction in the 4-fold rate caused by the fall
of f of muon intensity with chance coincidences of photomultiplier noise
anq/or local radio-active decay being responsible for most of the counts,
Similarly the 2 - fold rate was also reduced at photomultiplier voltages
below the level necessary for high efficiency detection of the local radio-
activity.

On the basis of these tests, a calibrotion procedure was established
to facilitate regular checking of the efficiency of the scintillator
elements. For an efficiency of ~ 100j6 for the detection of minimum
ionising particles, it was deemed necessary to have a 2 - fold rate for
each scintillator element of > 10/hr, or alternatively, with the radio-
active source,a 2 - fold rate of > 30/hr and an individual channel rate

(i.e. 1 photomultipliers output) of 500/min.
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During running time of the detector array, the 2 ~ fold counts of
each scintillator element were recorded on message registers to allow a
check to be made on the rates at the end of each run. At the same time,
the 2 - fold rates from each scintillator element, together with the mixed
2 = fold rates of all scintillator elements in one wall of a telescope,
were sampled for 10 minutes every 4% hours by means of o uniselector
triggered by on electronic timer,

¥Finally, as a regular procedure, about once pef two weeks the 2 - fold
rates of each scintillator element were measured manually with and without

the radioactive source in position near each scintillator,

2.9. One Side Triggering sfficiency

The triggering coincidence arrangement of Telescopes 3, 4 & 5 was
changed in January 196§ from 4 - fold with the intention of increasing the
aperture so as to accept more atmospheric muon events., The 2 - fold
coincidence requirements were for any 2 photomultipliers viewing the same
scintillator in any of the 6 walls of scintillators in the 3 telescopes.
As was stated in the previous section, during the 4 - fold coincidence
operation of the detectors, the photomultiplier voltage was adjusted
to give a 2 - fold rate > 10/hr per scintillator element. This gives
a totel 2 - fold rate for the 3 telescopes of > 240/hr which is clearly
too high for 2 - fold triggering where photography of flash tubes is
involved. The photomultiplier voltage was, therefore, reduced to give
a total 2- fold rate of ~ 10/hr in the 3 telescopes. Although this reduced
the number of 'chance'! coincidences and the amount of film used in photo-
grophing the flash tubes, it also reduced the detection efficiency, the

photomuitiplier voltage being below the critical value for 100%.
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An estimcte of the variution of efficiency for muons passing through
the scintillators ut different angles was obteined from a test performed
at the site of the contemporary experiment of Krishnaswamy et al. (1968)
at a depth of 1545 m.w.e. st. rock in sZdgar's Shaft in the same mines. This
test described later, indicated that the efficiency for detecting muons
incident perpendicularly on the scintillator (as is the case for neutrino-
induced muons in the telescope arrangement) was quite low. Those incident
at very oblique angles were detected with good efficiency.

IF'rom previous experience it was thought that E.M.I. photomultipliers
were more efficient at lower voltages than du Mont photomultipliers.
So as to reduce the possibility of chance coincidences wholly or partially
caused by photomultiplier noise, all du kont photomultipliers in Telescopes
3, &k & 5 were inter-changed with E.M.I, photomultipliers in the spectrographs.
The consequential reduction in the chance 2 - fold rate of the 3 telescopes
enabled the E.,H.T. voltage to be increased and the efficiency along with
ite (N.B., The resultant increase in 2 - fold rate to the Spectrographs
gave only a2 very small increasc in the rate of 4 - fold coincidence triggers. )

Following the interchonging of photomultipliers in July 1969, a more
prolonged efficiency test was carried out. This time the New Trial Shaft
site of Krishnaswamy et al. at ~ 900 m.,w.e. was used. The test was made
on photomultiplier pairs used in the one side triggering arrangement both
before and after the interchanging.

The tests and their results were as follows:-

2.9 1 The Edgor's Shaft Test: Angular Variation of Efficiency

The apparatus of Krishnaswamy et al. was used with two of the

scintillator elements replaced by 2 elements from Telescope 5. The two
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remaining triplets of photomultipliers of Krishnaswamy et al. were run

at their usucl high voltage to give 100% efficiency wheras those from
Telescope 5 were run with a reduced voltage as during the operation of

the one side triggering arrungement. The apparatus was, therefore,
effectively split into tvio, one half running ut 1004 triggering efficiency
and the other at < 1000, 4Analysis of the crossed flash tube photographs
enabled the true zenith angles of detected single muons to be measured.
The ratio of number detected in a given angular cell by the Telescope 5
photomultiplier pairs to the number detected by the 100 efficiency photo-
multiplier triplets was token us the efficiency of the telescope 5
scintillator elements in that angular range.

The variation of efficiency with zenith angle found for the horizontally
mounted scintillaters is shown in Fig. 2.11.

The EHT voltage on the photomultipliers and gain of the amplifiers
for this test were, overall, less than those used in the operation of the
one side triggering arrangement for Telescope 5. As a consequence fig.
2.11 underestimates the cfficiency of the detectors in operation in situ.
However, the most important result of this test was the shape of the
angular variation of efficiency for this type of detector element. This

vas clearly established.

2,9 2 The New Trial Shaft Test: Overall kfficiencies

For this test six photomultiplier pairs used in the one side triggering
of Telescopes 3, 4 & 5 were chosen to ve representotive of all of the
photomultipliers used. (Time did not permit the testing of all of the
photomultipliers.) The selection of the photomultiplier pairs was on the

basis of numbers of 0,5.T. events detected by them to date.
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Using a telescope basically the same as that used by lMiyake et al.
(1964) consisting of two layers of horizontal scintillators seperated by
5 cms of lead (See fig. 2.10), the overall efficiency of the 6 photo-
multiplier pairs were estimated over a range of photomultiplier =& H...
voltuges as follows,

The lower pair of photomultipliers were saturated by applying a
voltage above the critical level for 100% efficiency, whilst the upper
pair, being the ones under test, were operated at several different
voltages. By assuming that 1007% efficiency was achieved at a photo-
multiplier voltage slightly above the 'knee' in the 4 fold rate
characteristic, it was possiblie to estimate the efficiencies at lower
voltages as being proportional to the reduced count rate. The 2 - fold
rate characteristics, using the radioactive source, were corrected for the
difference in natural counting rates hetween the test site and the
experimental site, This enabled the photomultiplier voltage variation
over the running time to be estimated from the regularly measured 2 - fold
rates. By applying the photomultiplier voltage ranges, thus obtained, to
the 4 - fold rate characteristics, a range of efficiencies were obtained
for each photomultiplier pair tested,

The efficiency ranges of the untested photomultiplier pairs were
assumed to be the same as the tested pairs with the same photomultiplier
combination. (i.e. 2 k.M,I., 2 Du Mont or 1 E.i,I. + 1 Du lont.)

The overall efficiencies of each of the 3 telescopes; assuming an
average value over the individual detector elements, were used to

estimate an angulur variation of the samwe basic shape as that observed in
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the Edgar's Shaft Test. For this, thc spatial zenith angular distribution
of muons ot the test site was taken to be of the form cos%&«
The best estimates of the efficiency variation with zenith angle are

shown in fig. 2.12,
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CHAFTER 3

The fnergy Spectrum of Atmospheric liuons Underground.

3,1 Introduction

The mass composition and spectrum of high energy primury cosmic rays
are still very uncertain, Together with the characteristics of high snergy
interaction mechanisms, these parameters may be studied, to some extent, via
the energy spectra of atmospheric muons penetrating deep underground, in so
far as a change in any one of them affects the resulting muon spectra.

There are two basic approaches to the calculation of atmospheric muon
energy spectra underground. One is to work from an assumed seu level energy
spectrum via the range - energy relationship, making appropriate corrections
for energy loss fluctuations. The other is to use the depth intensity
relationship for greater depths, working back to the energy of the'muons in
passing the depth in question, again via an appropriate range energy relation-
ship.

Both methods have their limitations. Using the sea level spectrum
there is, first of all, doubt about its form al high energies and, secondly,
there is doubt about the energy loss parameters in the range-energy relation-
ship, again at high energy. On the other hand, the measured depth intensity
curve incorporates naturally the effects of energy loss fluctuations, but
statistics are so poor, at greut depths and large zZenith angles, t hat there
are large errors on the observed intensities.

liiyake et al. (1964), operating at a depth of 8400 m we K.G.F. rock,

were only able to establish an upper limit to the intensity of 10—11 cm.-2

sec. st.—l. The Case - wits group (Reines et al., 1966) have given an
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intensity ot 8800 m,ug mast Rund rock, but this measurement also has
relatively large errors, such that un extrapoleution of the measured depth
intensity relation to greater depths could vary considerably within the
range of uncertainty.

The energy spectra of atmospheric muons underground have been calculated
by Creig et al. (1968), using both sea level spectra and depth intensity
relations, and mean energies have Leen calculated as a function of depth.
Detoils of the calculations are given in this chapter and a comparison with

the experimental results is made in Chapter §.

3.2 The Sea Level lluon Spectrum

The review by Osborne et al. (1964), of the sea level energy spectra
derived by earlier workers, explains the observations made to that date.

The discrepuncies between the earlier Durham spectrum of Hayman et al. (1963),
based on the spectrograph data at energies <1000 GeV, and the spectra of
Higashi et al. (1964) and Krasilnikov (1962), derived from burst measurements,
have in the mein been overcome,

An analysis of ¥ cascade measurements, using nuclear emulsions, by
Osborne and solfendale (1964), was used with the best estimate K/ ratios,
at different energies, to give a better estimate of the sea level spectrum
at energies in the range 1000 - 7000 GeV, Coupled with revised sea level
intensities derived from underground méusurements, using a corrccted Z%/A
value for the Kolar rock and a different ratio of the fluctuating to non-
fluctuating energy proportional parameters in the ronge - energy relation,
the modified sea level energy spectrum of Osborne et al. agreed well with

those derived from the burst measurements.
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I’enon and Ramuna iurthy (1967), however, using the shallow depth
intensity datu with an average mnge energy relution supported by the
fluctuations correction of Zutsepin and Nikhalchi (1962), have derived
a sea level spectrum which is greater than the 'OPW! spectrum (i.e. the
spectrum of Osborne et al.) at higher energies. These authors suggest that
the reason may be that the QP.. spectrum has been offected by an under-
estimation of the high energy intensity by Hayjman and wolfendule whose
spectrograph results excluded shower and knock on events in which the purticle
trajectory could not be established. On account of the increase in
probability of knock-on und shower production with muon energy, the bias
would lead to the greatest errors in the high energy region. Although
Osborne et al. had in fuct mude a correction for the bius, its vulue is
difficult to estimate wnd its accuracy is in doubt.

It may be concluded that the O,P.%., spectrum is the best estimate at
energies =< 1000 GeV but at higher energies there is still uncertainty.

Of course, it is at just such high energies that the sea level spectrum is
required for the calculation of the energy spectra of muons deep underground,
energies in the range IOLF to 106 GeV being of prime importance. Clearly
an extrapolation of the best estimote sea level spectrum at < 7000 GeV to
106 GeV must be made with reference to the muon production mechanisms, if
working downwards, or tie high energy range - energy relation, if working

upwards from depth intensity data,

3,2 .1 Derivation from Primary 3pectra.

15

The primary cosmic ray spectrum, for energies above 10 eV, has been
estimated from the size spectrum of extensive air showers., Thus obtained,

oA

in terms of energy per nucleus, the spectrum must be converted to terms of
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energy per nucleon for the calcul.ution of the pion, kouon and muon spectra,
There is still considerable doubt obout the primary mass composition at

X . . 15 .. .
energies above 10 eV but there is better agreement ot lower cnergies

(i.ee < 1014

eV), the composition veing approximotely 93 protons, 6i o-
particles, 0.4 f'or medium mass nuclei and less for other nuclei. A
widely held view is that the 'kink' in the primary spectrum in the region
2.5 -3 x 101 eV(see Khristiansen et al., 1966) represents a cut - off
in the primary rigidily spectrum which is attributable to galactic modulation.
To make the conversion to energy psr nucleon, as no clearly preferred
primary mass composition is available, it is necessary to use different models
to cover the possibilities. . These have been tcken os,
M - The spectrum, in energy per nucleus, of dAdcock et al. (1967),
assuming the mass composition at lower eunergies, as stated above,

15

and a much increased contribution from heavy particles at > 1077 eV,

U.l - The spectrum, in energy per nucleus, of Adcock et al., assuming

only proton primuries.

U.2 - The spectrum, in energy per nucleus, of Griesen (1966), assuming
only proton primaries,
These spectra, in terms of energy per nucleon, are shown in fig.>.l.
Using the method outlined by Brooke et al. (196i), the primary spectra
vere used in the calculation of' the sea level spectra assuming the C.K.P.

relation (Cocconi et al.,1961) to hold good up to the erergies concerned.

The C.E.P. relation gives the number cof pions emitied in the forvard
direction in the C system as,
(—.1 Y 'A s =
WE _)as,, = _ , exp(- _ix ) dEy 3.1
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vhere & ¢ is pion energy in the L system, A is the wmean multiplicity
of pions cmitted in the forward direction in the C system (ussumed to vary
Y Ep %, vhere Ep is the primary energy) and Tp is meon energy of the pions.

The contribution from kaons having been included, the spectra obtained
to 106 GeV have been normalised to the 0.P.V. spectrum at 2000 GeV. The

'I.' and 'U2' spectra are a good indicoation of the limits to the true spectrum

end are shown in fig. 3%.2.

3.2.2 pxtension of luon Spectra irom Sea Level to 7500m,.we,

The problem of range fluctuotions of muons penetrating wnderground has
been studied by several cuthors, sturting with Bollinger (1951). Making
similar assumptions about the various cross - sections and using computers
for Monte Carlo methods, the most recent workers, notably 0da & Lurayama
(1965), lienon & Romana Murthy (1967), Xobayakawa (1967) und Osborne et ul.
(1968), are in quite good agreement over the survival probabilities of muons
to different depths underground.

Osborne et al. have extended their calculations to depths greater than
the others for application to the neutrino experiments at great depths and
high sea level muon energies. Their survival probabilities have, therefore,
been used, in connection with the sea level spectra derived previously, to

*
predict the depth intensity relation to 15000 m.we. (see fig 3.3).

+
Throughout this thesis, unless otherwise stipulated, the unit 'm weg!
2
varsoaem i rmomdemmam cmmdemen o el oY ol oA 8 I S s s Z- 7 s ~ = ~ -
NSUIo mMevers Wavel ejulivadaent Ol ‘sianaura rock’ with JA = DeD una oI

average density 2.65 gm. cm.-3.
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The extended depth intensity relations were used to calculuate the
differential muon spectrum at 7500 m, we,by o reloxation method. As a
first approximation, & muon range - energy relation, neglecting fluctuations,
was assumed up to 104 GeV so as to derive the integral muon spectra at 7500
" m.ve.from the depth intensity forms. These spectra were differentiated
and applied to the survivel probobilities to give further depth intensity
curves which could be relaxed to agree with the original yielding relaxation
fuctors for energies over the spectral range. The first approximation spectra
vwere modified, according to the relaxation factors which gave consistency

between the depth intensity curves, and are shovn in fig. 3.4.

%s3% The 7500 m,vg.liuon Spectra from the Depth Intensity Relation

Although the muon depth intensity variation has been well established
experimentally at depths less than 4000 m.we, and gquite well at depths
between that and 7500 m.we, as already mentioned, it is still guite uncertain
at greater depths,

The interpretation of the esarly results of K.G.Ff. Neutrino ixperiment,
in terms of equi%alent vertiqal intensities at greater depths, has been
discussed by Menon et al. (1967¢). This paper proposed a depth intensity
relation, neglecting range fluctuutions vund assuming o constant exponent of
the sea level spectrum, which was normalised to the observed depth intensity
relation at 4000 m we,and 7500 m,ve.

The ongular distribution of the K.G.F. results, however, suggested a

cos @ variation up to ~ 500. Consequently the depth intensity relation
is I v(D) a2 (where D is the depth.)

Bxtropolations of the two depth intensity relations, discussed by llenon
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et al. cre also shown to 15000 m.we.in fig. 3.3 denoted by 'exponential'!
and 'D_9'. (The validity of such extrapolations is, of course, doubtful.)
These depth intensity relations hcve been used with the survival probcbilities,
to calcuvlate the muon spectra at 7500 mie.,, as described in section 3.2, and
are also shovm in fig 3.4.
.Reversing the procedure, the sea level spectrum corresponding to the
-9

D 7 depth intensity relation to 15000 m.we.has been derived, for comparison

with those derived from the primary spectra (fig. 3.2).

3.4 The liean gnergy of Vertical Atmospheric liuvons Underground

The measurement of the muon energy spectrum deep underground presents
many difficulties and has not yet been undertaken. The mean energy, however,
can sometimes be estimated ond in connection with this, the expected mean
energies are derived below.

The calculation of the mean energies of atmospheric muons underground
is best divided into tvo parts, the first being for great dgpths where range
fluctuations effects must be considered and the second for shallow depths
where they may be neglected.

The differential spectra, derived previously, were divided into 20

energy cells up to 5 x 103

GeV and o mean intensity over the cell range vwas
attributed to the median energy of each cell,

The mean energy of muons in each spectrum was then taken as,
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vhere N(E), 1is the mean cell intensity, £, is the median energy of
k H

k
the cell and I{o,h) is the vertical intensity at the depth h.
-Y
AEO is a correction term which approximately accounts for the
5

contribution from muons of energy > 5 x 10” GeV on the assumption of a

constont exponent of the energy spectrum at those energies.

I'he mean energies calculated for muons reaching 7500 m we are shown in

table 3.1.
Table 3.1 : liean Energy of Vertical Atmospheric lMuons at 7500 m we
Depth Intensity Relation Primary Spectrum %PKGeV)
exponential - 287
)
D - 393
- M 286
- U2 : 336

A further set of mean energies has been calculated from the depth
intensity curves via differential spectra for a depth of 10,000 m.we.
These values, together with those for 7500 m we, are shown in fig. 3.10
as a continuous variction of mean energy with depth greater than ~ 4000 m,vg.
A point of interest is that the adoption of an exponential depth
intensity relation leads to a constant mean energy of atmospheric muons at
all angles and at all depths. This, of course, only. upplies to depths
where the intensities are adequately described by such an exponential form.

The effect of range fluctuations may be overlooked for vertical depths
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£ 2000 m,wg,and the vertical differential spectra at 25 m wg, 300 m ve,
and 1871 m,wg,have been obtuined from the 0PV, sea level spectrum and the
range energy relation (neglecting fluctuations) derived by Menon and Ramana
Murthy for b = 4.0 x 1076 cngm_l.
The integral spectra, so obtained, have been differentiated numerically

and the mean energies calculated, by the above method. The spectra are

shown in figs. 3.7% and 3.A and the mean energies are given in table 3.3.

3. 1 Previous gstimates of MNean Energy

Stockel (1967) has also calculated the mean energy of vertical muons
to about 3000 m,vg. A sea level differential spectrum was obtained, in
much the same manner as in section 3.4, and the muon energy loss equation
was applied, with b = 4.0 x 10_6 gm-l cm2, to muons of different discreet
energies, Using both the 0,P.i, spectrum and that of Menon and Remana Murthy
(17.R.li.), Stockel established the differential spectra at several depths and
used them to calculate the intensity for comparison with the measured intensity.
Both spectra were found to underestimate the intensity when used as described
above, the 0,P.,w. spectrum by more than the Ii,R.li. with increasing depth.
To overcome this discrepancy, an artificial spectrum (A) was created which
gave close agreement with the depth intensity observations.

Using the A and the 0.P.i/, spectra, the mean energy was found to vary
with depth as shown in fig. 3.8.

- It seems, however, that, if fluctuations had been taken into account,

al leust some of the descrepancy between the spectium and the depth imbe
relation could have been overcome for the 0,P..W. spectrum and almost all for
the M.R.M. spectrum. (See table 3.2).

On account of the relative insensitivity of the mean energj to the exact
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sea level spectrum used, it is not unreasonable to assume that the meun
energies derived via the A spectrum ore similar to those vhich would have
been derived using the Ht.R.i. spectrum corrected for fluctuations,
particularly at depths > 1000 m.we. This is not surprising as the I..R...
spectrum at energies in excess of 100 GeV is based mainly on underground

intensity measurements.

Table 3.2 :  Comparison of calculated integral intensities at
5162 m, we.
. . -2 -1 -1
Vertical Integral Intensity (em “sec “st, )
Source neglecting fluctuations including fluctuations
o . -8 -8
0 P ¥ Spectrum 1.35 x 10 1.69 x 10
L R K Spectrum 1.56 x 1070 1,95 x 107
1A'  Spectrum ' - 2.03 x 1078
best fit I/D curve - 2,09 x 10-8

The fluctuations corrections used are those of Osborne et al. (1968),
for ¥ = 2.7.

5.5 The liean Energy of Atmospheric Muons at all Zenith Angles

For non-vertical muons, the equivalent vertical depth is given by h sec®
for a flat surface. The increase in the minimum muon energy, for penetration
to the depth h from a zenith angle ©® , must be taken into consideration in
the calculation of the differential spectra as the effect of fluctuations
now becomes important at shallower vertical depths.

. 0 . .
A muon from a zenith angle as great as 75 need only have a minimum sea
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level energy of about 350 GeV to reach a vertical depth of 300 m,we. Such
muons are only slightly affected by fluctuations, so the effect may be
neglected for the depths 25 m we,and 300 m, ve.

