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ABSTRACT

Electromagnetic interactions of high energy muons incident in
the nearly horizontal direction at Durham, 198 ft. above sea level,
have been studied by detecting electron-photon bursts produced in
iron absorberse Over the measured burst size range, bremsstrahlung
and knock-on electron production were the predominant energy transfer
processes. No divergence from accepted theory has been observed
for energy transfer in the range 3 - 240 GeV.

A second burst experiment has been performed to measure the
spectra of nuclear-active particles incident at Durham in the nearly
vertical direction. The observed spectra of both charged and neutral
nuclear-active particles show a discontinuity at energies ~ 100 GeV,
which can be taken as support for the SU3 prediction that a proton
is a tightly bound system of three charged quarks. This interpretation
would indicate a quark mass of 10 GeV, and that high energy protons
dissociate into their constituent quarks in about 18% of their
collisions above threshold (1800 GeV). A further implication is
that quarks interact strongly in the atmosphere, otherwise telescope
detectors would have recorded an abundance of quarks. A decrease
in the nucleon attenuation length from.127 gm.cm_e to a value of

117 gme cm 2 for sea level nucleon energies > 100 GeV would also

account for the observed discontinuity.
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PREFACE

This thesis describes work performed in the Physics Department
of the University of Durham by the author while he was a Research
Student under the supervision of Dre. F. Ashton.

An experiment to investigate electromagnetic interactions of

- muons has beﬁn performed to test the predictions of quantum
electrodynami;s at high energies. The development, building and
day-to-day running of the apparatus has been the sole responsibility
of the author, as also has been the analysis and interpretation of
the data, and the theoretical calculations. FPreliminary results
were presented at the London Conference on Cosmic Rays by Ashton
et al (1965), and a further paper based on superior statistics has
been presented at the International Conference on Cosmic Rays at
Calgary by Ashton et al (1967b)e

The author has also performed a second experiment in which the
spectra of nuclear-active particles at sea level have been measured.

. Again the running, analysis and interpretation of the data has been
his sole responsibility. The results have been reported by Ashton
et al (1967c) at the Calgary Conference on Cosmic Rays.

The author has investigated theoretically the light collection

properties of the light guides in the scintillators, and a paper

giving details of the characteristics of the scintillation counters

has been published in Nuclear Instruments and Methods (1965 ).




CHAPTER 1
JNTRODUCTLON

1.1 General

Prior to 1930 most physical phenomena could be explained
adequately in terms of the proton, the electron and the photon,
and their interactions with matter through the electromagnetic
and gravitational fields. The proton and electron were treated
as classical particles, iee. their charge and mass could be
considered as acting at a pointe The strength of electromagnetic
interéctions is characterised by the fine structure constant, which
is dimensionless and of magnitude e?/hc = 1/137, where e is the
electronic charge, h is Plank's constant and c the velocity of
lighte On the same scale the strength of the gravitational field
is about 10—56, which is many orders of magnitude smaller than the