It is not possible, however, to neglect the effect of M - e decay at
large zenith angles and shallow depths, This atfects the 0.P,w. sea level
spectrum as shown in fig. 3.5 for zenith angles of 300, 60° and 750.

Using the llenon and Remana lMurthy ronge energy relation, as before, the
spectro ond mean energies at the two depths 25 m,we and 300 m, we, have been
calculated for zenith angles of 300, 60° ond 75o from the seo level spectra
of fig 3.5.

For the depth 1871 m,vwg, the depth intensity method has been used for

different zenith angles. The measured relationship was taken to 4000 m,we,
and thereafter the exponential form of lienon et al, was used.,

The variations of mean energy with zenith angle for the 3 depths are
shown in fig. 3.9.

Efk(g,h), the mean energy of all atmospheric muons (i.e. 'global mean')

detected at a depth h, is given by,

'ﬁ/_‘

= - JEuem). am v 0. T(o,0) d0
Eplan) = B2
Sz«m'me.l(e,h)ao
° 363
where & u (8,h) is the mean energy, at depth h, of muons arriving from
a zenith angle © wnd I(6,h) is the muon intensity at an angle © and
depth h.
The mean energies for all muons given by equation 3.3, and for vertical

muons only are shown in table 3.3 and fig. 3.10.
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The use of the depth intensity curve for the calculotion of the meaon
energies at depths > 1871 m we, leads to different results wccording to the
depth intensity model assumed. The curve for vertical muons has been
allowed to diverge at large depths in accordance with the use of the different
expressions. The global mean has been calculated only from the exponential.
depth intensity relation at great depths and consequently reaches the
asymptotic limit at ~ 4000 m,wg. For the other depth intensity models the
curve would slowly approach the value for vertical muons with incressing depth,
as a result of the increasing fall off of the angular distribution, but would

not tend to a constant limiting value,

Table 3.3 : Hean energy of atmospheric muons underground

25 m . wg, 300 m, vig, 1871 m, we,
EN_(o,h) - vertical muons 8.5 49.5 22
E&L(g,h) - all muons ‘ 13.5 79 259

3.6 Mean Energies in the B,D. Experiment

Using the detector apertures and atmospheric muon angular distributions
at the depths of operation, the expected mean energies have been estimated
for the B.D. experiment (Achar et al., 1965a). The points are shown in
fig. 3.10.

The significance of the calculated mean energies is that the detected
muons are from all zenith angles but restricted by the detector aperture.
As the vertical and global curves run closer together at greaterdepths, the

aperture effect of the cpparatus becomes less important with the result that
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the effective meun energy is closer to the global mean. The 4361 m.u.e.
point is st a depth where the colculuted curves are deyendant upon the
extrapolation of the depth intensity curve and are, therefore, in doubt.

Tne eff'ect on the calculated mean energy of the use of different volues
of the energy loss parameter b has been considered by Stockel. The error
arising from the use of a non-realistic value of b for energies less than
1000 GeV, where the ecnergy loss processes are quite well understood anyway,
should give only a small error in the underground mean energy estimute.

At higher energies, the errors may be larger. However, the sea level spectrum
and tne depth intensity relation for the equivalent depths are also doubtful
so that even if a more accurate estimate of b was wavailable, there would

5till be considerable uncertainty about the mean energy,

3.7 Shower 3ize probubilities

The mean energy of muons detected underground is reflected in the degree
of electromagnetic accompaniment. There is, therefore, the possibility of
determing the mean energy from measurements on this accompaniment. The
probability of observing showers of more than a given number of electrons
produced in the lead absorber of Tels. 1 & 2 has been calculated for different

shower-initiating muon energies.,

3.7 1 Knock On Interactions

The probability of a kmock on collision of an incident particle of

spin 4 has been derived by Bhabha (1938) as,

’ ’ ’ 2
(e, E)IE = 2Cmedy e | g E ( : )
Em E

A (') = 5ok
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Nam? - -2 .
uhere‘ﬁf(m,ﬂ JAE is the probubility per gm. cm. of v particle of
iy . ; 2 .
kinetic energy &, charge 3 , and rest mass mc, creating a knock-on e¢lectron
: ; i ama . : by, 2 -1
with energy between £ ond » + ds . C = 0,15 /A em.” gm. , & is the
. . . . o 2,
atomic number ond A the atomic wveight of the absorber, mgc. is the electron
rd

rest mass wnd B p is the maximum transferoble energy.

5 ; is given by Bhubha, as guoted by Sternheimer (1952) as,

£ ! - E’ — m"cl'
m o af m m E
- — —e ——
me <2me+ T T mc‘)

345

For the case of an incident muwon, m 1is the muon mass,
The eunergy tronsfer probabilities to knock on electrons from muons of
incideat snergies 90, 200 und 400 GeV, given by equation 3.4, are shoin in

fig. 3.11.

3.7 2 Pair Production

Roe (1959) has calculated the electron pair production interaction
probubility for muons in fypemetal (Z = 81)., Using the somewhot lengthy
formula of Murota et al. (1956), ne has calculated the probability curves,
for 90, 200 and 400 GeV muons, which are shown in fig. 3.12. for values of
the constants ©< and 'a' of 2 and 3 mec%/i respectively. (€ is the total
energy of the electron + positron.)

The adoption of thne curves derived for these values of the constants is
merely for convenience in the present work. The significance of 'a' can be
understood in terms of the energy division between the pair. At high energies,
the probability of the pair teking very high and very low fractions of the
energy is considerably incrensed. The limit of integrution given by ‘a’

2 . . . ;
(= nme"/¢ where n is an integer) becomes important on account of the enhanced



. 1 i
Probability of Interaction in Lead {cm zgrm‘ MeV )

FIG. 3'11. lonisation and .Collision Interaclion Probabilities.

l0-3 . ' T T

1074

1078

Ep

400 Gev
200 Gev
90 GeVv A\
wir 7
|0'|2 L i i
10 10 103 104 10

Transfered Energy ( MeV)



~—

1
MeV~ )

2

-1
in Typemetal (grm cm

Interaction

Probability  of

1074

1073

10°8

1078

1072

10—\0

107!

10

FIG. 3:12: Pair Production Interaction

Probabilities.

|

T

After Roe (1959)

u -
Ep
400 GeV
200 Gev \ \
90 Gev ‘
- ~ -
1 . — 1
10 10’ 10° 10* 10°
Transfered Energy (MeV)




(cm zgrm"I Mev'l)

Interaction in Typemetal

Probability of

1073

FIG. 3-13. Bremsstrahling Interaction Probabilities.

L] LJ 1

After Roe ( |§59)

10°6 "
1077 -
108 .
109 4
Ep
400 GeV
200 GeV
90 GeV
1070k
|0 i [ =
10 Io2 k) 4

10 _ 10 10
Transfered Energy (MeV) .



-50-
probabilites of the poir teking these extreme energy fructions.

For application tothe shower rate expected in the K.G.#. experiment,
u relatively large value of 'a' would be appropricte. The error arising
from the use of n = 3, and not 10 or more, is not significant for the present
analysis as only the low energy transfer probobility is effected and it is
in this region that the knock on process contributes considerably more than
puir production to the total interaction probability.

The significunce of ‘e is not clear, however, for the same reason,

any error in the value cdopted is not significant in the present unalysis.

3.7 3 Bremsstrahlung

The probability of' a muon, of energy &, emitting a quontum of energy

between & and &+ &8~ has been given by Rossi (1952) as,

/d (6,8" Jas” = ho X 222 a” F(U,v)
rad ‘"’ A e E’ ’
3.6
where N is Avogrado's number, ry is the classical radius of the electron
o= e%/hc = %3? and the other symbols are as previously designated.

F(U, v ) is the electron screening correction factor und has been
calculated by Bethe and Heitler (1934).

Using equation 3.6 with the screening correction factor appropriate
to the ¥ and muon energies, Roe has calculated the bremsstrahlung inter-
action probabilities and these are shown in fig. 3.13, again for muon energies
of 90, 200 and 400 GeV.

The total interaction probabilities, for the 3 processes considered
cbove, are as shovm in fig. 3.14. (Although Roe's calculations were made

for interactions in typemetal, the probabilities have been assumed to be
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applicable to lead which has almost the same Z and A.)

3./ 4 Shower Observation Probability

Having established the probability of the production, by a muon, of
an electromagnetic shower - initiating primary, it is necessary to estimate
the probability of observing, in a flash tube tray, such a shower from a
primary produced in the lead absorber.

Rogers(1965) has given shower curves, from the calculations of Crawford
and Messel (1962), for shower - initiating primary électrons, in lead, of
energies 0.1 - 1 GeV. For the higher range 1 - 100 GeV, the shower curves
of Buja (1963), as quoted by Rogers, are suitable. The composite shower
curves from these two sources are showm in fig. 3.15.

The parameter £ may be defined as representing the probability of a
shower, having been produced in the absorber, consisting of more than n

electrons on passing through the following flash tube tray layer.

Thus,

< = 1-% (b-a)forb > t

e

% for t > b

where t is the total absorber thickness, a is the thickness of absorber
over which the shower consists of > n electrons and b is the thickness of
absorber'from the primary production point to the depth where the shower is
reduced to n electrons.(see fig. 3.15.)

Assuming an effective absorber thickness t of 10.8 radiation lengths
in lead, this being a median value for atmospheric muons expected in Tels.

1 & 2, the values of € have been estimated from the cascade shower curves
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for different electron primary energies and different minimum numbers of
electrons observed in the showers,

If the total interaction probabvility derived in the previous section
is Pp then ¢ Pg represents the probability of observing, in o flash tube
tray layer following o lead absorber, o shower of more than n electrons
from a primary electron of energy Ep produced by a muon of energy E/L.

Consequently .X&_PE, dEp is the probability required, i.e. the
probability of observing more than n electrons in & shower, per muon of
energy ¥, traversing a lead layer in Tels. 1 & 2.

The probability of observin; different numbers of electrons in showers
can be seen from the vuoriation of ¢ Pg Bp with Ep, for 200 GeV muons in
fig. 3.16.

3.7 5 Correction for ¥ - Initiated Showers

Throughout the colculation, the shower curves for electron initiated
showers have been used. Clearly this is not volid for higher energy shower
primaries which cre mainly ¥ - initiated from bremsstrahlung interactions.

Cuscade shower curves for both electron and photon - initiated showers
for muons incident on lead (. Mamidzhanian - private communication) have
been used to estimate the ratio, Hq/nx , of electron to ¥ - initiated showers
for different shower primary and muon energies, Figuare 3.17 shows the
variation of KE_PE dEp with n, the number of electrons observed, corrected
for ﬁq/nx . The probability curves are as calculated for 90, 200 and
LOO GeV and these have been extrapolated and interpolated for other muon

energies.,



Primary Energy

of Observation Probability with Shower

Variation

FIG. 3-16:

E’l =200 GeV

y — —
oy

i :
l :

- o i —
et = ;
= A
—" e e

v
g

1 llT
1l |
wn w

! '
— o o

3 ) d3°’
(zw l'u“.) 1°d3

100

10

Energy of Shower Primary (GeV)

1-0

04



-l .Z)

(10'4 grm”~cm

Probabiity of Observing >n Electrons

FIG. 317 Probability of Shower Observation in Telescopes | & 2.

100 T t i T
+' ~ Observed Showers
5ol Eu (GeV) A
1500
“Niz00
1000
s 900 - .
30 800
700
r 600
20F 500 N
400
200 i
[¢] o
5| 90 A
3+ -
2F 4
1 -
u
.5 | 1 1 A \
1 2 ) 10 20 50
Number of Electrons-n



~53—
CHAFTER 4

Neutrino Inteructions.

In order to estimate the intensities and energy specira of those muons
detected underground which huve bLeen produced in neutrino interactions, it
is necessary to know; firstly, the neutrino production mechanisms; secondly,
the neutrino interaction cross sections and; finally, the energy token by
muons produced in such interactions.,

The neutrino energy spectra calculated by Osborne et ul. (1965) have
been used together with the best estimates of the cross-sections and muon
energies, both predicted and measured in uccelerutor experimentis, to estimate

the energy spectra of neultrino~induced muons,

k.1 The Energy Spectrum of atmospheric Neutrinos

The present energy limitations of the particle accelerators for neutrino
production, result in great importance being attuched to cosmic ray studies
of' neutrino interactions ut energies 2 10 GeV. with this in mind,
several workers since Greisen (1960 have mude estimates of the sea level
energy spectrafof neutrinos produced in the atmosphere. Some workers have
only considered certain production mechanisms; for example ﬁarkov und
Zheleznykh (1961), who considered pion decay only, and Zatsepin and Kuzmin
(1962) viho considered muon and pion decay only., The most comprehensive
works are those of Osborne et al. (1965) and Cowsik et al. (1963, 1966).

The underground spectra of neutrinos is virtually the same as the seu

level spectrum if no resonunces exist in the cross—-sections.
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The spectra of Osborne et ol., described below, were derived for neutrinos

produced in the decoy of muons, pions and kaons, (Kaon decay modes with a
branching ratio < L viere neglected). Basing their model of neutrino
parent propugution in the atmosphere on the measured seu level muon spectrum
at different zenith ungles und on the propagation of X coscades in the
astmosphere (Osborne & olfendale, 1964 ), these outhors calculated the vertical
und horizontal neutrino spectra for K/« ratios of 0, 20 and 406, They
used the neutrino energy spectro expressions of Zatsepin and Kuzmin, together
with the spectrum of decaying muons, to calculate both the electron and muon
neutrino spectra from this source. On the basis of the 0,P.W. sea level

spectrum, they worked back to a pion production spectrum and used it to

calculate the neutrino spectra from pion and kaon decay. The spectra obtained

by Osborne et al. for the horizontal direction are shown in fig. 4.1.

Differences crise between the vertical and horizontal spectra for several

reasons. [Firstly, the neutrino spectrum from muon decay in the vertical
direction falls ropidly as less muons decay at higher energies. In the
horizontal direction where the path lengths are greater, more high energy
muons are able to decay and the neutrino spectrum is accordingly enhanced.
Secondly, the horizontal intensity of neutrinos from pion decay is enhanced
principally because the pions have a higher probability of decaying in the
upper atmosphere. The ei'fect is greatest at high energies. The same
effect is emphasised in the cuse of kaons on account of their greuter rest
masg, su , evan though knon decay produces less neutrinos than pion
decay at low energies, it becomes the more important process ut higher

gnergies.

The ratio of' the total intensities of muon neutrinos in the horizontal
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and vertical directions vwas found to be 1l.43 at 1 GeV increasing to 3.7 ut
1000 GeV.

The uncertainties regurding the value of the K4 ratio have their
greatest effect in the vertical direction, the lutter being about twice as
great os that in the horizontal., As the spectra of Osborne et al. are in
quite good agreement (i.e. ~ 20,4 difference) with other workers, these
neutrino spectra are considered to be quite adequate and suitable for use in
connection with the K.G.F. fxperiment, the errors orising from the doubt
about the K/4r ratio being reduced on account of the acceptunce bius towards

horizontally-incident particles.,

42 Neutrino Interactions,

The neutrino interactions vhich can be detected by the K.G.F. detectors
are those producing at least one muon with 7> 100 MeV kinetic energy. Four

types of interaction could sutisfy this requirement.

4.2 1 plastic Interactions

slastic interactions are those in wvhich no additional hadrons are produced
and the lepton number is conserved., The following neutrino interactions fall
in this category.

9}_,_+n—>P+}f ! ;))“*P—"“*'/ﬂ
4ol

Yamaguchi (1961) has calculated theoretical cross-sections for the above

- ~ 1

reactiuns and has found thal they lucrease lineuwrly with energy to avout 1 GeV

where the effect of form factors is to suppress the rise. The cross-sections

for both interactions tend to the asymptotic value of 0.75 x 10_38 cm.-2

Below 1 GeV, the cross-section for i%_+ n is about three times as great as
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that for 3}., + p tnd folls slightly, after the initial increcse, to level
off at the asymptote.

The 1363/6L Cundll experiments, on neutrino interactions in freon, which
have been reported by Block et ¢1.(1964), showed that there is no reason to
doubt the value predicted by Yamoguchi., liore recently at CeRN, neutrino
interactions in propane have been studied up to ~ 10 GeV. These results
give an asymptotic value to the cross-section of 0.6 x 10_38 cm.-2 (Young,
private comnunication and Perkins, 1969)., This value has been taken for the
calculation of the neutrino-induced muon rate at K.G.F.

The fraction of energy taken by the muon has been given by Block et al.
and Young as 1.0 and 0.9 respectively. 4Again, the latter value has been
adopted. The most recent CSEN propane results (to be published) indicate
that, at energies << 10 GeV, E};/E,cv 0.8. However the ratio increases with
energy to 10 GeV und a ratio of 0.9 remains the best estimate for the K.G.F.

neutrino spectrum which is thought to have a mean energy of a few tens of GeV,

4,2 2 TInelastic Interactions

Particularly at higher energies, neutrino inteructions may result in the
creation of one or more hadrons. Such interactions are termed 'inelastic',
Those interactions mediated by vector bosons, however, are not included.

The interuction can be represented by,

) + N —Z‘N’+ + .
I M b2

Experiments using the large accelerators have shown that most inelastic
neutrino interactions below 10 GeV proceed via single pion production channels.
Bepmon and Veltman (1965) have proposed that the single pion production proceeds

¢
via the manifestation of the N ( % % ) resonance at 1238 MeV., They have
H
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calculated the cross-section for this interaction and, on the assumption of
the same form factors, have found it to be of similar form to the elustic
cross~section, but saturuting at a higher energy.

As the neutrino energy is increased, the number of available inelastic
channels increases also, The K.G.F. apparatus does not permit much
distinction between these different channels and it is the total inelastic
cross-section that is of primary interest,

The total cross-section for the CERN freon and propane runs has been
given by Perkins (1969) with the inelastic contribution expressed as

G = 0.6 x 10—38 E, cm.%/nucleon.

wn,

This is an increase over the volues of 0.45 x 10

58 &; given by Block
et ol., and agrees well with the predicted value of 0.7 x 10-38 Ep due to
Berman and Veltman for single pion production.

Lee and Yang (1962) pointed out that on the assumption of a lecal nature

of the leptonic current, the cross-scction could be, at the most, guadratically

dependent on the neutrino energy. iAlthough the earlier freon runs at CuRN

38

showed that the cross-section could be described by 6 = 0419 x 107
By 2 cm.%/nucleon, the additional propane results are better described by
the linear form above.
The experimental data obtained to date does not show any evidence for
saturation of the inelastic cross-section and clearly its behaviour above
10 GeV must be taken as a variable for calculating the expected rates at X.G.F.
The fraction of energy taken by the muon in inelastic intercctions is
not well known from the machine experiments on account of the possible missing
mass in the form of neutrons und'K-rwys. In calculating the neutrino-

induced muon spectru ut X.G.F., achar et ul. (1965¢) und Osborne (1966)
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ussumed the fruction to be 0.5, This figure was increased to 0.67 in the
report by ienon et ol, (1967b) on the strength of more recent duta from CiRM.
This latter value has been supported by the lutest CEZRN date (Ramm., private

comuunication).

4.2 3 Boson mediated interactions

The possible mediation of weak interactions through bosons huve been
considered by several authors since Yukawa (1935). Lee ond Yang {1960)
presented the intermediate boson in its present form in which it must exist
in both positively and negatively charged states, with spin 1 and magnetic
moment (e/2w)(1 + k). The short rungs of the weak interactions necessitates
its being of large mass,

If the intermediate boson exists, its production und decay must increase
the rate of neutrino-initiated events expected at K.G.,F., At lower energies,
not much in excess of the critical energy for its production, the boson would

be mainly produced by the incoherent interaction,
Ypt N — N AW ' Lol
At higher energies on the other hand, the interuction would be more

likely to occur with - the whole nucleus 'in the coherent reaction,

/
i}; +Z = Z o+ W Lo
A fourth type of interaction which moy be produced by a neutrino is the

resonance type. Such o resonance was proposed by Glashow (1960) as,

5\1 + e'. i W_ Z{-os
The cross-section for elastic lepton-lepton interactions is about 3 orders
of magnitude down on the nucleon-lepton interactions 4.3 & L,4. If w w boson

is produced, a resonance occurs in the . + e cross-section with a peak
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value of 10—28 cm.?/electron. The motion of the turget electrons reduce
this value to 10-51 cm.%/electron with o finite width of E. /10 GeV.
Although the threshold luboratory energy for the reaction is Mw%/Zme, the
size of the resonance could pertly compensate the rapidly falling Sse spectrum
to give a noticable contribution to the total events detected at K.G.I'.

Bosons produced in the above reactions could decay through the following
modes.,

0 — Mt Y )

i — e + Ve

Leptonic modes

N

W — T, K etc. Non-leptonic mode.

As yet, the neutrino experiments performed at CE£RN, Brookhaven and
Argonne hove foiled to produce intermediute bosons. The CERN freon data
(Bernadini et al. 1965), which was cnalysed for non-interacting particles
from leptonic decays, did not give a result above the expected background of
penetroating pairs from inelastic interactions., This set the minimum boson
mass limit of 2.2 GeV., Non-leptonic decay mode analysis for several mesons
yielded five events which could qualify for boson decay and these led to a
minimyn mass 1imit of 1.7 GeV. The Brookhaven and Argonne approach (Burns
et al., 1965 and Lomb et al., 1965) was to study the angular distributien of
muons from boson decay. These experiments, too, were only able to establish

o lower limit of ~ 2 GeV for the boson mass.

L.3 Cross Sections for Neutrino Interactions

The energy spectrum of neutrino-induced muons at the K.G.F. site was
first calculated by Osborne (1966). This calculation has subseguently

been modified according to the current best estimutes of the assumptions
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made, by ilenon et al. (1967b) und Craig et al. (1968). The spectru presented
here are those of Craig et al, modified only by the increased inelastic cross
section reported by Perkins.

Por the uninvestigsted region above 10 GeV, two Torms for the variution
of cross section with energy have been considersd: (&) S..g E, to 10 GeV
and constant at higher energies and (b ) &, 4« E, to 1oLF GeV and constant
at higher energies. The horizontal muon spectra have been calculated for
both of these forms,

Similarly, 3 cases have been considered for intermediate boson production,
liw = 1.8, 2.5 & 3.0 GeV via the incoherent and coherent interactions ( equations
bo3 & hok).

Burns et al. (1965) quote the cross-sections for boson-medioted inter-
actions as calculated by wu et aul. These cross sections were used by Osborne
to the upper limit of their validity, 20 GeV. (The cross-sections of Ju et
al. are for interactions in aluminium ( 2 =13, A = 27) but as K.G.F, rock
is very similar (mean Z = 12.9, mean A = 26.3), they are taken as being
applicable to that too.) Thereafter, Osborne interpolated for values of
the cross sections to 100 GeV, above which the asymptotic limit of von Gehlen
(1963) becomes applicable., On the basis of these cross-sections, the coherent
interaction becomes dominant above 50 GeV.

The energies taken by the 'prompt' muon (that produced with the boson)
und the boson itself have been considered by Veltman (1963), for Mw = 1.8 GeV
& E,5 ~ 10 GeV, and have been shown to be peaked at energies proportional to
their masses. The muon spectrum is, therefore, peaked at sy M / (v o+ Mg )
which corresponds to the minimum momentum transfer of Hw%/2 Ey . Thus,

near the threshold energy for the interaction, the muon hss been assumed to
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take on energy of b, /20.

The asymptotic case at high energies has been considered by Lee et al.
(1961), who found that the Lrompt muon then takes on energy of 5y /2.

Osborne has token a value of 40y for the muonic decay mode of the boson.
The energy of the decay muon nas been deduced from the work of Bell and
Veltman (1963) und Uberall (1964) who calculated thut the intermedi.ate boson
is wlmost 100j circulerly polarised. The muon ernergy was sho.n to be,
conseyuently, 0.25 of the boson energy.

Therefore, for tie ne-1r threshold case, the decay muon has an energy
0.95 &, /4 and for the asymptotic case 0.5 s3 k.

Table 4.1 shows the cross-scctions for the various interactions and the

number of cvents expected f rom each.

hot  The Bnergy Spectrum of Neutrino-Induced I.uons.

By virtue of the much greater penetration of muons tharn electrons, the
effective target thickness of rock presented to muon neutrinos is much
greater than that presented to electron ncutrinos (except in the case of the
Glashow resonance type interaction). The latter may, therefore, be neglected
vlen considering the total spectrum and event rate expected underground in
the K,G.F. experiment.

The generul expressioun for tie intersity of neutrino-induced muons,

from a zenith angle 8 , is given by Osboerne as,

PARY rw ‘ y i A f 3
/U(s) = NA J N$ (Ev‘g), R ete (Eg),((ﬁo) dEv

=3

=
L
[e)Y

.
it

vwhere NA is Avagadro's Number, A is the Atomic weight, N, (Eﬁ,g ) is



TABLE 4.1

Neutrino cross-sections and number of events expected to 31/12/68.

- . . " + +
Interuction Cross-Section iractlon of total No.o? App?ox.
Energy taken No.of eventso median
by liuon events atd> 50 nesubrino
energy
(GeV)
wlastic 0.6 x 10-38per
n-p pair 0.9 3.5 3.1 2.5
Inelastic
: '] ) -38 2
(1) 8,< 10 0.6 B, x 10 “"cm
GeV per nucleon 0.67 7.7 6.7 -
(i1) £,>10 (A) 0.6 By x 10728
GeV for all b, 0.67 i7.7 1%.5 25
(B) 0.6 x 10 1.0 7.5 6.2 9
Boson production o
liw = 1.8 GeV (a) near threshold 19 16.6 100
(b) asymptotic 67 59
v = 2,5 GeV (a) near threshold 8.6 7.5 200
(b) usymptotic 31 27
Mw = 3.0 GeV (a) near threshold 5.6 4.9 300
(v) asymptotic 22 19
Glashow
resononce It = 1.8 GeV 0.25 5.8 - 3000
Mw = 2.5 G’ev 0.25 1.5 = 6000
Total of all ( Upper limit, liw = 1.8 GeV & cuse (A) 54 ~L6
interactions ( Lower limit, Mw 1.8 GeV & case (B) 18.5.  16.0

+ Totals include 0.S.T. evenls corrected for detection efficiency.

]

in section 4.3,

The cross section for boson production varies with energy as described

Cases (a) & (b) represent the upper ond lower limits,
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the intensity of neutrinos of energy B, , Rgpp is the effective range in
rock of muons produced by neutrinos with energy & and ¢~ (E., ) is the
total cross-section per nucleus for the particular interaction,

This eguation has been used by Craig et al. to predict the horizontal
muon spectra of 7500 m.v.e. st. rock for all o: the various interactions
and cases described previously except the Glashow resonance., ‘Trthese are
shown in fig. 4.2 culculated from the neutrino spectra in fig. 4.1 to 1000 GeV.
At higher energies, they are calculated from neutrino spectra based on the U2
primary spectrum desciibed in Chapter 3.

Table 4.2 shows the mean energy of horizontal muons, with energy above
0.5 GeV, for various cross-section assumptions.

4 comparison of neutrino-initiated muon intensities from the inelastic
interaction expected for different zenith angles is shown in fig. L.3.

Both the rate of neutrino-induced muons and their mean energy are
sensitive to the various assumptions made about the cross-section and boson
mass. The relation between the two parameters is shown in fig. 44 It
is clear that the event rate is very sensitive to the boson mass at small
mass values, The rote is less sensitive to the inelastic cut off energy.
On the other hond, the mean energy is quite sensitive to the cut off energy.
Lee (private communication to Wolfendale) has pointed out that at higher
energies, the energy fraction taken by the muon in the inelastic interaction
moy not be valid., If the fraction falls with energy, the mean muon energy
would be less sensitive to the saturation energy and it may not be possible
to distinguish between, (a) o continuously increasing cross-section with
falling fraction of energy taken by the muon and (b) a saturating cross-

section and a constant energy fraction.
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T:BLe 4.2

Meon energies of muons from neutrino interactions.

Interactions and Cross Sections

(a):
(b):
(e):
(a):
(e):
(£):

elastic + & _,0C & to GeV, then constant

elastic + &6, & to 104 GeV, then constant

(o)
(2)
(b)
(b)

+ boson production,
+ boson production,
+ boson production,

+ boson production,

Mw

Mw

liw

Mw

1.8 GeV

3.0 GeV

1.8 GeV

3.0 GeV

Mean Energy (GeV)

8.8
80
28
27
60

76



)

-1

sterad GeV

-2 .
sec

(cm

Intensity

FIG. 4-3: Energy Spectra of Muons from Inelastic Neutrino Interactions

al different Zenith Angles

|- ! I I. | l [ | I I |

L L | [ ! l L\
10 ' 100

Muon Energy - Ex (GeV)

10,000



FIG.4.4: The Rate cnd Mecn Energy of Neuirino-induced Muons

i = .
12 r M 1
w
10 - T
‘r?‘. i i
5 3
....‘;" E, Cut oif (GeV)
| 'V g F » 8
&
5.
E
A - .
2
g 6 _

; Observed Rate Range of Es.lmmeo Mean Energy

7///////// )

M t
2 I Measured Energies of Specirograph Events most prebcbie energy . . —1
‘7" - Id Py e
\523 sw i | H
ap’
Vs 719 . . . . ;
0 i 1 1 | 1 L i H :
0 20 40 00 80

Mean Energy Ef‘ (GeV)




-63-

CHAPT i

The Experimental Rkesults,

5.1 Introduction

The operation of the present experiment deep underground using visual
detectors purtly overcomes the problem of identifying the source of the
detected particles. The intensity of atmospheric muons detected above a
zenith angle of 60° is negligible and,thus,muons detected in the range 60o
- 900, together viith upward moving muons, can be assumed to be neutrino -
induced. In the intermediate angular range 50o - 600, the majority are
of neutrino origin but identification is less certain. Luons from zenith
angles below 50o are thought to be predominantly of atmospheric origin with
a smaller number of neutrino origin and the identification of muons from
each source requires o more detailed analysis of the results,

Upward moving lmock on electrons have been seen tc accompony some muons
at zenith angles below 50o and it is considered that some of these were
created by upward moving muons. Although the number is small (less than 4
for Tels. 1 & 2), it may be supposed that other unaccompanied upward moving
muons have also been detected. The expected symmetry of neutrino-induced
muons about the horizontal suggests that a similar number of downward moving
ones may have been observed.

It is clear, on the basis of this arguement, that whereas only a small
nuwber of upward moving neutrino-induced muons have produced Ikmock ons, the
implication is that several times this number of neutrino-induced muons have
been detected at small angles. This possibility contributes u systematic

error to the intensity and angular distribution of atmospheric muons,
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(There is also o possibility that some of the events in the range 300 - 50o
g

ure of « somewhot different origin. This possibility is discussed in
Chapter 6).

In order to make a reasonuable assessment of the intensities and angular
distributions of both atmospheric and neutrino-induced muons, the following

analysis has been made.

5.2 The Basic Results.

Table 5.1 shows the basic results from all of the detectors recorded

to the end of 1968.

TABLE 5.1 Basic results to 31/12/68
Tels. 1 & 2 Tels.3,4 & 5 Tels.3,k, &5 Specs.
L-fold 0.8.7.(2-fold 1 &2
trigger trigger)
22 luyer
events
Total no. of
'in geometry'
events 54 L L2 61
No. at zenith
angles > 50° 6 2 5 2
txposure time (hr.) 43,722 14,203 18,452 18,946

A notable feature of the events in Tels. 1 & 2 is the high degree of
electromagnetic accompaniment of the muons. Several events involve knock on
electrons or small showers and several 'out of geometry' events were triggered
by this accompaniment. (in 'out of geometry' event is one in which the muon

has not passed through both seintillotors giving ths coincidence, the trigger
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being provided, in part ot least, by the accompanying particles.)

At large angles several multiple-particle events have been seen which
suggests the importance of non-elastic interactions, svent 4 being o good
example. Two of these events seem to have been created by neutrino inter-
actions within the structure of the telescopés frameworks, the tracks in
Kvent 29 originating from an upright support girder of Tel. 1 and those in
Event 061 from the iron absorber of Tel. 5. (see figs. 5.1 & 5.2).

The Spectrograph and Tels. 3, 4 & 5 0,S.T. events huve shouwn the
importance of the inclusion of absorber between the coincidence detectors.
Some of these events have consisted only of unconnected short tracks probably
caused by ¥ - e showers which would most probasbly have been misinterpreted
without  absorbers.

Finally a few large showers have been detected. (e.g. Event’ 018 - fig.
5.3). These were probably produced by véry energetic atmospheric muons.
The largest shower event, howevef, Event 13, when aonalysed, seemed to hove
been produced by a shover primary travelling at a large zenith angle and

this evenlt wus therefore probably neutrino-induced.

5.3 Heasurement of Zenith Angle

as Tels. 1 & 2 are viewed directly by cameras with smoll lens distortion,
the event films could be scanned by direct projection. By a method of
superposition , the projected zenith angles of event particles could be
measured with respect to a previously photographed plumb line suspended in
front of the telescope.

For some events, it was not possible to construct an undeflected
trajectory through the flashed tubes, This was, in several cases, the

result of slipping of the reur ends of the flash tubes within the truys.







FIG. 5.2 Event 061
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FIG. 5.2 Event 061

Run No. YR 970 Date 3/9/68

Tele':;,cope 5 Time 14-30 LST.
13-03 MST
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FIG. 5.3 Event 018
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FI1G. 5.3 Event 018

Run No. YR B15 Date 29/2/68

Telescope 4 ' Time 04-12 1.ST.
14-26  MST

Projected Zenith Angle: Probably ~ L
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fFront View

P

i
]

v - 7 gy

N

s

vV " 7 7 7]

7 7 7
v T T T 7




-66-

Taking the slipping into concideration some events still seemed to involve
scottering in the leud luyers., In these cuses, it wus assuned thot the
projected zenith ungle of the upper part of the trajectory wos the incident
angle, In most cases the error in the measured projected zenith angle

was = 1,

Tels., 3, 4 & 5 all incorporate mirror systems between the flash tubes
and the comeras making the event'ungular measurement more difficult.
However, as above, the method evolved was boased on the superposition techniyue,
Key fiducial lights were made visible in both mirrors viewing the zenith
troys and it was possible to relate the track section visible through one
mirror with that visible through the other and to measure the angle with
respect to the plumb line as before. For the azimuthal troys, 4 sepercte
inclined mirrors were used. The event was, thererfore, scanned for
identification of flashed tubes and the uzimuthal ongle of the best line
through the latter wus subsequently measured on a mimic diugrdm. Depending
upon the coniiguration of the flashed tubes, the azimuth angles could be
measured with un accuracy of v Ly 30.

As already described, the spectrograph flash tubes were carefully
aligned to maintain a high maximum detectable momentum, Using the measured
tube co-ordinates, the projected zenith angles of the early events were
calculated, Almost all events could be described by an undeviating trajectory.
However the traversal line error ond configuration of the flashed tubes
enabled the estimation of minimum momenta for + ve and -~ ve particles for
each event., Greater numbers of events having been accumulated, it was
deemed not useful to estimote such minimuwn momenta for purticles which were,

in the main, of high energies beyond the m.d.m. of the system. Thereafter,


http://consid.eru.tion
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the projected zeuith angles were meuwsured directly from the film projections
15 for the other detuctors and only events of specinl interest were wntlysed
via the co-ordincte system, The projected zenith angles could be measured
o _ . o o} . , ; .
with accuracy ranging from 0.2  to 1.5 according to the method of analysis
used, the track lemgth in the flash tubes and the flashed tubes configura-
tion.

The total 'in-geometry' events listed in Table 5.1 are shown in figs,

5, 5.5 and 5.6 for the different detectors.

54 Telescopes 1 & 2 dvents

4 detailed description of neutrino-induced events is now given. The
commonly non-elastic nature oi' neutrino-interactions is easily seen. This
is f'ollowed by an examination of the doubtful events in an attempt to make

a more uccurate estimute of the intensity of neutrino-induced muons.

5.4 1 Definite Heutrino-Induced svents.

(a) Event 4 has been thoroughly discussed by achar et al. (1965d).
rry . S en e 3 P N . - _ ~0 + (o]
The event consisted of two near-horizontal tracks, one at 99.2 - 0.3 and

, o + o ™ s . :

the other at 36.2° - 0.8 . The penetrating nature of the two particles,
together with the lack of cascade multiplication enuabled the identification
of the particles concerned as muouns or pions. he large zenith angles of
the tracks eliminuated the possibility of the particles being atmospheric
muon induced leaving the two possible explanations as, {(a) The production
and decay of an inteirmediute boson; or (b) The production of a pion in an

inelastic neutrino interaction.

(b) svent 29, shown in fig. 5.1, consists of 3 clear trocks. The
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FIG. 5.6 Angular Disiribution of Tels 3,4 &5 Evenis.
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miadle trock, at o projected zenith angle of 96.50, venetrates ot least

8 rodiation lengths in the lood absorber without multiplication and can be
taken us caused by o muon or pion. The upper trock, of p.z.a. 1550,
intersects with the middle trock in a girder of the telescope framework,
The track does not pcss through the lead absorber, but leaves the geometry
of the telescope after crossing one flush tube tray. Signhs of knock on
electrons accompany the upper track. The lower truck either stops in the
lead obsorber or leaves the geometry of the telescope. This track which

- is suggestive of a pion interacting in the lead, when projected back,inter-
sects the other two at the same point.

If the event wac the result of the nuclear interaction of an atmospheric
muon, then the upper track could, although not necessarily, have been the
track of the incident muon. However, the probability of an interuction
producing a backward moving particle giving the middle track is negligibly
small, So is the possibility of a very large angle atmospheric muon,
incident out of geometry, creating interaction products, which followed all
three observed tracks, because of the rapid fall off of atmospheric muon
intensity with zenith angle.

The most likely explanation ist hat the middle tréck Wwas a muon or
pion resulting from & neutrino interaction and that the lower truack was a
pion. The upper track could have heen caused hy an electron. However,
this possibility is greatly reduced by the fact that the penetration is
suggestive of a fairly high energy and this would not be consistent with
the large angle of emission.

It, thus, scems that the event is the result of the non-elastic inter-
action of o neutrino in the girder and the three tracks observed are those

of the products of the intercction., If so, then at least one of the products
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may be o muon and at leest one of the others a pion. The tvio most likely

explonations core,

(i) Production and decay of an intermediate boson,
Vy+2z = 2 +u + W
a ' ?/u . L= 17 +.....(non-leptonic mode)
or (ii) ©Pion production in on inelastic interaction

’

9)‘+N'-’N +I‘T + W Heseacece

The middle track could then be a muon and the lower track a pion

stopped off scattered in the lead.

(¢) &Hvent L3 (Appendix 4, fig. Ak.l) is another exumple of u neutrino
interaction., The flashes in the centre trays form a track at 85.50 which
crosses the full width of the telescope and seems to have been responsible
for saturated pulses in the scintillators N3 and S3 or 8k. The other flashes
indicate complex electromagnetic accompaniment. The ﬁhort tracks in the
lower trays suggest o divergence from the North, This is substantinted by
the possible knock on electrons in the centre middle tray. It is not
possible to deduce the nature of the neutrino interaction which produced the

near-horizontal muon or pion,

5.+ 2 Intermediate Angle sSvents.

Doubt about the intensity of neutrino-induced muons and the angular
distribution of atmospheric muons leads to uncertainty in the angle at
which the expected numbers of events from the two sources are equal, This
angle could be as low as 450 or higher than 500. Four events fall in this
region. It is most unlikely that they are all of atmospheric origin, and

some,at 1eust’must be of neutrino origin,
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(d) Zvent 2 was o simple case of an unaccompanied muon at 48°and

(e) Event 11 u case of a muon, at u7° P+z.a., uccompanied in one

tray by a knock on (or ¥ -ray) of doubtful direction.

(f) Event 20 also consisted of a single muon (p.z.a. - 51.50)

accompanied by o knock on electron which was clearly downward moving.

(g) &vent 48 is shown in fig. 5.7. The two penetrating trecks at
53.7° & 48.7o p.2.a., pass through the rear scintillators on the North side
and the front scintillators on the South side. The resultant path length
in the lead is enhanced such that the penetration was probobly at least 12
radiation lengths, They were, therefore, most probably caused by muons or
Pions and appesr to intersect at the photomultiplier box of scintillator N3.

The two tracks in the lower North tray are less clearly identifiable,
They were caused either by porticles which stopped or which left the telescope
geometry. They cannot be made to intersect at the point of intersection of
the two main tracks nor can they both be made to intersect either one of them
unless scattering is assumed to have taken place. There are two most likely
explonations,

(i) The lower track is that of a particle produced by one of the two
penetrating particles and produced, itself, a knock on electron which gave
the upper track

(ii) Three particles were produced in the interaction in the photo-
multiplier box., Two were penetrating particles ond the third was either
lost in the production of two other particles in the scintillator or
scattered in the production of one other particle,

Other atmospheric muon events suggest that the probability of detecting
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the products of the photonuclear interaction of a muon is < 3;; whereas

other neutrino-induced events indicate that 2 50 of Qetected neutrino
interaction products are froé non-elastic interactions. As the probabilities
of neutrino and atmospheric events at this zenith angle are similar, it

seems much more likely that the event was neutrino initiated.

It is not possible to distinguish between the possibilities (i) and
(ii). However, the lower of the two doubtful tracks is more likely to
have been a pion than on electron at the angle observed and the required
energy of ~ L0 lieV. The event is another example of the importance and
the nature of non-elastic neutrino interactions.

In view of the doubt about svents 2, 11 & 20, a reasonable estimate
is to assume that two are of atmospheric origin and the other, along with

gvent 48, is of neutrino origin,

5.4+ 3 Small Angle liuons with Upwoard Moving Accompaniment

As mentioned in the previous section, the knock on electron accompanying
Event 11 may have been upward moving. Similar phenomena have been observed
in five other events. These evenls are now examined in an attempt to

distinguish between the three possible explanations,

(i) Downward moving muon with a scattered knock on.,
(ii) Downward moving muon with a backward knock on.
& (iii) Upward moving muon with a forward knock on.

Y

(h) Event 15 consisted of a muon scatiered in one lead layer with
two non-adjacent tubes flashed in the flash tube layer nearest the wall.
The event could be explained in terms of (ii) or (iii) obove or, more

probably, as spurious flash tubes.
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(i) Event 35 includes the track of a knock on electron parallel to,
but seperated from, the muon track. ‘he lmock on could be upward of
downward moving falling in any of the three categories. If the knock on
was upward moving, it must have been scattered before crossing the flash

tubes. Case (i) seems the most likely.

(j) Event 18 showmn in dppendix 4, fig. Ak.2, consists of o straight
track in the centre and North side troys with two troacks diverging upwards
in the South side trays. It is not possible to construct an undeviating
track through the flashed tubes on the diagram but there is a slight doubt
about the alignment of the tubes in the middle tray and, thus, the penetrat-
ing particle moy not in fact have been deflected. The short upper track
could well have been that of an upward moving lmock on which stopped in the

flosh tube tray so that cases (ii) or (iii) could be the explanation.

(k) Event 51 also shown in Appendix 4 (fig. 4k.3) involves the upward
divergence of two particles in one tray. The penetroting track is that of
a muon but it is not possible to identify the other. The somell opening
angle could indicate that the second particle was a knock on electron
although there is no multiplication to support this. This event could also

be in categories (ii) or (iii).

(1) Event 54 is the most interesting in this group and is shown in

fig. 5.8. Trocks 4,B & C con be aligned as on undeviated penetrating

o]

article. The best line through trock D can be taken to a vertex at point
F from which a line con be drawn through trock &, If tracks D & E are the
primary products of an interaction at F, then the event could involve the

photonuclear interaction of an upward moving neutrino-induced muon. However,
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the probability of this being the explanation is small.

S5t111 considering an interaction at F, track D could be o knock on
electron, produced by an upvard moving muon, which multiplied in the second
lead laoyer giving trock E.

Alternatively, if D & E were dovnward moving,it would have been
necessary for the particles concerned to have been scattered. In this
case, track D moy nove stopped in the third column of flash tubes or may
hyve traversed inefficient flash tubes. (The lotter possibility is
supported by the inefficiency in track c.) However, the flashed tubes of
trock E suggest the production of an upward moving knock on, in the centre
electrode of the tray, which would have to be explained as backward moving.
Also the scintillator, through which the downward moving knock ons would
have passed, did not give o very large pulse.

On balance the most likely explonation seems to be the second. i.e.
An upword moving neutrino~induced muon produced a high energy knock on
electron which gave rise to multiplication in the second lead layer.

Using flash tubes, Pickersgill (1968) has studied the rates of knock
on electrons produced by muons in iron ebsorber at sea level. The results
indicate that about 1 in 10 knock ons is backward moving. Of the muons
detected in Tols. 1 & 2, 13 have produced knock on electrons. On the basis
of Pickersgill's findings, 'l.3' of these may be expected to have been back-
viard moving. But, of the 5 events just examined, 3 clearly involve upward
moving lmock ons. Thus a best estimate of sz events may be taken as

having been caused by upward moving muons,

5.5 Spectrograph lvents.

Apart from the purely electromagunstic events mentiocned already, the

[«
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syectrographs have &ielded ot leoast two events in which u necr-vertical
muon has initioted un electromagnetic shower in the muénet iron. Showers
produced in the overheud rock have also been detected, dvent S12 (fige.dl o)
being o good exumple. One event was probably the result of the nuclear
interaction of a near-vertical out of geometry muon in the magnet iron and
tnother wus very probably a pair of muons from an extensive air shower.

Since the acceptaonce of the spectrogrophs is much higher thaﬁ that of
Telescopes 1 & 2 at small zenith angles, the proportion of neutrino-induced
events at zenith ungles less than the cross-over angle, of equal intensities
from both sources, should be less than in the case of Tels, 1 & 2.

The lack of ubsorber mokes muon identification difficult as well as
the estimation of the particle directions from the accompaniment divergence.
The identifiable neutrino events consequently tend to be those at large zenith

angles and those vhich are magnetica.ly deflected.

5.5 1 Deflected Bvents.

(m) Bvent 823 was the first event in which the momentum of the particle
was measurable. it is shown in fig. 5.10., Unfortunately only one tube
flashed in one of the flash tube troys traversed, due probably to the'align—
ment of the inter-tube spacings in the direction of the track., However
there is no doubt about the authenticity of the event. assuuming energy
loss in the magnet, the particle vias iound to be downword moving, of
positive charge and deflected by 9.40.

Ashton and .olfendale (1963) give the relationship
= - 3008 - =t
A9 = - 2008 ¢t (1-=t) 5.1
for the deiflzction of u purticle with energy loss in o solid iron

magnet., B iz the magnetic induction, o( the mean momentum loss per unit
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poth length X and P, is the incident momentum;
For this event and using this relation, the moumentum is found to be
1.8 % 0.5 GeV/c where the error is due largely to multiple coulomb scatteringf
No allowance hus been made for the increcsed path length with azimuth angle,
as the most probable ongle over the azimuth range for this event wus zero.
This event has been uccepted as a neutrino-induced muon on account of

its incident zenith ungle of 48.5°,

(n) Zvent S4LO0 (fig. 5.9 ) 1is also uccepted as being neutrino-induced
by virtue of its zenith ongle offv59°. An upward moving lmock on electron
was produced in one flash tube tray bul an undeflected trajectory is just
possivle und it cannot be established if the muon responsible was upwoerd or
dovnword moving. The reuson for this is thot there is poor location oi' the
upper arm due Lo the passoge of the muon Letween the flush tube trays.
Considering the neutrino spectrum, the most probable muon energy has been
estimated to be ~70 GeV/c for an upword moving )J+.

The absolute range using the flash tube restrictions only for an upward
moving particle is ).1+, P nmin = 7 GeV/c; )A—’ Pmin = 21 GeV and vice

versa for a downward moving particle,

(0) event 871 (fig. 5.11) is another definite neutrino-induced event.
Although the trajectories are such that the numbers of tubes flashed are

small, the scintillator pulses were clear and indicative of a genuine event.

The ratio of magnetic deflection to R.M.S. coulomb scattering for the
K.G.F. spectrographs is given by, 8, = 0.38 t"”/7?:', where tm

is the projected path length perpendicular to the direction of magnetic
flux and ts is the true spatial path length, The minimum value of'ﬁ%;a
for these spectrogrophs is ~25%. For horizontal particles the
minimum is ~ 30% . '
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The deflection in the mugnet vias so great OV}AO) that the energy of the
muon must not have been much greater than that required to penetroate the
magnet iron. Agein using the equation of Ashton & .olfendale, the energy
of the incident muon has been estimated to be ~ 0.9 GeV/c (ussuming zero
azimuthol angle). As can be seen in the diagram, since no track was visible
in the southernmost flash tube trays, the muon either passed between the
trays, stopped before reaching them or left the telescope geometry. If
the latter was the cuse, then the deflection would have beenéy2§° with a
consequential increase of the in&ident energy to ~2 GeV/c. However the
increused path length in the magnet would have reduced the emergent energy
to o similar value as in the first case.

A reasonable estimate for the incident energy is 1 - 2 GeV/c for_}L+
incident from the North., The multiple coulomb scattering error ranges froum
30 - 45,

5.5 2 Smnll Angle Bvents

(p) Event S48 (fig. Ak.5) is the only spectrograph event showing a
small zenith angle track with upward moving uaccompaniment. The additional
flashed tubes in the top tray are best explained by an upward moving knock
-on electron but could conceivably be explained by two downward moving ones.

It may be concluded that as the identification of neutrino induced
events ot angles <fh5° is almost impossible only those ut > 450 are useful
for intensity estimates and 3 such events have been recorded. However
the possible upward events are unalysed in Chapter 7 from the standpoint of

consistency, or otherwise, vwith the large angle data.
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5.6 Telescopes 3, 4 & 5

5.6 1 lour-fold triggering

Four 'in geometry' events were recorded during the 4~fold coincidence
operation of Tels. 3, 4 & 5, as can be seen in fig. 5.6.

In spatial zenith angle the otmospheric and neutrino events 'cross over
angle' is greater than in the projected case and the 4 events are divided

equally between the two origins.

5.6 2 One Side Triggering.

The one side triggering events can be divided into two sections, those
seen to penetrate absorber in the telescope wid those not doing so. The
latter group, although contoining muons principally incident at such zenith
angles as to leave the bottom of the telescope beforc penetrating the sbsorber,
also contoins electromagnetic accompaniment of undetected muons, and is
consequently of' 1little use in the estimate of muon iﬁtensities.

The former group ( > 2 layer gvents) contains 4 events in which both
scintillator walls vere traversed, one of these events consisting of 2
seperate purticles each crossing one woll which would have been classified
as an out-of-geometry event during 4-fold coincidence operation.

The allowance which must be made for the elficiency of the scintillators,
on uccount of the enhanced probability of detecting o particle with electro-
magnetic accompaniment traversing the scintillator, or a particle pussing

through two scintillator walls, is described in Chapter 6.,

5.6 3 Large Zenith Angle Events

(q) E£vent 061 shoun in fig. 5.2 is one of the most important events

recorded in the experiment. It is considered to be an example of o neutrino
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interaction actually inside one of the iron absorbers. It is not possible
to identify the individucl particles involved but, their number suggects
that some, at least, are electrons (presumably from ™7 X = e+e-).
Again the complexity of the interaction is a striking feature showing the

importance of visual detectors.

(r) Zvent 016 showm in fig Ahk.6 was clearly produced by a new horiz-
ontal neutrino-induced muon. <Slectromagnetic accompaniment wus produced in

the last tvwo absorbers,

(s) wsvent 070 is sketched in fig. 5.12. The interpretation placed
upon: the flashed tubes is that they represent the roducts of an upword-
moving neutrino vhich interacted within the apporetus, Three particles
viere detected, two of which penetrated one layer of absorber, If only
three particles were produced in the interaction then the incident direction
of the neutrino was as shown in the sketch (i.e ~ 125o + 300 zenith angle).
Only the particle designated 'A' which jenetrated the scintillator has been
included in the angular distribution.

There is one further event (073), the zenith ungle of which is in
doubt, which may be at a sufficiently large angle to have been neutrino

induced.

5.7 The Division of Events,

The 3 events described in section 5.4 1 und one other large angle

avent detectad in Tols

no

of the inter-

1 & 2. Bvent 3. mav ba taken
L & 2, Bvent 3, X taker

mediate angle events to give a total of 6 neutrino-induced muons detected

: o - 2 . )
in Tels. 1 & 2 at vrojected zenith ungles grealer than 45 .
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Specs. 1L & 2 have recorded. 3 neutrino-induced muons at greater thon
450 P.%.2., the data at smaller angles being unsuitable for making an
estimate.

Tels. 3, 4 & 5 huve yielded 2 neutrino events al spatial zenith angles
greater than 50o on 4=-fold coincidence and at least 3 on 2-fold coincidence.

Thus the total number of identified neutrino events detected in the

experiment is 14,
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CHAPTER 6

The Intensity and Angular Distribution of' Atmospheric Muons Underground

6.1 Angular Distribution tixpressions

The nature of muons at great depths underground (i.e. > 2000 m.w.e.
standard rock) has been studied by several workers, namely Miyazaki (1949),
Bollinger (1951), Barton (1961), Castagnoli et al. (1965), MNiyake et al.
(1962, 1964), Achar et al. (1965a,b) and also in the three neutrino experi-
ments in India, South Africa and Utah, U.S.A.

Since the review of the early underground experiments, most of which
were performed at shallow depths, given by Barrett et al. (1952), the
angular distribution of atmospheric muons has usually been represented by

the essentially empirical relation,
I(e, h)= 1(0,h) cos" B 6.1

where I (©, h) is the intensity at a depth h and a spatial zenith
angle 8 and the index n is a slowly varying function of depth.

This expression follows from the assumption of a depth intensity
relationship of the form,

=-m

I( 0, h) = 4Ah 6.2

and a sec © enhancement of non-vertical muons from T7- s decay.

Miyake et al. measured the muon intensities at several depths.
However, their apparatus could only measure the total rate and did not give
any information on the angular distribution of the detected muons. Using

an iterative procedure involving equations 6.1 and 6.2 and assuming n =
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m -1 on the basis of the validity of the sec® enhancement, they estimated
the index n from the values of m measured at their different depths of
operation.

The use of a cos' © form of the angulur distribution for © JLv 600,
by Miyake et al. was justified by Achar et al. who used flash tubes at
similar depths to measure n directly.

The justification for using a cos'® form to describe the results in
the early shallow depth experiments was in the fact that n changes only
slowly with depth near the surface and so n is not a function of © until a
large angle ( ) 60°) is reached.

At great depths, however, the rate of chunge of n with depth becomes
greater such that the assumption of constunt n at a given depth falis down
at zenith angles > 400. This is apparent in the work of.Achar et al.
who found fractional discrepences in the values of n between using & maximum
angle, E max, of 60° snd h5° amounting to 6p, 9.5% and 8% at their depths
of 824, 1871 und 4361 m.w.e. st., rock respectively. Their best estimate
values of n were for effective depths given by h sec ) off © off being
the effective discreet zenith angle of all detected muons.

At 824 m.w.e., the exponent n varies very little with 8 and even at
60o has increased only by about 10j. At 1871 m.w.e., n increases by about
70% between the vertical and 600 and the value of n obtained from the experi-
ment is thus for an effective vertical depth greater than 1871 m.w.e.

At 436l m.w.e., 2 different aspect of the same effect counteracts the increase
in eff'ective depth, nomely the rapid fall off of intensity with e o
Consequently the effective zenith angle for dl muons is reduced and the

effective depth of the measured n is not so much diif'ferent from the vertical
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depth.

workers at greater depths are thus posed with the problem of deciding
what form of angular distribution to assume for their results bearing in
mind the deficiencies of the co;19 form outlined above. One solution
to the problem would be to use a varying n over the range of zenith angle
but this runs into difficulty immediately as the value of n is not known
at greater vertical depths and, therefore, large zenith angles at the
operating depth. To use the observed angular distribution to predict the
value of n for greater vertical depths is not much more satisfactory since
at great depths, where the.intensity of neutrino-induced muons is becoming
comparable to that of atmospheric muons, the identification of the latter
is dif'ficult.

The solution given by Menon et al. (1967c) is to use a more accurate
i'orm of depth intensity relationship and comsequently a different angular

distribution. They proposed the depth intensity form,

I(0,h)= B exp (-m) 6:3

where m.=b{, h is the depth and A o constant; the corresponding

angular distribution being,
I1(®,hnh)=1I(0, h)sece_exp{-m(sec_e-l)] 6ol

This relation is valid for small zenith angles at 7500 m.w.e. and for
larger zenith angles at shallower depths, for example to ~ 60° at 4000
MeW,.€E,

Creed (1967) points out that the exponential form is a poor fit at
large zenith angles at 7500 m.w.e. and that the dépth intensity variaution

at depths > 7500 m.w.e. appears to follow more closely a power law decrease,
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Such a deduction, however, cannot be conclusive on account of the weakness
of the evidence for the vaoriation of intensity of atmospheric muons with
depth > 7500 m.w.ec. ‘The exponential form can be neither confirmed or
refuted on the basis of results in which there is doubt about which of' the
detected muons are of atmospheric origin.
Clearly there are disadvantages in applying either of the forms 6.l

and 6.4 to the muons detected in the K,.G.F. Experiment with zenith angles

<50°. Bearing in mind these limitations, both expressions (6.1 using
constant n) have been used in calculating the distributions which may be

expected to be observed in the detectors operating at the 7500 m,w.e, site,

6.2 The Apertures of the Detectors

The derivation of the angular distributions of muons expected in the
K.G.F., neutrino Zxperiment has been discussed by Osborne (1966) and
Naerasimham (1967).

The equations for the differentiul aperture of horizontally orientated
telescopes given by Osborne have been applied to the four types of detector
in use. The differential aperture is given by the product of the solid
angle and the area of the 'shadow' of the first scintillator wall on the
second wall presented to incident muons from various zenith angles.

The differential aperture in terms of projected zenith angle is given

by,
\‘ﬁm-l % '
I A R ORY. 6.5
P J for V2 TPY 2N
where £ (ﬁlﬁ) = (x —Z o ¢XY‘Z cctﬁ) (m“’/:‘::én:‘:/ﬁ‘ Y A )z 6.6

for the upper hemisphere.
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Y is the telescope height, X its length and Z the width between the
scintillator elements. A is the projected zenith angle (i.e. zenith
angle projected onto the plaone of the front windows of the flash tubes)
and & is the azimuth angle.

(N.B., oz is the minimum zenith angle uaceptable by a telescope
for an 'in geometry' event.)

It is necessary to integrate equation 6.5 numerically and fig 6.1
shows d2 /2 obtained for Tels. 1 & 2 and Tels. 3, & & 5 0.8.7. > 2
layer events.Q

The differential aperture in terms of spatial zenith angle ( dn/de )
can be obtained from eguations A3.2 & A3.3 in Appendix 3. [Fig. 6.2 shows
the spatial apertures obtained from these equations for Tels 3, 4 & 5, 0.5.T7, &
4=fold coincidence and Specs. 1 & 2. (The aperture presented to top/side -
coincidences in the spectrographs has been calculated by Osborne using a
different expression - private communication.)

The 'effective aperture' of a telescope is that presented to a

non-isotropic radiation such as atmospheric muons and is given by

Gm 2
i& = 1(91"‘) 3‘, 4
doe g Gl (E) 6.8

®  The criterion for a > 2 layer event is that the particle must traverse
2 minimum oi' 3 flash tube diameters in the horizontal direction in an
azimuth tray as well as pass through the trigger-giving scintillator
vwall outside the adjacent zenith tray.
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I (8,h) I ( 0,h) depends upon the assumed form of the anguler
distribution and has been taken as given by equations 6.1 & 6.4 for
n=6,7,8,9&10andm=7, 8 9 & 10 respectively.

Although the shape of the effective differential apertures for
different values of the parameters n amd m are similar, particularly at
small zenith angles, the integral aperturass vary gquite considerably (See
Table 6.1). Consequently the accurate establishment of a best fit

distribution is of prime importance in any estimate of the vertical

intensity.
Table 6.1 : Integral Effective Apertures of Tels., 1 & 2 for Atmospheric
Muons.
. o o} 2

Integral Aperture (0 - 50 ) per telescope. m st,
Angular n
Distribution cos © sec O.exp(-m(sec® -1))
Index . n=6 n=7 n=8 n=9 n=10 m=7 m=8 m=9 m=10
Tels. 1 & 2 0.46 0,36 0,28 0.23 0.19 0.34 0,27 0.21 0,18
Specs.l & 2 1.39 1.22 1.07 0.95 0.83 1.25 1.08 0.95 0.86

The effective differential apertures derived from equation 6.7 for
Tels., 1 & 2, Tels. 3, & & 5 4-fold and 0.5.T. > 2 layer atmospheric events
are showvn in figs. 6.5, 6.7 and 6.7b respectively.

For Specs. 1 & 2, the differential aperture (fig. 6.2) is in terms
of ® ©but it is required in terms of B as only limited azimuthal
information is availeble in the results. On the assumption of a cossyﬁ

variation of the angular distribution in projected zenith angle, where 74
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is the zenith angle projected on the vertical plane parallel to the uxes
o1 the flash tubes, the variution of the medion value of » for € in the
range 0 - 60° has been calculated on the assumption of the d etector aperture
being constant over‘/ef . Now,
pim P = tw“}f/4mm e 6.9

which enables ')Z{median to be estimated. The transf'ormation of' the
differential aperture from being in terms of € to terms ot 2 is then
achieved through applying /Qf median to equation 6.9. The spectrographs
effective dirferential apertures, calculated as above, are shown in fig.
6.6.

The method used is an approximation in so far as the assumptions made
gre not strictly true. ‘However, the diff'erence between ){ median for a
0038}4 distribution and the true distribution (not yet established here)
has been shown to be small and the length of' the spectrographs, 4 m , is
enough not to introduce much error in the assumption of constant aperture
over ﬂf .
(§.B. The integral effective aperture for the spectrographs must be

taken as Cw

[ 26250y a0 O

o

6.3 The Effect of Scattering in the Overhead Rock.

In their passage through matter, muons incur energy loses and are
scatﬁered in electromagnetic interactions. By far the most important is
the continuous process of multiple coulomb scattering for which the mean
square angle of scatter is given by,

64 = ('/%2 = 6.10

[
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where d=54iu is the épth of absorber in radiation lengths and p is
the muon momentum. E5 = 21 MeV for the true angle of scatter and
14,8 MeV for the projected angle of scatter. The latter is more useful
for the K.G.F, results, as in most cases only the projected zenith ungle
of the muon cuan be measured.

Muons penetrating the telescopes are virtually all of relativistic
velocities and, assuming a linear energy loss over short elements of depths,

6.10 may be rewritten, integrated, as
> 1)

el S I#.-&l dx
s Xo g Eo 6.11

(-4

where E, = E1 + o is the energy of the muon entering the cell.
E1 is its energy leaving the cell after penetrating o distance =<, .

It follows that,

s* 7.7x207% =<
El Eo 6.12

where > is in m.w.e. stgndard rock and Eo & K, are in GeV.

1
Applying this to muons reaching 7500 m.w.e., it is clear that at
shallow depths, and therefore high muon energies, the scattering is very
small, Only the scattering in the last few m.w.e. of relatively low
energy wmuons makes u significant contrivution to the totul. For example,
the scattering in the first 5000 m.w.e. of rock is less than one tenth of

the scattering in the last 250 m.w.e. for a muon reaching 7500 m.w.e. with

The variation of root mean square projected angle of scatter with
energy for muons reaching 7500 m.w.e. st. rock is shown in fig. 6.3.

This curve is true for most depths underground below a few tens of m.w.e.
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Nultiple coulomb scattering is approximately described by & normal
distribution if', as above, large angle single deflections are ignored.
As the standard deviation is a function of muon energy, the normal distribu-
tion may be represented by the function 524( B,E )db which is the
probability of a muon of energy ¥ being scattered to an angle © . If

N(E)dE is the differential muon spectrum, then

6" ) oS,S N(e)dE. o #(0,e)dp

‘S‘- N(e)dE

6413

where ©° is the mean square angle of scatter of all muons.

For the 7500 m.vw.e. differential spectrum derived from the U2 primary
spectrum (Chupter 3, f£ig. 3.4) J& has been calculuted to be < 1°.
The overall scattering distribution is shovm in fig. 6.4. The probability

5 md by > 5° is 10°F.

of a muon being scattered by > 30 is & x 10
It can, therefore, be safely assumed that scattering alters the angular

distribution of the detected muons by < 1°,

6.4 Intensity and Angular Distribution

The angular distribution of muons detected in the three telescope
groups to 30/11/68 have been used to establish best fit expressions of the
forms described in section 6.2. The statistics, however, are not good and
the application of a goodness of fit test, of theoretical expressions of
similar form to the histograms made up of the events observed, could easily
give a misleading result as a consequence of the chance selection of the cells

used. In an 'attempt to overcome this difficulty, an error of s 2.5o was

attributed to the best estimate projected zenith angle of each event and its
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contribution to tie histogram was distributed over the two 5o cells
covered proportionately to tie error spreud in each. This approach can be
critisized on tlie basis of alteration of the statistical nature of the
experimental data. For this reason, a best fit distribution having been
estimated in this way, true X tests vere upplied to the original observed
data in vhich each event contributed to one cell only.

The true X' tests showed clearly that the similarity between the
expressions leauds to X not being very sensitive to the index n or m,
For Tels. 1 & 2, the observed distribution does not differ significantly
(with 9554 confidence) from both forms applied within the index ranges
11> n> 6 and 10> m> 5. Similarly for Specs. 1 & 2 the ranges are
12> n>7 and 11.5> m > 7.5. tor both Tels. 1 & 2 and Specs., 1 & 2,
the variation of 7(} with the index n for the cos" © form had 2 lower

minimum then that with the index m of the exponentiul form,

Toble 6.2 : Atmospheric liuon Results.
angular Distribution : Verticol Intensities
cos" B form : exp. form (cm-2 sec™> st )
best best best Dbest assuming assuming sec®.
fit n est.n fit m est.m 00599 exp(~8.5(sec & -l»
Tels
1&2 8.3 75 Z < 1,3 x 10 10 < l.2 x 10 10
3pecs. ~9 g,\, 8.5
1&2 9.6 9.8 <9.2x10  <cs6x107H

¥.B., The intensifies quoted in the table are given as upper limits

: 5 2amY A v, e tamen Yol —
ag the number of muons included oot

not lmown. It seems uwnlikely that such muons would give more

than a 15% contribution to the intensity.
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This is because there has been an excess of events in the 500 - 50O region
which is better covered by the comparatively broad distribution of cos™®
with constant n.

The best it values of n amd m, to the 'smoothed' data are given in
table 6.2,

The expected angular distribution of » 2 layer events in Tels, 3,
L & 5 0.5.,T. operution, calculated on the basis of the best estimated
distribution from the other detectors namely,

- -1 - - -
I (0, 7500) = 10 0 cos99 om 2 sect st7t 6.15
]
is shown in fig 6.7b together with the observed distribution,

6.4 : 1 Interpretotion of the sesults

Somewhat unexpectedly, the observed intewnsity of 0.5,T. > 2 layer
events has been found to be about double the predicted value, It is not
possible to explain this result in terms of an underestimation of the
scintillator ef'ficiencies. In view of the previous discussion (Menon et

. o . s o o . .
al. 1967a,b) concerning the excess of events in the 30 - 50 region in

Tels. 1 & 2, this result could be important,

@  xvents cpused by single purticles (assumed to be muons) are plotted
as full contributors to the histogram. svents in which acconpanied
varticles have passed thyough the scintillutor, and increased the
detection efficiency to an assumed 100%, have been counted as
fractional contributors, the fraction being the efficiency at the
anuropriate zenith angle in the telescope concerned.

L-fold type events have been counted as two events because they
passed through two scirtillator walls. However, as it cannot be
assumed that they would nave veen detected in both walls individually
100% contribution has been assumed in one wall and the efficiency

fraction in the other,
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The possible explanations considered previously are,

(a) Topographical effects, including rock density variation and
mining excavation voids.
(b) Scattering of atmospheric muons.
(¢) Muon neutrinos produced near polar regions.
(4) ‘tuons from W - decay as a result of the Glashow resonance interaction.
(¢) 1Interaction products of nuclear interaction and pair production by

high energy muons,

The effects under (a) are estimeted to lead to < 10% error in the
intensity measurement at any angle. Approximutely equal numbers of events
have been detected f'rom North and South, which supports this.

The possibilities under (b) and (c) have been estimated to have a
negligible effect, (d4) also seems unlikely on the basis of the currently
predicted cross-section. Only one or two events would be expected as a
result of the resonance and any peak resulting from it would be expected
at about 60°,

The possibility of the events being pions from nuclear interactions
has also been considered. However, taking the current best estimates of
the photonuclear cross section, only about 1 in 1000 particles detected

are expected to be from this source.

6.4 1 2 Modification of the Exponential Form

Mmisa P

T vaseos s s o o3 o cte oy rvr s - laa
LIS LAGQLUEE 4liga CladiTeiilIl Il Wi

¢ accomodated in the angular
distribution expression if' the expression itself is modified. TFor

equation 6.3, Menon et al. established the values of the constants B and

A from the known intensities at 4000 and 7500 m.w.e. vwhereas B is a
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constont, dependent on the muon intensity, A is a function of t.uc energy
loss processes, This can be scen in the expressicus of Lilhulchi and
Zatsepin (1965) for the vertical depth intensity relation including

bremsstrahlung fluctuations,

I(n) = 4 S [-¥(1 + HD)ah) exp( @ (n))
[1- e {- (1 +K Bland]¥ 6.16

vhere ¥ is the slope of the sea level iuntegral spectrum, K is a
glowly vorying function of ¥ s b’ is the ratio of the fluctuating to
non-fluctuating energy loss parameters, o is the ron-fluctuating energy
loss parmmeter, K, i3 a function of b and ¥, and @ accounts for

the effsct of fluctuotions.

For great depths tihe expression reduces to,

P i
I(h)= B exp [~ (1 + W ban] 6.17
Comparing this with 6.3, it can be sesn that 'A = a¥(1 + H D).
Therefore, clearly, any changes in the slope of the sea level spectrum or
in the nature of the energy loss parcmeters can result in a change in A,
’ /
if we define A = X Yq) where A is constant and equal to the
value attributed to A Dy ilenon et al. ond Y(w is o function of h, then

the depth intensity relation becomes,

I(0,h) = 9.8x 10_7 exp ( - 3§—;as) 6.10
and the corresponding angulor distribution is,
I (a)h) = I (0,h) sec © . exp[‘}l.(% - sec® ]
®) Y (haecB)
6.19

The Tels. 1 & 2 observed angular distribution nos becn used to
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establish the following rough expression for y(h) at depths > 8500 m.v.e.

y(\\). = 1l + (l.s X 10_5)h 6020
where h is the depth below 8500 m.w.e. st. rocke.

For shallower depths, y{) = 1.

On the basis of 6,19 and 6,20, the rate of events in the 30° - 50°
region of Specs., 1 & 2 und Tels, 3, 4 & 5 0,3,T. must be considered to be
dovmward and upwurd statistical fluctuations.

If the increase in N\ is real, it could either be the result of a
reduction in slope of the sea level spectrum or u decrease in the energy
proportional term of the fluctuating energy loss processes. If the latter
is considered alone, theeffect might. not be fully explained by the complete
termination of the photonuclear cross-section. A fall in the bremsstrahlung
term could also be required. (See Appendix 1)

The depth intensity relation for greater depths given by equations
6.18 & 6,10 are shown in fig. 6.8 along with that derived from the U2

spectrum for comparison.

6o 1 3 The sffect of fluctuations on the Angular Distribution

Fluctuations in energy loss of muons penetrating deep underground
result in an enhancement of the wuon intsnsity over that predicted by a
unique ronge energy relation. although it would be more meaningful to
express the fluctuations efiect in terms of a varying f b') in equation
6.17, workers making theoretical studies of range fluctuations have of'ten
presented their results in the form of fluctuations correction factors for
the intensity of muons at different depths underground. (Appendix 2).

The depth intensity curve of Menon et al., equation 6.3, has been
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normalised by the authors at 7500 m.w.e. to have constants as follows,

I (0,h) =9.8 x 1077 exp ( - _h_ ) on 2 gec st ™t
( B0)

where h is in m.w.e. standard rock.
The valuwe of B, 9.8 x 10_7, already incorporates the fluctuations correction
foctor as it is based upon ekperimental evidence,

To extend this depth intensity relation to greater depths incorporating
the relevant fluctuations correction, B may be replaced by A/Rh where A is
constant and Ry, is the correction factor at the depth h. The depth
intensity curve for > 7500 m.w.e. has been vredicted using the above method,

from the angular distribution observed in Tels., 1 & 2 and is,

(0,m) = (&) exp (- 2A) 6.21

-

where A = 7.9 x 10-'7 and A = 781 m.v.e.

This is shown in fig. 6.8 using the enhancement factors of Osborne
et al. (1968) for values of ¥ taken from the U2 aea level spectrum at
appropriate energies. It can be seen in the figure and in table 6.3
that this leads to similar values of intensity to those predicted by
equation 6.18 for depths between 7500 m.w.e. and 12000 m.w.e., the latter
being about the maximum effective depth used‘in establishing equation

6.20,




Toble 6,3 Comparison of Depth Intensity relations
. . . -2 -1 -1
Depth Intensity relation Intensity (cm = sec sterad )
8500 m.w.e, 11000 m.w.e. 15000 m.vie
From U2 primary spectrum b x 10—11 2.0 x 10-12 2.3 x 10-1#
I(o,h)= 9.8 x 10'7 exp(- Dg )
. =11 =12 =15
- Menon et al. 2.3 x 10 1.2 x 10 8.9 x 10
I(o,h)= 9.8 x lO_7 exp(-i?' )
3 -11 -12 =14
I{o,h)= 7.9 x 10-'7 exp(- "4 ) -
Rh
-1 - -
—equn. 6.21 3.5 x 10 1 2.1 x 10 12 2.1 x 10 14

Although the slope of the U2 spectrum was used to obtain the
fluctuations correction factor in equation 6.21, the intensities given by
the latter are not very sensitive to ¥ and their similarity to those
from the U2 spectrum is nét primarily a conseguence of using the correction

factors for the same slope.

6.4 : 4 The Nature of the 300 - 50o Events Excess

To investigate the possibility of o process other than Wf—)u decay
being responsible for the excess of events at 30o - 500, additional
information, about the events, is required. The ef'fect is virtually
non-existent in the spectrograph results, quite obvious in the Tels. 1 &

2 results and possibly more obvious in Tels. 3, 4 & 5 0.8.T. 2. 2 layer
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results. The extent of the effect may be roughly correlated with the
reduction in thickness of the telescope absorbers. To further investigate
this possible correlation, the angular distribution of 0.S.T. 1 layer events
has been calculated for comparison with the observed events on the assump-
tion that they are all muons. (fig. 6.9 ).

Using Tels. 1 & 2 and Specs. 1 & 2 results as a guide, it might be
expected that an excess of events would be detected in the 300 - 50° region
in Tels. 1 & 2 on account of the reduction of absorber thickness presented
ut those angles. Similarly, in general, Specs. 1 & 2 present less absorber
(i.e. path length in magnet) at smaller angles. Thus, taking any excess
of muons in Tels, 1 & 2 in the 300 - 50o region and in Specs. 1 & 2 in the

< 300 region to be of different origin, the intensity and angular

distribution can be estimated using Tels. 1 & 2 <130° data and Specs. 1 & 2

300 - 50o data., This gives a vertical intensity of 9.4 x 10-ll cm_2
-1 -1
sec st and an angular distribution (of the form of equation 6.4) of,
I{o,h) = 9.4 x 10”7 sec © . exp. (- 8.5 (Sec © -l)) 6.22

The variation of the ratio of observed to expected intensity against
absorber thickness is shown in fig. 6.10. Although there are quite large
errors on the points, the general tendency does seem to be towards a higher
intensity of particles in detecting bands with less absorber,

The possibility of the excess of events being a result of muon pair
production from the decay of the heavy intermediate particle proposed to
explain the results of muon less air shovers by Maze et al. (1969), has
been considered. However the survival probability of a particle of rest
mass 10 GeV and lifetime 10-9 sec increases so rapidly with energy that

muons detected from its decay would be of high mean energy in contrast with
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the probably low energy of the detected excess muons,.

Another possibility is that of a resonance in the neutrino inter-
action cross section. However a low energy resonance would be needed to
explain the results and no such resonance has been observed in machine
experiments to 10 GeV,

It thus seems that although there may be some evidence for a low energy
component in the observed events, no satisfactory explanation is readily

available,

6.5 The Energy of Atmospheric Muons.

The experiment was not designed to investigate the energy of atmospheric
muons but a study of the electromagnetic accompaniment, particularly that
produced by muons in the lead absorber of Tels. 1 & 2, can be of use in

estimating the mean energy,

6.5 : 1 Shower Events,

Seven useful shower events have been recorded in Tels, 1 & 2. Two of
these showed two stages of the shower development in different flash tube
trays. It was, therefore, possible to fit the numbers of electrons present
(as estimated from the flash tube photographs) on either side of a lead
absorber to the cascade shower curves shovn in fig. 3.15 so as to obtain an
estimate of the shower initiating primary energy. In the other five events,
the shower was visible in only one layer of flash tube trays and the
approximation was made that the shower maximum was observed so as to
estimate the energy of the shower primary.

The results of the analysis are shown in Table 6.4,
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Table 6.4 Tels., 1L & 2 Shower Events.

Number of
Event No. electrons Ne at Ne at §b§orber Shower
depth depth Thickness .
(Ne) at primary
‘ t t t, - ¢
shover max. 1 2 2 1 energy(GeV)
(rad.lengths)
8 8 - - - Ooll-
9 30 - - - 1.7
19 4 - - - 0.2
14 10 6 15 L
26 LI- - - - 0-2
32 18 - - - 1
41 5 12 8 2
6.5 : 2 TFrequency of Shower Observation

Following the theoretical analysis in Chapter 3, the observed events
may be studied with regard to the frequency of observation of showers of
greater than a given number of electrons,

For all 'in geometry' atmospheric muons detected in Tels 1 & 2, the
thickness of absorber traversed has been estimated. The 44 muons used
in the analysis traversed a total of 5.4 x 103 grms/cm2 of lead in the
telescopes. In all cases, by virtue of the scintillator coincidence
arrangement, the muon passed through two layers of lead flanked by layers
of flash tubes.

Table 6.5 shows the total number of showers observed, the distance in

lead absorber traversed by the muons and the consequential frequency of
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observing a shower per grm.cm
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of absorber traversed per lead layer.

The relative contributions of muons with projected zenith angles < 300

and. 300 - 50o are also given,

Table 6.5

Frequency of Showers detected in Tels, 1 & 2

Showers from
muons 3 < 30°

Total Showers
- all muons

Showers from o
muons 30°- 50

No. of showers of > 2

electrons observed

leaving a lead layer 9 4 5
Total absorber traversed
by detected muons

-2 3 ) 3
(grm.cm ~ lead) 5.39 x 10 3.24 x 10 2.15 x 10
Probability of shower
observation per grm.cm-
traversed 1.67 x 10-3 1.23 x 10_3 2.33 x 10-3
E p  effective(GeV) L60 310 710
(N.B. The 2 showers visible in 2 flash tube tray layers are each

included twice.)

6.5 : 3

The Effective and Mean Energies

The shower frequency observations for showers of more than 3 electrons

may be applied to the predicted frequency distributions of fig. 3.7.

In this way a unique ‘'effective' energy may be attributed to the muons
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detected., Values of this energy, are shown in tuble 6.5.

LMepp

48 the observitions do not permit the meusurenent of the meon energy

Ex E}*eff must be calculated for comparison with t.ae observed energies.

. I . :
from section 3.7 4, if Pn(ﬁ}A) - gE-PE.- d dp 6.23

then the effective probability of' observing a shower of > n
glectrons from a muon traversing o lead absorber layer, per grm. cm. ’

is given by

P oo = Pa(&,. ) n (&

(where n(El*) i the differ.ntial muon s.ectrum)
und the effective eier_y is obtained from fig. 3.17 from the variction
of‘SE Pe.dld  with K.
P
el
Using the D /, U2 and pXP spectra derived for 7500 m.w.e. in sections

3.2 und 3.3, & aleculated using Pn(ﬁ/k ) for n > L, has the values

Mefe? ©

shown in table 6.6.

Table 6.6 Iiean und mffective Energies
Spectrum ‘ ggan snergy B, opp (GeV)
'E'}.\ (G-eV)
Predicted Qbserved
-9 4 Fa e d
D 295 355
2 A kA .
U 336 310 430 +330
'EXE! 287 285 ~180
(N.B. The observed L}kenf is derived from the 7 observed shovers
L

consisting of > L4 electrons).
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The errors on the observed effective energy do not permit o
distinction to be made between the different spectra but, in any case,
it must be remembered that the predicted values are for vertical muons
whereas the observed value wos recorded for muons over the range 15o - 50°
PeZ o . E)&eff for two angulur ranges is given in table 6.5 as observed
from showers of > 2 electrons. However, of the 9 shower sections
observed 3 were produced by muons from projected zenith angles betiween
300 and 310. If these had been included in the < 500 group, the result
would have been reversed, Clearly, then it would be unsatisfactory to base
any firm conclusions on these energies.,

If the ratio of mean to effective encrgy for Lhe actual spectrum is
token to be the same as for the U2 spectrum, the mean energy of detected
atmospheric muons may be taken as 450 figg GeV corresponding to an equiv-

alent vertical depth of 8900 ¥ 200 m.w.e.

6.5 :+ 4 Total Electromagnetic Accompaniment

As o final means of estimating the underground muon energies, a
method based on the spectrograph observations of Said (1966) has been
applied,

The observations made were on the frequency of electron events produced
by muons in the momentum range 5 - 1000 GeV/c. The resul%s, also shown by
Menon et al., (1967), show a rapid increase in shower frequency with energy
above ~~ 100 GeV. A less rapid increase in single electron production
and an almost constant probability of 8§ - ray production with energy.

A guantity R has been defined such that,

R= 1+ 0.7 o+ F2 + 3 F3 6.25

Ei
BOIENGE

817
22 JUL1969
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where Fl, F2 and F3 are the probabilities of observing, per flash tube
troy from one muon traversal, § - rays produced in the flash tube trays,
knock on electrons and showers.

The co-efficients of F have been established empirically from previous
experiments. The first term represents the traversing muon.

In the analysis made by lienon et al, the observations in all 3 flash
tube tray layers were included and the F parameters had values of O, 1/3,
2/3 or 1. This method has been maintained for the Tels. 1 & 2 analysis
but only accompaniment produced in the iron absorber has been included in
the Tels, 3, & & 5 analysis so that the ¥ perameter derived from the date
of Said are directly applicable.,

Fig. 6.11 shows the R values calculated for the 'in geometry' <L500
events which are probably atmospheric muons. Also shovm is the mean R for
the 0,8.T7, > 2 layer events. The continuous line is that predicted by
Menon et al. for Tels., 1 & 2 at 7500 m.w.e. and the dotted line is that
predicted for the B.D. experimental points (Creed et al., 1965) vwhich are
also, shown. The pointsz are plotted at the mean energies calculated in
Chapter 3, sections 3.5 and 3.6,and the estimated R value for 0.S.T. events
has been corrected for the fact that the accompaniment was produced in iron
and not lead as in the other cases.

This data has also been divided into the <:50° and 300 - 50o regions
and the points plotted on the expected curve at the respectivqualues of

K. ‘The results indicate wi increase of ensrgy at larger zsnith angles,

This may not be as significant as 1t seems since the expected curve is for
muons at the mean zenith angle of about 300. The increased acceptance of

the telescopes to large zenith angle particles must increase the probability
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of observing accompaniment produced in the surrounding rock., This,
however, can only be the case for the Tels. 1 & 2 data as the Tels. 3, &4
& 5 events accompanied by rock showers were not included.

The analysis indicates that the mean energy continues to increase with

effective depth underground greater than 7500 m.w.e.
6.6 Conclusions

The similarity between the depth intensity relations, equations
6.18 and 6.21, suggests that the excess of events could well be at least
partly explained as o .result of energy loss fluctuations.- Consequently,
assuming all muons detected at zenith angles less than 50o to be of
atmospheric origin, other than those which are clearly neutrino-initiated,
the best expression for the angular distribution of atmospheric muons deep
underground is

(R, )
I(€,h) = I(o,h) ( /Rheff) sec® . exp (- _-R—(sece -1))
where h aq is the effective depth at an angle © .
The best estimate vertical intensity of atmospheric muons at 7500

m.w.e. standard rock is,

- - -1 -
1(0,7500) = (1.0 ¥ 0.2) x 10 10 cm 2 sec ~ sterad .

and the best estimote angulor distribution of atmospheric muons is

1(e,7500)= 5 x 107 sec @ exp( - 9.6 (sec © -l)) em Zsec-T
Rheff sterad-l

(i.ee N = 781 m.w.e.)

Poor statistics do not permit firm conclusions to be drawn about
the variation of mean energy with depth greater than 7500 m.w.e, from the

present shower analysis, The observed showers, however, suggest a mean
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+330

energy of 450 _ o GeV at an effective depth of 8900 ¥ 200 m.w.e.

The total electromagnetic accompaniment suggests that the mean energy
at 8200 m.w.e. is ~ 270 GeV and continues to increase to ot least 9500
m.w.e, effective depth where it is of the order of 400 GeV. This is in
quite good agreement with the shower analysis and is taken to be the best

estimate from the present experiment.
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CHAPTER 7

Analysis of the Neutrino Events.

The number of neutrino-induced muons expected in all detectors from

. the different neutrino interactions has been listed in table 4.1. These
predictions were made using the angular intensity variations of muons from
the different interactions as given by Osborne (1966) (see fig. 7.l).

The reasons for the increased intensities of neutrinos at large zenith
angles hove already been described and the extent to which this angular
variation is passed on to the muons is governed by the energy dependence
of the cross-sections,

1
according to the detector concerned) have been integrated over all zenith

The differential effective apertures Ip / (dp7 ) or Ia/ da, )
v (Igod 2P Io \ Zae

angles for each type of detector and are given in table 7.l.

Table 7.1 : sffective aperturss for neutrino-induced muons.

Aperture (m2 sterad)

Interaction Tels 1 & 2 Specs 1 & 2 Tels.’, 4 & Tels.3, 4 &
5(4-fold) 5 (0.5.T.)

Elastic 15.4(13 .4) 30.,1(25.1) 6.7(64) 6.7(5.1)

Inelastic (i) +

(11)(4) 12,2(10.8)  23.7(20.4)  5.5(5.3) 5.2(3.9)

inelastic (i) +

(11)(B) 13.6(11.9) 26.5(:22.5) 6.1(5.8) 5.9(4.5)

Figures in brackets are for large zenith angles only i.e. Tels. 1 & 2 and

Specs. 1 & 2 — >45° p.z .a. Pels. 3, 4 &5 — = 50° 5.2 .04




FIG.7.1: Angular Variation of Neutrino-induced Muon Intensity
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7.1 Neutrino-induced livon Intensities

In table 7.1, it can be seen that the aperture presented to neutrino-
induced muons varies according to the interaction and, as the exact propor-
tion of events detected from each type of interacting is not known, an
effective mean aperture must be estimated for the calculation of the horiz-
ontal intensity.

From the observed neutrino-induced events described in Chapter 5, when
allowance is made for the 0,5.T. detection efficiency, about 33% of the events
can be recognised as being from non-elastic interactions., This is a high
proportion and represents those in which more than one of the charged inter-
action products passed through the detectors. Of' the r emainder, several
may well be from non-elastic interactions also. Thus, as a reoasonable
estimate, the apertures presented for the inelastic (i) + (ii)(B) case may
be taken. The corresponding exposures for euch detector are, therefore,
as given in table 7.2 and the intensities of horizontal neutrino muons are
fi:z) x 10-13; Specs. 1 & 2,(1.9 ri:Z)ix 10_13; Tels.

3, 4 &5 (h—fold),(G.S:E:E x 107, mels. 3, k&5 (O.S.T.),(4o9t};:$ x
13 !

, all in en.”? sec”' sterad

- -1
X .10 “cm, 2 sec.' sterad .

- TelS. 1 & 2,(302

10~ , the combined best estimate being 3.2 = 049
Pig. 7.2 shows the measured intensity from the present experiment
together with the latest intensity given for the Case-iiits. - Irvine
sxperiment (Reines, 1969) and predicted intensities for different assump-
tions about the inelastic cross-section and boson mass,
The observed angular distributions at large zenith angles and those
expected from the inelastic (i) + (ii)(A) case are shown in fig. 7.3,

The poor statistics do not permit any comparison to be made between the
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observed distributions and those resulting from different saturation

energies of the inelastic cross-section.

Table 7.2 : Exposures to neutrino-induced muons

Exposure (cm.2 sec. sterad.)

Interaction Tels. 1 & 2 Specs, 1 & 2 Tels. 3, 4 & Tels., 3, &
(all x 101’) (all x 1015) 5 (#‘f°lgg & 5 (0.8.T.)
(all x 107°) (all x 1012)
Elastic 2.42(2.11) 2.05(1.71) 3.42(3.27) 8.9(6.8)
Inelastic (i) +
(ii)(a) 1.92(1.70) 1.62(1.39) 2.81(2.71) 6.9(5.2)
Inelastic (i) +
(ii)(B) 2.13(1.87)  1.81(1.55) 3.12(2.96) 7.85(6.0)

Figures in brackets are for large zenith angles only.

7.2 Neubtrino-induced Muons at Smaller Zenith Angles

From the observed large angle events, the total number of upward
moving neutrino-induced muons at small %enith angles in Tels. 1 & 2 is
calculated to be 0.4 on the basis of the predicted angular intensities
(see table 7.3). This figure, coupled with the observed probability of
knock on production, leads to an expected number of upward moving muons
producing kuock ons of ~ (.08, In Chapter 5 +the observed number of
upvward moving muons producing knock onec in Tels., 1 & 2 was estimated to be
2_1 , however, the poor statistics do not yet permit any significance to

be attached to this difference between the observed number and expectation.
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Table 7.5 : Expected rates of upv.rd moving muons at swmall zenith angles

Tels. 1L & 2 Specs. 1 & 2 Tels.3.4 Telsud,b &5

&5 (C.5.7.)
. (4=fold)
Small angles
(1ower-
: hemisphere)
aperture
fraction Total 0.12 0.14 0.05 0.24
- - - _/
Klastio 2.8 x107° 7.0 x10° 5.0 x10°° 2.5 x107°
wxpected Inelastic _r _c -6 -5
vates for {(1)+(i1)(A) 1.6 x10° 3.7 x10 ° 3.0 x10 1.4 x10
lower hem-
isphere Inelastic -5 -5 -6 -6
per (L)+(ii)(B) 1.0 x10 2.2 x10 1.8 x10 8.0 x10
detector
hour
Ho.of upward moving
muons expected at
small zenith angles
to 31/12/68 0okt Okt 0.03 0.3

) Interpretation of the Neutrino-induced Events

The most interesting feature of the events is the number resulting
from interactions close to and in the detectors.

The relatively large angles of divergence of the products in the
inelastic inter.cticns mi.y be cousidered as s part explanation for the
300 - 500 excess discussed in the previous chapter. However, even though
the neutrinos are expected to be peaked in the horizontal direction, the
angular distribution of product muons produced with even & large transverse
momentum would give a much less peaked distribution than is necessory to

explain tne excess., In particulur, several muons from thisz source would
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be expected in the 50o - 70o region which has, in fact, yielded very few
events. On the other hand, the number of' upward moving muons detected
at smell zenith angles is greater than that predicted, on the assumption
that the muon retains the direction of the neutrino, and is in agreement
vwith large opening angles.

As in section 6.5.4, the electromagnetic accompaniment of the neutrino
events has been used to estimate the mean muon energy. Fig. 6.11 shows
this to be, very approximately, 7 GeV for the Tels., 1 & 2, Tels. 3, 4 & 5
(4=fold) and Specs. 1 & 2 évents. To reduce error the 0.5.T. events have
not been included as the detection efficiency is biassed towards accompanied
events. Bven s0, the estimated mean energy has a large error as the
accompaniment is not very sensitive to energy over the region of interest.
Consequently, when the measured rate and mean energy are compared with the
predictions in fig. 4.4, a large region is covered by the errors., It can
be seen that the observations do not cever the possibilities considered at
all, the total rate not even being as high as predicted from the constant
elastic cross-section and the inelastic cross-section saturating at 10 GeV,
On the other hand, the proximity of several inelastic interactions, mentioned
above, is a clear indication of an increasing inelastic cross section above
the 10 GeV. limit of the accelerators.

The apparent amomaly is reconciled if the energy taken by the muon,

in higher energy interactions, falls. From the available results it is

increase so that, for instance, the results could be in keeping with a

constant cross-section above 10 GeV and E/‘/Ev faolling from 0.67 at 10 GeV

to 0.15 at 20 GeV and then constant to higher energies. Alternatively,
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they could be in keeping with the cross-section saturating at 100 GeV with
E:)"/E9 falling rapidly from 0.67 at 10 GeV to 0.05 at ~ 20 GeV and
constant above. A more gentle fall in E/“‘/E,, could be accomodated if

the cross-section saturates at 10 - 30 GeV with constant b)*/E, of ~ 0.l

at higher energies.

74 0.85.T. A-type Events

In the scanning of the 0.5.T. films, many non-event frames have been
seen which show either a short track in one tray or a few flgshed tubes,
in different trays, which can be aligned. Such occurrences have been
designated 'A-type events!', The possibility of some of these being caused
by charged particles has been investigated and, for this purpose, the A-type
events have been subdivided into three types,

(a) Those showing a configuration of 3 flashed tubes which could be
of 100% internal efficiency, the particle, if genuine, having passed through
an inter-tube gap in one layer,

(b) Those showing configurations with < 100% internal eificiency but
still with 3 tubes f'lashed.

(¢) Those involving more than one tray in which, if a charged particle
wns responsible, the flash tube efficiency was & 100%.

The number of occurrences in category (c) was small and could be
explained adequately in terms of chance alignment of spurious tubes. The
occurrences in cafegony (b) were more frequent, but some degree of scanning
error must be allowed for since the unflashed intermediate tubes could be
misleading; '"Pracks' in this category ere, by definition, confined to

small znd intermediate zenith angles.
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Category (a) is the most useful and the only one fully analysed.

Again by definition, events in this category are confined to near-horizontal
directions., Using the regularly recorded spurious rates, the expected

rate of chance combination of spurious tubes has.been calculated to be ~
40% of the total observed rate in category (a). If it is assumed that

some of the remaining 60% is from radioactive decay in the iron absorber,
then different rates would be expected in the inner trays, flanked by two
layers, than in the outer trays, flanked by one. ihen this is taken into
account, a rate of external radiation, not from the iron or flash tube trays,
of ~ 2 x 10-11 cm._2 sec.-l sterad.-l is obtained assuming a detection
efficiency of 50%.

The estimated rate is quite high and is most unlikely to be due to a
flux of electrons from solar neutrino interactions. It is most probably
due to the accompaniment of atmospheric muons since this mechanism could
provide particles of sufficient energy to penetrate the scintillator and

3 flash tubes (i.e. > 8 MeV).
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CHAPTER 8

Celestial Co-ordinates of wmvent Arrival Directions,

It is possible that some of tine detected particles have come from
poarents produced, not in the sarth's atmosphere, but in extra-terrestrial
sources and an analysis has been made of this possibility.

Before looking for anistropy and points of high intensity, however,
it is necessary to consider the effect of the aetector running times and
apertures presented to different regions of the celestial sphere.

Fig. 8.1la shows the dirierentiul running time, in 45° segments of
right ascension, to the end of 1968, The non-uniformity of the Tels. 1
& 2 distribution is indicative of lost rumning time during the construction
of' the other detectors, Fig. 8.3v shows the total diff'erential exposure
for uall detectors, the deviation over sidereal time acmounting to < I 3da

Figs. 8.2 & 8.3 show the projection on the celestial sphere of the
Tels. 1 & 2 geometry, euach ore representing the azimuthal range scanned at
the projected zenith ungle indicated. The effect of the site latitude is
manifest in the ranges of declination scanned in the two hemispheres during
the rotation of the acceptance projections nbout the pole with sidereal
time.

In accordance with the analysis in Chapter 5, the celestiul co-ordinates
of the neutrino-induced events have been plotted seperately from those of
the atmospheric muon events. The distribution of the atmospheric events
in right ascension is shown in fig. 8.1lc and the celestial co-ordinates in
figs. 8.4 & 8.5. 1In figs. 8.6 & 8.7, the celestial co-ordinates of the

neutrino events are shown plotted in the appropriate hemisphere in cases
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where the muon direction has been clearly identified and in both hemispheres
where there is ambiguity. .

As can ve seen in figs. 8.2 & 8.3, the poor azimuthal inf'ormation in
Tels. 1 & 2 and Specs. 1 & 2 leads to a large error in the celestial co-
ordinates which appears principally in right ascension and to a smaller
extent in declination. However, the probability of an atmospheric event
being detected at a large zenith angle (i.e. at the extremities of the
azimuthal range) is considerably reduced by the rapid fall off of intensity
with zenith angle ond to o lesser extent by the telescope aperture, The
majority of the Tels. 1 & 2 and Specs. 1 & 2 atmospheric events are expected
to have traversed the detectors at a small azimuth ongle and, to avoid
confusion, their celestial co-ordinates have been plotted ut the most probable
azimuth angle (i.e. zero, in most cases) instead of in the form of arcs as

has been done for the neutrino events.

8.1 Atmospheric Muons.

Previous analyses of the early events, made by lienon et al.(1967a),
Creed (1967) and Narasimham (1967), revealed anisotropy in both hemispheres
for atmospheric muons. The increased numbers recorded since then have
removed the anisotropy in the northern hemisphere, but not in the southern
hemisphere.

A 7L2 test applied to the two ranges of right ascension, 100° - 280o
and 2800 - 100o in the southern hemisphere (these being approximately the
regioﬁs above and below the golactic plane) gives a confidence level of less
than 1% that the observed distribution is a statistical fluctuation.

This confidence level may be a slight underestimate as the choice of cells,
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. . . ~ 2
whilst not made to give a maximum "X °, was not made entirely at random.
A similar test of the northern events shovis the difference in intensities
in the same two ranges to be within statistical fluctuation with about 9056

conf'idence.

8.1 : 1 Comparison with Frevious Investigations

Wiith the few exceptions indicated below, no sidereal variations have
been found in extensive air showers from primaries 1017 eV and possibly
higher, the majority of experiments having been carried out in the northern
hemisphere. The observed lack of anisotropy in the northern hemisphere in
the present experiment is, thus, in accordance with the majority view.

Reports have been given of two experiments carried out near the eguator
which covered the southern hemisphere to some extent. Chatterjee et al.
(1967) at Ootacamund (11° N) have reported a decrease in the intensity of
muon rich showers of ~ 1015 - lO16 eV in the region of 225o - 3150 right
ascension for he declination range - 20° to + AOO (a result which is in
agreement with the observations of Hatano et al. (1966) for the declination
range + 6° to + 660). However, the M.I,T. air shower group's experiment
at Kodaikanal (lO° N), which covered the southern celestial hemisphere to
a declination of - 400 and responded to primaries of ~~ 1015 eV, chowed
isotropy with no deviation from the statistical error of ~ 1% (Rossi, 1960).

The present results are not necessarily inconsistent with thesé results

for the following reasons,

(i) Chatterjee et al.. As the region of reduced intensity reported by
these authors agrees with that of latano et al., it seems most likely that

it is principally, if not all; in the northern celestial hemisphere.



Only 12 events are plotted in the southern hemisphere and it is not

possible to attach any significance to their distribution in right
ascension,

(ii) M.I.T. group: The 9C2 tests were applied to declination bands and
"suspected" areas such as a belt around the-galactic plane and a belt around
the plane perpendicular to the spiral axis. The group havelnot reported
applying a TKZ test to regions of right ascension and, from their plot,

it cannot be said that isotropy would necessarily nave heen found had they
done so.

A report has also been given of an experiment carried out in the
southern hemisphere. Kamata et al. (1967) at Chacaltaya (16° S) have
observed, for some time, an excess of muon-poor showers in the range lO14 -
1016 eV in the right ascension cell 200 - 220° over a declination range
from - 60° to + 40°.  This right ascension cell falls in the region of
excess in the present experiment. ( Although at first sight it may seem
unlikely, it is possible that there may be a connection between muon-poor
shovers and high energy muons, particularly if the recently discussed direct

production of muons occurs.)

8.1 : 2 The Observed aAnisotropy

If genuine, the effect in the gresent experiment may have some connec-
tion with the galactic plune, in view of its large scale nature, and
deflection in magnetic fields must be considered, particularly as recent
studies indicate that the high altitude field is in opposite sense to the
disc field cbove the galactic plane and in the same sense below (Duvis,

1966). However, the dimensions of these fields are thought to be such
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5

that primary cosmic rays, of energies 1014 - 101 eV (the energy range
thought to give rise to the majority of muons detected in the present
experiment), originating from outside the local spiral arm, could only reach
the Barth by spiralling along the fields. Also the irregulerities of
interstellar magnetic clouds might be expected to produce isotropy at these
energies, If, however, the sources of a sizeable proportion of th? observed
events are relatively close within the local spiral arm, the muons could
arrive anisotropically.

It seems, then,that the observed anisotropy, which does not seem to be
in direct conflict with the observations of other workers, has a possible
interpretation in terms of primaries, from nearhy sources, deflected in the

local magnetic fields.

8.1 : 3 300 - 50° Atmospheric Muons

The arrival directions of atmospheric muons in the 30° - 50o Pe 2 o204
ronge of Tels, 1 & 2 have been studied seperately for the possibility of
their throwing light on the cause of the excess. 18 of the events lie in
the northern hemisphere ond the other 10 lie in the southern hemisphere.

Neither hemisphere shows any inconsistency with an isotropic distribution.

8.2 Neutrino-induced liuons.

In table 8.1, the arrival directions of the neutrino events plotted
in figs. 8.6 & 8.7 are compared with the celestial co-ordinates of some
important stellar objects (also shown in figs 8.2 & 8.3). Most of the
events have an error of ¥ 1° Pe 2 «.@. Which permits their covering the
co~ordinates of the events listed.

The most interesting feature of the plot is the linking of events 3,



Table 8.1: Comparison of Celestial Co—-ordinates vith Stellar Objects

Northern Celestial Hemisphere Southern Celestial Hemisphere.

Event Aves

No. Direction Object ﬁgiff Direction Object

3+ Up 3610,3C430,3C461 3 + Down MP1426,MP145],
CP0328, CP0808. MP1727

11 Down 3010, 3C430 4 Up -

43 Down 3C10 11 Up 11P0835,

PSR0833-45,

48 Dovm - 11P0959 ,MP0940

54 Up CP1133 29 Up =

30$ Up CP0950 L3 Up -

36 Up 36345 3)0':1 Down PSR2045-16

523 Dovm 3C345 36 Down -

540 Dovm 30409 S40 Up -

S71 Lown - 061 Up -

016 Up - 073 Down -

070 + Up 3C1L7

+ There is o large error in the projected zenith angles of these events

Correspondence with the object is possible as a result of azimuthal
error,
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11 & 43 in the northern hemisphere and the same three, together with events
L & 29, in the southorn hemisphere, wvent 43 is more likely to be Irum
the northern hemisphere and events 3 & 1l are equally probable from either
direction, “he vicinity of the southeirn intersection does not contain any
interesting visugl or radio sources but tie northern intersection, at
~ 5o R.a, and 630 Dec¢,, i5 very close to Tycho Brahe's supernova (3010) at
5.70 R.A. and 640 Dec. Taking into account the error in the projected
zenith angle of event 3, the probability of three of the events in the
northern hemispherec intersecting within an area of (10)2 is estimated to
be not much less than 0,1. However, that the point of intersection should
lie in the same cell of (20)2 as one of the 4 brightest radio sources in
the 3C catalogue covered by the exposure in the northern hemisphere {i.e.
those of flux density = 1072 wom. 2 (?/s)—l)
L

chance coincidence to ~ 10 ', (0f the three other sources covered,

; reduces the probability of
Cygnus & (3CL05) is thought to be an exploding galaxy and Cassiopeia «
(3C461) the remains of a supernova).

As supernovae are consldered to be one of the main sources o: cosmic
rays, this result is of considerable interest., liuon neutrinos can be
produced in the decay of pions which in turn vwere produced in the inter-
actions of high energy nucleil with the nuclei o local gas atoms. Burbridge
(1967) has said that for most radio galaxies with steep spectra, the majority
of neutrinos would have fairly low energies (i.e. ~ 100 lLeV). However,
sources with flat radio spcctra, such as the Crab Nebula, would emit
predominantly higher energy neutrinos of ~ 100 GeV, However, tne high
proton fluxes required are not thought to be present during steady state

conditions and only violent outbursts could give rise to them,
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In the present experiment, the Crab Nebula, which is the most
thoroughly studied supernova, receives very poor coverage as it lies in
the northern hemisphere at a declination of ~~ 220. nven if it is a
source of detectable neutrinos, their identification would only be possible
if the flux was large enough to be seen over the atmospheric muon background.
3C10 (Tycho Brahe's ster) receives a much better coverage by the K.G.TF.
detectors, both in aperture and at large zenith angles, and it is relevant

to note that, although not the biggest supernova remains in our galaxy, it

e
0]

one of the most recent, having been first observed in 1572. It could
be that this supernova is still in a position to emit a large enough flux
of muon neutrinos with sufficient energy to be detected in the present

experiment,
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CHAPTER 9

Other Cosmic Ray Neutrino Experiments,

Aport from the K.G.F., sxperiment, two other experiments are currently
in operation for the detection of neutrino-induced muons. Their experi-

mental details and the results obtained are now described.

9.1 The Case ~ vits - Irvine gxperiment

9.1 : 1 The Detection System

" The original arrangement, built in 1964, for the collaboration
exﬁeriment between the Case Institute, Ohio and the University of \iitwates-
rand, now also including the University of Califormia (Irvine), has been
mentioned in Chapter 1. Fig. 9.1 is a schematic diagram of the array.
Situated at 8800 m.w.e. local rock at 76th level in the Sast Rand Proprietry
liines, near Johannesburg, the detector array consisted of two parallel walls
of Lucite and Plexiglass tanks, each tank being of dimensions 5.5 m. long,
58 m. high and .125 m. thick, containing liquid scintillator and viewed
by four 5" photomultipliers, two at each end. llounted three high, the
total of 36 tanks stretched for 37 m. along opposite walls of the tunnel.
The length was extended, in 1966, to 67 m., giving a total detecting area
of 165 mt?, and two additional 'bays' including Cerenkov detectors were
added.

The system was triggered by a 4-fold coincidence, from any four
photomultipliers in one wall, and the event was located along the detector
axis from the ratio of the photomultiplier pulses at each end.

9.1 : 2 The Events.

The events are most simply divided into categories according to their
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coincidences., These are,

(a) Single tank events - events triggered by four photomultipliers
only, all four viewing the same scintillator,

(v) liore than one tank vertical events - in which pulses were
recorded in tonks mounted above each other in the same bay.

(¢) Two tank cross-tunnel events - 8-fold pulses were recorded from
tvwo tanks, one on each side of the tunnel.

(d) Three tank cross-tuanel events - two tanks on one side and one
on the other, all in the same bay, provided the coincidence.

(e) DMultitank events - in which pulses were recorded in a total of
more than three tanks from both sides of the tunnel or more than one bay.

Types (a) and (b) could have been caused by both neutrino-induced and
atmospheric muons or their secondaries., Type (c) events were mainly caused
by single penetrating particles passing through both walls, with a projected
zenith ungle of > 450, and are interpreted as neutrino-induced muons.
The type (d) events may have been due to complex neutrino interactions,
pairs of near-vertical atmospheric muons and/or their accompaniment.

The results obtained in the experiment from 27/10/6L to 23/8/67 are

given in table 9.1
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Table 9.1 Case - wits - Irvine - 76th level Results
(Reines, 1968)
Type of svent Total No. Running rime
(a) Single tank events 264 31863 tank days
(b) Two tank vertical events 58 5327 baoy days
Three tank vertical events 32 5327 Dboy days

(c) Two tank cross-tunnel

events 34 5417 bay days
(d) Three tank cross-tunnel

events 6 4980 bay days
(e) lultiple events 13 4980 bay days

For each event, the pulses from each photomultiplier were displayed
on oscilloscopes und measured., A minimum ionising particle traversing a
scintillator normal to the detecting plane loses, on average, 20 lleV,
Thus, in cases of two tank cross-tunnel events, an energy deposition of
this order per detector is confirmation of a neutrino-induced muon.,
The energy deposited may, sometimes, help to clarify the nature of ambiguous
events, however, the method is of very limited use when more than one
particle passes through a tank, Also, of the 34 cross tunnel events,
type (c), about one third deposited a small energy (i.e. ~ 5 - 10 lieV)
in, at least, one of the tanks. This might be an indication of low energy
knock-on electrons associated with muons.

It is clear, then, that the analysis of the results of this experiment

is not as straightforwvard os in the K.G.F. fxperiment.
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9.1 : 3 Intensity of Neutrino-induced liuons

The events listed in categories (c), (d) and (e) may be considered
in estimating thne total rate of neutrino-induced muons passing through
both walls of scintillator. Reines (1969) has taken the total number of
these to be 34, presumably on the assumption that the number of type (c)
events which were not neutrino-induced equals the number of types (d) and
(e) events which were. Consequently, the quoted intensity, assuming an

13

isotropic flux,is (3.5 z 0.6) x 10 cm._2 sec._1 sterad.-l. If allowance

is made for the expected angular distribution and effective aperture of
the detectors, as has been done in the last chopter for the K.G.F. LExperi-

ment, the intensity of horizontal neutrino-induced muons moy be derived and

13 -2 -1

is calculated, by the present author, to be, (4.5 % 0.8) x 10~ cm. < sec.

sterad,

9.1 : 4 1Intensity of Atmospheric Muons.

The Case - Jilts - Irvine group do not appeur to have published the
atmospheric muon intensity derived from their results. Creed (1967) has
made an estimate of the intensity using the data available to 14/10/66 and
this estimate can now be revised using the complete data obtained at 76th
level.

The effective differential aperture has been calculated assuming a
cos9!3 angular distribution of atmospheric muons in spatial zenith angle
and an error of = 1.5 on the index. Taking the events in categories (a)
and (b), the totol number of tanks traversed by muons is 476 and the aperture
presented to neutrino-induced muons in these categories is 907 m.2 sterad.
Assuming the isotropic neutrino-induced muon intensity to be (3.5 * 0.6) b4

2 -—

10-lj cm.-‘ seC. sterad_l, 97 z 17 of the 476 tank traversals are estimated
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to have been made by neutrino-induced muons and, consequently, 379 z 17
were by atmospheric muons. This number may be increased to 392 by 17 if
half of the multitonk events are assumed to have been caused by otmospheric
muons involving ~ 2 tank traversals., Applying the differential aperture
and a total array rumning time of 592 days, the vertical intensity of
atmospheric muons is found to be (2.0 L 0.4) x 10_ll c:m.-2 sec:.-'l sterad.—l
(including the error in the angular distribution index). This figure is
dependent upon the asswnptions made in estimating the neutrino-induced muon

rate and also on the assumption that no 'out of geometry' events have been

recorded,

9.1 : 5 The 77th Level Array

Within the last year, a further development has been undertaken by the
Case - wWits - Irvine group. The 76th level apparatus has been dismantled
and at least haolf of a new array at 77th level has been brought into service,
The detecting area has been increased to 190 m.2 and the geometry altered to
give e neutrino-induced muon rate of ~ 75 per year, three times greater
than before.

+hen complete, the new apparatus will incorporate 50,000 flash tubes
suspended on rails as shown in fig. 9.2. The variable seperation between
the detector layers is to permit the insertion of absorber or magnets.
another feature is the use of light sensors attached to the flosh tube
viewing windows to obviate the use of many cameras. A display board is
arranged as a mimic diagram of the flash tubes and each event is simulated
by panel lights, to be recorded on video tape for immediate ploy back and
photographed by a 3.5 mm . camera as o permanent record. This system has

the advantage that the apparatus can be operational whilst the laboratory is
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illuminated, thus reducing the running time lost during the performonce
of many routine checks.

No results are available yet from this system.

9.2 The Utah Experiment

A detector designed primarily for the purpose of detecting upward
moving muons from neutrino interactions has been constructed, by the
University of Utah group, beneath the wasatch mountains at o vertical depth
of 1850 ft. The detector is also useful for studying dovmward moving muons
and, indeed, it is the results obtained in this direction vhich have aroused

the greatest interest in the experiment.

9.2 : 1 'The Detector

The detector is shown in fig. 9.3. The coincidence system is composed
of four directional Cerenkov tanks made of concrete énd filled with water,
Two 16 kG solid iron magnets are positioned between the Cerenkov tanks
and 15 columns of cylindrical spark counters are incorporated throughout
the detector to give a fine angular resolution,

The cylindrical spark counters are geiger-counter like detectors each
being constructed of a steel pipe, 37' long and 6" in diameter, filled with
1/3 orgon and 2/3 ethylene, at atmospheric pressure, with a central wire,
along the pipe axis, which is maintained at 6 kV during operatiom.

The discharge, resulting from the traversal of a charged particle, which
is encouraged by an incremental bias pulse triggered by the coincidence

system, is o sharply localised corona which is detected . sonically, to a
precision of a few m.m., by a2 microphone situated at the front end of the

detector,
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Both the acoustical spark counter pulses and the Cerenkov pulses
are recorded on maguetic tape. The directional information provided by
the Cerenkov counters is vital for the identification of upward moving
neutrino induced muons and the whole system should ve capable of a maximum

detectable momentum of up to 100 GeV/c.

9.2 : 2 The Atmospheric Muon Results

The results of a preliminary study of muon backgrounds, using the
detector, were reported by Bergeson et al. (1967). These were obtained
using about half of the detector shown in fig. 9.3 for about three weeks
and are for 14,500 muons of energy greater than ~ 2 GeV,

The situation beneath a mountainous terrain enabled the compilation
of data for a series of depth intemnsity curves for different zenith angles,
as shown in fig. 9.4 (after Keuffel, 1968). Tne continuous lines are from
o world survey of vertical depth intensity measurements and the broken lines
are those from the same survey with a zenith angular enhancement of sec® .,
At a given zenith angle, the variation of intensity with depth is of the
form expected. However, at a given depth there appears to be no variation
in intensity with zenith angle in contradiction to the expected sec®
enhancement. (Although in previous chapters the conventional angular
variation of irntensity of muons from 1 -um decay has been referred to as

the 'sec® enhancement', the actual variation is slightly less than sec®© )e

9.2 : 3 Discussion of the Results

Possible 'trivial' explanations of the effect considered by the authors
are topography, rock composition, aperture, triggering efficiency, scanning

efficiency and spark counter efficiency. To date, the publications of



FIG. 9.4: The Underground Intensity Results of Bergeson et al.(1967)
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the group show that of these, the only one subsequently found to be in
error was the rock composition which has a mean density 5% greater than
originally quoted such that the measured intensities are moved closer to
the values expected, aszuming the sec © enhancement, than was originally
thought (Keuffel, 1968).

In view of the importance of the results, Nash and wolfendale (1968)
have examined the spectrograph measurements of near-vertical and inclined
muon spectra at sea level. They have plotted the ratio of abserved
intensity at 87o to that expected from pions alone as parents and have
concluded that the measurements are not in support of the original suggestion
that an appreciable fraction of muons with energy below 1000 GeV are produced
directly. However, with the new density determination, Bergeson et al.
(1968) say thot the results appear to indicate that the onomaly does not
comnence wtil above 1000 GeV and they have described the effects of the
'X - process' which would produce muons with a suitable intensity independent
of zenith angle, A proportion of the pion production iitensity, R = 0,01
to 0,04, is suggested as the proportion of secondaries which are X particles.
However, the fraction of muons detected from this source is greater than R
as not all pions decay to muons and those which do are at a higher energy
than the product muons and from a lower intensity part of the spectrum.

For the increased rock density data Bergeson et al. (1968) have established
a best fit value of R = 0.02 and they claim that this gives excelleni agree-

highcsat energy points given by Nash uond wolfendale.

—

Keuffel (1968) has substanticted this in saying that if there is a threshold
energy for the proposed process, then the latter would predict only a

slightly different intensity than does tne conventional model near the
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threshold.

However, several criticisms mey be raised about the interpretation of
the basic Utoh results. Returning to fig. 9.4, if the 5% density increase
is applied, the experimental points will be moved to greater depths than
plotted. although the fractional shift is the same for all depths, the
absolute shift (in m.w.e.) is greater for greater depths, in a given angular
range, so that the best fit curve through the points, which was previously
virtunlly the same as the world survey depth intensity curve, is now less
steep and no longer parallel to the latter. Consequently, this suggests
that ot greater depths, and greater sea level muon energies, the observed
angular intensity approuches the sec© enhanced curve, This observed
situution is e xactly opposite to what would be expected from the proposed
X - process which should make o greater contribution to the total muon flux
at high energies such that the predicted intensity would approach the non-
enhanced curve,

Another difficulty arises when the angulor intensity variation is
considered at a fixed slant depth (oiter the approach of Sheldon et al.,.. .
1969 ).

If I( 6 ,h) is the intensity at a vertical depth h and zenith angle & ,
then I(o ,h sec® ) is the intensity at o vertical depth h sec® (i.e. which
is the same as I(© ,h) if there is no angular enhancement). The revised

density shifts all observed points at different zenith angles, at that slant

depth, to u depth 5% greater and the observed intensity, vhich could previously
be written I . = I(0, h sec® ), can now be written as,

JH 9.1
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vhere h” is the revised depth (i.e. h" =1.05 h) and dI/dH is the
slope of the vertical depth intensity curve ut the fixed slant depth h sec ©.
4s h” sec® is the same for all zenith angles, equation 9.1 is independent
of zenith angle and consequently the observations still show no evidence for
an anguwlar - dependent enhancement, furtnermore, if eyuation 9.1 is used
to predict the vertical intensity for the slant depth in question, the
vertical intensity is found to be,

= T(ow) + &I h’—h)

1
Yert
- dH 9.2

which is higher than given by the world survey by an cmount g%- (h, - h).

Clearly, rather thon helping to resolve the problem, the increased
density has added further complicotions to the results. The originally
vublished results could perhaps have been explained by & single effect such
us, for imstonce, an angular varistion of detection efficiency, if such could
exist, whereas now, both the anomalous vertical intensity und the tendency
to a sec © enhancement at high energies must be explained.

finally, the preliminary results of the experiment of Krishnaswamy et
al. (1968) performed under a flat earth at K,G.F. do not show the same effect
but do suggest, if anything, o greater than sec9 enhancement., & direct
comparison between the two experiments is possible for tne slant depth and
zenith angle combinations of the Krishnaswamy et al. experiment, these
corresponding to single points on the curves in tie Utah plot. The result.
is that the two experiments are in clear disagreement. Although the thres-
hold muon energy for detection in the two experiments may be different such
that the experiment of Krishmaswamy et al. may be recording an increased
number of low energy muons which would not be detected in the Utah detector,
it seems unlikely that the intensity required of such particles could be

present,
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4ith so many problems, the results of the Utah experiment are very
much in doubt and are, perhaps, best taken as an investigation into the
properties of the system with regard to its future use in the detection of
neutrino-induced muons. assuming lthese diff'iculties can be successfully
overcome, the detector promises to provide a useful contrihution to the

study of neutrino interactions.
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CHAPTER 1.0

Conclusions.

The K.G.l'. Neutrino Experiment has produced interesting results
concerning both atmospheric muons and neutrino-induced muons and the

conclusions droswn from these results are as f'ollows.

10.1 Atmospheric liuons

The vertical intensity of atmospheric muons has been estoablishned at
the 7500 m.w.e. site as (1.0 ¥ 0.2) x 10'-15 cm._2 sec.-l sterad.-l and ‘the
observed angular distribution suggests that the depth intensity relation

continues to greater depths somevwhat less steeply than predicted by the

7

exponential form of lienon et al. (1967c), i.e. I(o,h) = 9.8 x 10 ' exp(- g&

cm. sec.-1 sterad.-l vhere h is the depth in m.w.e. and A = 810 by 50 m.wee,
This is supported by the estimutes of mean energy made from the electro-
magnetic accompaniment, which suggests its increase with zenith angle and
equivalent vertical depth in contrast to the constant value predicted by
the pure exponential form. (The estimates made from the angular distribution
are ~ 270 GeV at 8200 m.w.e. increasing to ~ 400 GeV. at 9500 m.w.e.)

The observed angular distribution seems best described by the exponential

form modified to include the effects of fluctuations, i.e. I(©,7500) =

-11 sec© -2 =1 . =1
5 x 10 A eXP |- 9.6(sec® -1){cm. © sec. = sterad. . The
h efr ) -
increasing effect of fluctuations at greuter depths leads to a broader

angular distribution which covers most of the observed excess at inter-
mediate zenith angles., There is, however, some slight evidence for a flux

of particles of energy £ 1 GeV. and it cannot yet be definitely established
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that the observed excess is entirely due to the effects of atmospheric
muons range fluctuations and not partly due to charged particles from

another source,

10.2 Neutrino-induced liuvons.

the intensity of horizontal neutrino-induced muons is estimaoted to be

(3.2 b 0.9) x 10-13 cm.-2 sec.-1 S't;era,d..—l which is in quite good agreement
with the 'isotropic' intensity of the Case - wits - Irvine group of (3.5
X 0.6) x 10-'13 cm.-2 .'sec._l sterad.-l (estimated to be equivalent to a
horizontal intensity of (4.5 hy 0.7) x 10_15 cm.-2 sec._l sterad.-l). The
rate observed 1s slightly less than predicted by the constant elastic cross
section and an inelastic cross section saturating at 10 GeV. for the assump-
tion of é;/’&p = 0.67. It is not possible to establish the upper limit
of the energy pro.ortional rise of the inelastic cross section but the
detection of several non-elastic interactions near the detectors is a sure
indication of its rising beyond the 10 GeV, limit of the accelerators.
A limit in the region of 20 ~ 30 GeV. would seem a reasonsble estimate from
the present experiment and would be in keeping with the Case - wits - Irvine
results., However, E},/Ep must begin to fall at energies not much greater
than 10 GeV.

The mean energy of neutrino-induced muons is estimated to be no more
than o few tens of GeV, The poor statistics lead to a large error on the
very approximate estimute of 7 GeV. from the electromagnetic accompaniment.
The two spectrograph events in which the energy could be measured viere both

produced by low energy muons of about 1 - 2 GeV.

No unambiguous evidence has been obtuined concerning the existence or
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not of the intermediate boson. The overall lov. rate suggests its mass
would be significantly greater than the 2 GeV, limit of the accelerators.
Bearing in mind the _.ossible variution of the inelastic cross section and
é“/&g above 10 GeV., the results of the present experiment would be in
accord with I, :5 3.0 GeV, The Case - {its. - Irvine results may not
suggest so high a lower limit, perhaps > 2.5 GeV., but only o limited
degree of confidence is put in this figure in view 6f the unexplained low
energy deposition in some of the events, The greater informution ensuing

from the improved arrey is expected to give a more reliable figure,

10.5 Celestial Co-ordinates

The celestial co-ordinates of the arrival directions of atmospheric
muons appear to show a large scale anisotropy in the southern celestial
hemisphere. lore than twice as many events have been detected from one
half of the hemisphere thun from the other. The ratio of the two intensities
is found to be 2.2 = 0.26 which ig more than 4 standard deviations from the
expected value of unity and has a <« 1% probability of chance occurrence.
Deflection of primaries from nearby sources in local magnetic fields of
the spiral arm would seem to be a possible explanation.

The neutrino-induced events have shovm Tycho Brahe's supernova to be
a2 possible point source, the probability of chance intersection of the arcs
of error near such a strong radio source having been estimated to be very

small.

10,4 Future Plans.

The K.G.:. gxperiment is planned to be closed down in late June, 1969

and it is unlikely that ony more interesting observations will be made

[
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before that date. The improved Case - .its. - Irvine array, however, is
only coming into operation now and should continue to give some of the
detailed informution whicn has been o feature of the present.experiment.
The Utah detector, now in full operation, is beginning to record possible
neutrino-induced events (p.c. to A... wolfendale) and should provide enough
dota to establish the basic form of t{ne neutrino-induced muon spectrum if
sufficient running time is accumulated. The celestial co-ordinates of the
arrival directions of the events detected in both of these experiments
should be of greuat interest, altnough neither is in such a good position as

the K.G.F. experiment for studying atmospheric muons.
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APPANDIX 1

l:uon snergy loss Paruaeters.,

@
The average rute of cvnergy loss by muons in standard rock has been

given by Burrett et al. (1952) as,

dE o 7 . . -1 2
- o c 1.88 + 0.077 1n ;;? + DB lieV gm. = cm,

where 4, is the maximum transferable energy in a g - e collision and
m is the muon mass.
Haymon et al. (1963) have given a best estimate of the energy loss

e . -6 -1 2
parameter b in the e.ergy proportionual term as 4.0 x 10  gm. = cm. where,

b = bpp + bbrems + brluc
b is the contributiom from pair production, bpre from bremmsstrahlung
PP P Y ) prems
and b.... from nuclear interaction, all of vhich processes are taken to give
nuc ? & &
an energy loss proportional to encrgy.
In culculating the effect of energy loss fluctuations, Osborne et al.

(1968) have used the values,

_/ -l ~
bpe (non fluctuating) = bpp = 1.6 x 10 ° grm. em.”
& be (fluctuating) = Dbypems * Ppuc = 2.4 X 10_6 grm-_l cm.2
- - 2 - -
with bbrems = l.7 x 10 6 grim. . chm. & bnuc = 0.7 x 10 6 grm. 1 cm.2

The greatest uncertainty is in t:e vulue of bpyee This was given as
-6 - 2 . .
0.28 x 10 ~ grm. 1 cm. by Fowler and violfendale (1358) but is now generally

accepted as being higher although liiyake et al. (1964,b) have said that is

In Chapter 3 it was stated thut the complete terminution of the photo-

nuclear cross section might not suffice to explain the observed angular

distribution. This is tne case for byye = 0.28 x 10_6 grm.-1 Clle
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However, if by, ,, > 0.5 x 10 ~ grm. = cm. , then & reduction in it alone

.t higher ernergies would be sulfficieut to explain the results,

@ - - -
Por stundurd rock, Z =11, A =22 and p = 2.65 grm. cm. 3.
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APPENDIX 2

Correction for liuon Range ilLuctuations

FIG. A2l. Fiuctuations Enhancement Factors F(D.¥)- Osborne et al. (1968).
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APFeliDIX 3

The Apertures of Vertical walled Telescopes.,

Zenith

The differential aperture
. of a particle arriving at
‘~f/\ ™~ Normal an angle % to the normal
to the detector surface

of this type of telescope

Case for is given by the product of
Y | < Critical 8 the so0lid angle and area of
L the 'shcdow! of the first
) detector surface on the
’," second at thut z and

vhere & is the azimuth augle.

- [Fe.#)cnz]wint doag a1

is the sputial zenith angle and A{ ®,% ) is the 'shadow' area governed
by © omd ﬂ. |

Substitution of cos z = cos /(D/ sin® and tan £ = cos 7” tan® in eyuation

A3.,1 leads to the differentinl uperture in terms of',B , 28 given in eyuutions
6.5 & 6.6 or in terms of © as follows,

3‘9’- = z,_[p.'..e"{y[(x’-q-y’-)"-z’j} — BB tar & —Z"k[@x—']}] A3.2

b« U028

j?“ = 4@9'}(){(@.}9-5’;“}9)".- YZrim® + 0 047 = x2 0" (F ok 0 +2a intzme)}} A3.5

fc ©.207 ta.:‘;(:

P LA
hoe O_= tan' [LLL%Y—) ]

The need for two cases cun be seen in the diagram. For 0 L B
the limits of.,@" are no longer dictated by the intersection of the cones of
rotation, of the incident direction through ¢ about the zenith axis, with
the side edges of the detector surfaces, but with their intersections .ith

the top and bottom edges.
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APPeRDIX &

(2) Total svents Recorded in K.G.F. Neutrino ixperiment (1/4/65 to 51/12/68)

(1) Tels. 1l c: 2:

svent Run

No. No.
2 55
3 69
4 100
5 106
6 110
7 116
8 117
9 120

10 122

11 122

12 131

15 152

14 143

15 14k

16 171

18 208

19 209

20 217

21 248

23 289

24 302

Tel.

=

Time

e ods Scintillators
08-30 N1l; S1
11-58 N6; S6
06~57 N1l; S1
11-21 NL4; 83,5,6
22-15 N3,6; 81,2
07-37 N6; S3
23=23 N6; S3
15-18 N1l; 83
17-23 ?; 86
00-02 N6; Sk
14-38 N4; S5
08-43 All

01-12 N5; 51,3
07-15 N6; S3
15-25 N3; 51
11-40 Nk; 55
10-29 - -
15-10 N6; Sk
17-09 N2,4,6; 85
08-33 - -
15-52 M4; S51,3,5

=

P.z'a.
(degrees)

L8
75 215

96.27 0.8
39.2% 0.3

L5
8.5
375
23.5
325
25
47
33

21
26.5
40
36

U
*_l
L ]

\Ji

L‘l"'6

Comments

1 layer N.F.T.

double track

0.G.

knock on
small shower
shower

0.G.

rock shower, 0.G.
large shower

shover

knock on
knock on

O.G’.

shower 0.G.



svent Run

No.,
25
26
27
29
31
32

55
57
38

41
42
43
ik
L5
46
L7
L8

Mo

315
321

616
64l
[N
651
698

Tel.

| o

Time
M.5.T,.

05-39
11-52
10-09
16-27
13-14
04-28

21-49
10-55
00-20
15-02
ce-08
06-49
05-46
07-25
09-32
16~17
15=28
15-57
15-13

Scintillators

N3; 81

N2; Sk,5

N4; S6

N1,3,4; 51,2,4,5
N6; 51,3

N2,5,4,5,6; 81,3

N4,6; S2
N3,5; 51

N2; 56

N6; 81

N6; Sk

N2; $1,2,4,6
N5; Sk,6

N3; 81,2,3,4

N2; 85
N5; S2

N2,3%; $2

Qo

N5; S5
N2; 83
N3, S1
N2; S5

N5; S3

p.z .a.
(degrees)

bl 1
19.4
42.8
96.5
21
26

Comments

small shower

three tracks

three tracks
& shower

knock on

O'G-.

multiple track

knock on

esmall shower
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Event Run Time PeZ.Qu
No. No. Tel. 1L.S.T. Scintillators (degrees) Comments
54 137 1 01-26 N2; 83 24,9 knock ons ?
55 k3 2 12-31 W3; S6 28

56 798 2 12-31 N2; 85 16.9

57 82, 1 20-13 N3; S5 3844

58 838 1 0450 N3; S2 41,9

59 868 1 09-56 N1l; S5 19.5

60 905 2 08-27 N2; 36 23.5

6L 917 1 20-09 N3; S1 39.8

62 945 2 10-41 N6; Sk 2545

63 956 2 21-37 N2; Sk 41.5

6k 963 2 01-32 N1; 86 33.8

65 978 1 19-03 Nh; 82 42.5

66 984 1 23=31 N2; 85 18.1

€7 299 1 19-43 N5; 53 35.2

68 1027 2 19-05 N2; Sk 35

69 1027 2 04-27 N5; 83 29

(ii) Tels. 3,4 & 5 (4-fold)

gvent Run Time Pez el
Ko. No. Tel. 1.S.T. Scintillators (degrees) Comments
2 289 5 0h-21 N3; S1 46,2

28 331 3 15-18 N3; S3 - 0.G.

30 344 485 16-04 N1(T4.); S1(15) 72

33 412 5 03-40 N4; S2 3k 0.G.

56 432 5 01-32 N2; Sk 7h

39 462 4 09-17 N1l; S5 48 small shower
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(iii) Specs. 1 & 2

ﬁivent Bun Time PeZela
0. No. Spec. M.S,T. Scintillators (degrees) Comments
S2 610 1B 19-06 Sk; T2 26 £ 1.5
$3 61y 28&B 01-20 T3; N2,3 wlis shover. 0.G. ?
s, 615 1F 17-32 T1; M1 17.5 < 0.2
S5 624 27 &B 18-20 S52; T3 - weuk shower ?
S6 626 1B 21-56 Ths W3 12 0.G. ?
S7 632 1B 20-18 S3; T3 39,8 2 1.0
58 634 1F 19-29 T2; M1 18.0 ¥ 1.0
S9 638 1F 09-35 T1; N2 17.4 0.3
S10 644 2F  15-15 52, N2 51.8 2 0,2
511 655 2F&B  03-41 82, T3 16.7 2 0.3
512 660 1F&B 23-24 51,2,3,k4;
T1,2,3,4 - large shower
513 663  1¥ 10-17 S2; T2 23.3 £ 0.3 xnock on
S1, 667 2F 00-02 §2; T1 12.9 ¥ 0.3
815 669 OF 03-01 S2; T1 28.8 ¥ 0.2
S16 669 1F 07-25 T2; N2 12,5 X 0.3
$17 684,  2F 16-06 82; T2 27.9 < 0.3
S18 685 2B 20-18 T3; N3 19.6 < 0.2 knock on
S19 691 1B OL=1 T3; N3 22,0 2 0,3
S20 693 2r 19-45 S1; T1 22 { 13 or
125
S21 694 1B 03-39 S3; 13 14.0 ¥ 0.5
822 698 1F 03113 T1; M 32,6 2 0.5 & double track
31.3 - 008
S23 708 2F 20-04 52; N2 48.4 X 0.7 deflected
s2y. 711 2oF 21-22  T2; K1 - shower 0.G.
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wvent Run Spec. Time PeZolo

No. No. M.S.T. Scintillators (degrees) Comments
825 725 1F 0439 S1; T2 13.5 < 0.4

S26 726 2B 22-53 Sk; T1 - 0.G. ?

$27 737 1B 06-30 T2,3; N2 - shower
$28 743 1F 05-19 s1; Tl - 0.G.

$29 743 1B 07-17 Sk; Th 27.9 2 0.3  Imock on ?
530 74 1B 17-56 53; T3 - weak shover
831 747 1B 21-10  S3; T4 4.5 £ 0.2 Imock on
S32 48 1F 02-39 $2; N2 347 2 0.4

833 759 2F 12-37 T2; N2 25 %8

S34, 760 1F 21-38 $1; T1 13.7 ¥ 0.3

535 761 1B 08-34 - - -

1+

336 768 1F 05-45 S1; T1; sl 12.2 ¥ 0.5

S37 788 1B 00-55 T2; N3 13.5 2 0.k

$38 792 2F 05-01 s2; T2 37.2 % 0.2

S39 793 1B 01-55 Shj Th 16.5 ¥ 0.2

SLO 796 1B 12-26 Sk; N3 59.1 ¥ 0.2 knock on
skl 834 1F 13-00 72; N2 7.3 % 0.5

sk2 850 2P 07-24 81; T1 39.0 2 0.5  0.G.

sk3 852 2B 22-54 53; Th 23.5 5 0.3  three tracks
Sih 855 1F 10-25 - - - 0.G.

S45 866 1B 17-43  Sh; T3 33.6 X 0.3

sh6 880 2B 19-25  Sk; Th 50.9 ¥ 0.2

SL7 895 1F 00-17 s1; Tl 32,0 ¥ 0.3  0.G.

SL8 895  2F 00-46  T1; N1 22.2 20,2  kunock on
s49 897 2B 18-40  S3; N3 36,6 0.2 condaries

se
fr

om magnet



fvent
No.

S50

565
S66
S67
568
569
S70
S71

571

Run
No.
906
910

915

919

920

922
9043
969
97h
977
979
982
98l
987

988
990
990
997
799
1009
1013

1015

1016

Spec .

1F
2B

2B

1F
1B

1B

iF

2r
18

2B

Time

Il;.S .T.

06-32
08-21
07-32
05-29
10-42

16-56
17-51
17-05
12-01
13-09
20-55
18-36
08-21

17-46

07-19
20-36

03-08

16-38
18~-40

03-22

00-05

-143-
Scintillators

T2; N1,2
Sh; T3
Th; N&
31; T1

T2; N4

S1l; T1; N1
T1l; N1
S52; T2

S1; Tl

$1; T2
T1; N1
S1; n2
T3; N3

Sk; T2,3; N2,3
S2; T2

Th; N4

52; T2

T1,2; N1

T1; N2

T35 N4

Th; Nk

S53; N2

PeZels
(degrees) Coumments
- veak shover
8.6 £ 0.2
28.8 ¥ 0.3
14.2 2 1.0
19.5 = 0.4
l-56 shower
32.4 £ 0.3 knock ons ?
9.5 2 0.2
19.8 X 0.5
20.0 £ 0.2
345 T 0,2
145 £ 0.2
28 + 1
16.8 £ 0.3 0.6
39.3 ¥ 0.3 rock shower
29.2 £ 0,2
16 %3
- shover 0,G ?
12 %2
21 22
10 + 0.5
83 X1 deflected
1232 shower




Bvent
No.

579

Run
No,

1019
1019
1025
1026
1026
1026

1031

Spec.

1F

1F

(iv) Tels. 3,4 & 5

Event
No.

001
002
003
004
005
006
007
008
009
010
011
012
013
014

015

Run
No.

778
778
778
778
779
781
781
787
788
790
792
794

800

Tel.

[ R N T N UV ¥ £ W W W W

‘F_

Time
11.5,T,

03~38

15-38
22-06
19-4.2
19-32

19-12

(0.8.T.)

Time
?\'.A.S -T.

21-18
23-36
13-14
13-18
15-35
23-04
10-32
23-06
11-46
02-48
17-39
10-39
12-00
16-33

04~-26

Ll

Scintillators (§;;£2és)
33; T2 1971
T2; N2 11 £ 0.5
T3; N2 29 %3
Th; N 2.5 % 0.5
82; T1 8.5 +1
T1; N1 7.0 ¥ 0.5
s1; T1 -
PeZale No.of
(degrees) az. . loyers
2722 1
22,23 0,5 109-251E 3
35.5 £ 2 - 1
57 % 10 - 1
22,5 ¥ 1.5 5820 2
21215 - 1
- 0215 1
- 1232w 2
14,5 31 39228 2
- - 1
1731 173274 2
40 £ 0.5 176 25 0 &4
1L 2 1.5 - 1
3313 w7lor 2
1631 150 F1z 4 2

or 173 * 7w

Comments

shower 0.G.

No az.
No az,.
No az,

No az.

Az, only



svent
No.
016
017
018
019
020
021
022
023
024
025
026
027
028
029

030

031
032

053

03k
035
056
037
038
039

Run
No.

802

872
873
861

883
890
892
893
897
899

Tel,

N P N

w oW

L~

L

LN}

W w W

U v (S} £

Time
li.S.Ts
10-31
19-15
14-26
21-27
17-14
06-23
14-30
12-33
05-39
11-54
11-31
12-38
0L~24
21-33
18-40

12-06
00-34
08-48

06-00
15-24
14-05
22-17
09-52

10-24

145~

PeZ.a.
{degrees)

9, ¥ 0.15

+

35 -5

1+

I+

3345 2 0.5
5.6 %

!
o
*

v

5045
40.5

1414

1+

19.5

29 ¥ >
25 X3
35

2AS5e e

I+

26 = 20 &

143 - 13 w

W 36 i

Wy - 0.5 W

147 - 10 &

23 :6 il

25 X1y

Ho,of

Comments

layers

5
1

2 or 3

N

[d N

2 kiaock ons

shower

Small shower

L-fold type.
shower

shower

0.G. 4-fold
type

part of showuer

wart of shower



nvent
No.

056
057
058
059
060

061

062

063

Run
No.

903
903
906
906
915
919
931
954
937
939
41
941
942
951

953

953
955
956
963
966
970

977

Tel.

N + U Eag N W, W

WoOW W W W

O W W W

W

Time
MeSeTe

14-07
19-4d,
12-49
16-38
13-38
19-07
16-28
12-04
19-37
00~-24
17-54
09-4.2
13-20
05-56
10-36

20-30

06-42
20-47
20-07
01-34
07-58

13-03

18-12

16-35

-146-
PeZ.8e

(degrees) 05. Qo

No.of
layers

Comments

22.5

+
38 -

b3 2

+

38

1+

22
21 -
34 2

12

1+

15
2.5
2545
205
377
10.5

'+

25

27
17

15

I+1+

1+

23.7
18 -
19.5

30.5

I

0.3

143

56
150

60

51

1+

1+

'+

34

0.5

9

20.5 4

'+

'+

I+

1+

2

1

167

N

(o (8] N

N

N

L-fold type

shovier

shower

interaction
in iron

O.G.
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Event Run Time PeZolo No,of

No. No. Tel, HNM.3.T. (aegrees) 0S. Q. layers  Comments

o6k 987 5 15-29 7.5 2 0.5 - 1

065 990 4 08-39 - - 1

066 990 5 00-49 26 X 4 - 1

067 991 3 10-12 17.5% 1 1629 & 3 two porallel

tracks

068 998 4 08-08 2.7 % 2.3 16+ 10 & 2 knock on

069 1007 4 11-05 322 0.5 wm o5 e 4

070 1009 &4 17-28 89 ¥ 10 w6 X1 i 2 intersction

product

071 1009 & 23-32 2 I3 8% w 2

072 1012 3 20-07 9.4 2 0.5 ? 1

075 1013 3 16-02 ? : ? 2 part of

shovier

076 1013 5 06-10 17 ¥ 1.5 6112 & 2

075 1017 3 1251 309w 2 shower

076 1019 5 09-25 2631 3812 E 2

077 W21 5 18-22 105 { 15 & - 1 two tracks

58 8

078 1022 3 08-22 25 21 22212 & 3 knock on

079 1023 5 01-21 1821 30 25 u 3

080 1024 & 08-50 1531 - 1

081 1028 3 12-17 28 3 2 - 1

082 1030 3 2314 1812 - 1

083 1031 4 15-36 3213 35 36y 2

084 1033 & 10~03 815 - 1 Kknock on
B - Back F - front 0.G. - Out of geometry

All ezimuth augles are given with respect to Telescopc or Spectrogroph North.
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(v) Individucl Neutrino-induced Events (1/4/65 to 31/12/68)

(i) Tels. 1 -5 Bvent
No. PeZa2s Penetration
3 75° 6 cn. Pb
30 60°(Spatial 72°) 45 cm. I'e
Single liuons: 36 730(51“}'1_':&1 740) 32 om. fe
20 51° cm. Pb
Fultiple Lvents:
2 diverging particles L 960, 99° 6 cm. Pb,
3 cm. P,
. . . o 0 o
3 diverging particles 29 967, 155, 48 6 cm, Pb,
?, interaction
Penetrating particle & o
associated cascade L3 85 5 cm, Pb
2 trati ' i : o_0 ,0 8 cm., Pb
penetrating paorticles 18 19°,54°, 60 ’100 5 C$ Pb,
P @ : . - oy o . ’
2 associated particles 3 cm. Pb, ?
(i1) 0.S.T. Bvent
No. PeZele Penetration
Single HLiuons: 016 940 35 cm, Fe
hultiple Bvents:
+ , .0
Dense shower 061 at 98 - 10 10 cm. Fe,
inside detector cascade energy
2.5 GeV.
3 diverging particles 070 at 1250 h 300 50 cm, Te,
inside detector 2 cm, Fe,

?




(iii) spectrographs
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Event

No. DeZals momentum sign
Dovmyiard muon
(losing energy) 823 48° 2 GeV/c +
Upward muon
(knock on electron) 840 121° 4 GeV/c more

probably +

Downward muon
(losing energy) S719 83° 1-2 GeV/c +
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FIG. A4.2: Event 18
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FIG. A4.4
EVENT NO S 12 RUN NO 663 DATE 24/8/67 TIME 01-35 IST 23-24  MST
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FIGAL S
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FIG. A4.6 Event 016
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FIG. A4.6 Event 016
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aPPElDIX 5

The rossibility of Detecting ileutrino-Induced l.uons

in liuscovite iiica.

If muscovite mica is examined, decorated lines are seen which seem
to fall into two categories, the majority lines, orientated in preferred
directions at 300 intervals, and the minority lines, orientated at other
angles. Russel (1967a) has made the suggestion that the minority lines
are tracks of charged particles (presumably muons produced by neutrinos)
which passed through the mica in a direction close to the plane of easy
cleavage during its formative period. Heavy charged particles are known
to leave tracks, in some insulators, which can be made visible to optical
microscopes by chemical etching but that minimum ionising particles could
leave tracks, in the form of the minority lines was not known and to check
the suggestion, Craig et al. (1968b) made a detailed study of the lines,

A brief summary of this work follows.

The measurements were made on ten sheets of mica with at least two
lines lying at an engle of 60° to each other (i.e. majority lines). 4s
the crystal structure of muscovite mica is repeated every 60° and each
segment is composed of two symmetrical 300 segments, the measurements for
all angles 0-360° have been superposed over one 300 range, as shown in
fig. 4b.1.

The majority lines were found, by definition, to be the most commom
and their distribution at 300 intervals clearly suggested their connection
with crystal dislocations. The minority lines, in contrast to the random

distribution reported by Russel, were also found to be distributed vith
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some preferred directions, namely at 3 - 4° and 6 - 70, the latter being
particularly prominent in one sheet. The distribution was not in keeping
with an isotropic distribution of neutrino~induced muons or a peaked angular
distribution of atmospheric muons as might have been expected deep underground
where the mica was formed. Neither do the shapes of the length distribution
curves show any difference hich might have been expected between the two
classes of line if they were from different sources; that for the restricted
range 10.5°¢ 0 < 240, although possibly of different slope, cannot definitely
be said to be different either,

The scattering analysis, which was conducted in the standard manner used
in emulsion studies, showed that the majority lines were straight within the
errors of measurement with only very rare exceptions. The measurements made
on minority lines showed evidence for lack of straightness but in 60 cm. of
track examined, 12 deflections of greater than 1° were observed and several
of these were of 1.50 or 3.00. The normal distribution fitting the points
for small deflections in fig. A5.3 could be the result of measuring errors
or a combination of both these and multiple coulomb scattering of particles.
The large deflections could be related to tiae crystal structure or conceivably
be gxamples of single large angle Rutherford scattering if the lines were in
fact due to ionising particles. This latter possibility has been considered
and the probability of its occurrence was estimated to be < 3 x 10_1+ c:m._1
of track,for neutrino-induced muons and less for atmospheric muons. The
observed probability of such deflections was 0.2 cm.-l which is guite
inconsistent with this figure.,

Finall; a comparison was made between the freguency of observed tracks

and that expected from neutrino-induced muons. for the assumption of a
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sensitive time of 20 years and the angular acceptance criterion, suggested

by Russel, of hd 0.3 milliradians about the plane of easy cleavage, the expected
number has been calculated to be less than the observed number by a factor of
n1105. Agreement can be restored if the cosmic ray intensity is assuned to
have been higher by this factor vwhen the mica wes formed and Russel has
suggested that if this was so, it would be in keeping with the 'big bang'
theory of the creation of the Universe.

The work of Craig et al., however, did not substantiate Russel's basic
suggestion and it vas remarked by them that to establish genuine examples of
particle tracks, very rigorous selection criteria are needed f'or their
isolation from the multitude of other lines.

A second paper by Russel (1967b) has sugsested that electron shovers
have been recorded in the form of aligned nucleation centres of impurities
in the crystal. The reason for the difference between these intermittent
tracks and the continuous tracks in terms of different rates of energy loss
of electrons and muons is hard to conceive as both are minimum ionising
particles, however,llussel has suggested that the phenomena of channelling
of particles in specific directions in the crystal lattice could he responsible.
In the paper, Russel has given a plot of the gap length distribution { a 'gap'
being the distance between nucleation centres) in the 'electron' tracks and
the slope is found to be exponential in agreement with measurements of charged
particle tracks in emulsions. However, the present author has calculated
the eifect of a random distribution of impurity atoms in
has found this to lead to the same result such that the alignment could still
be explained in terms of dislocations.

Further studies made by russel (p.c. to A.d. Jolfendale) have reproduced
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the non~isotropic distribution of minority lines measured by Craig et al.
and it would seem that there is agreement that at least some of the minority
lines were produced by some rarer phenomenon connected vith the crystal
structure. Channelling of charged particles would seem an unlikely possib-
ility as the ability of muons to leave tracks at all is the greatest uncert-
ainty and that they could do so under the reduced energy loss predicted by
channelling would seem to be even less likely.

The conclusion drawn by the present author is, therefore, that the
ability of muscovite mica to detect cosmic ray secondaries is by no means

proven,
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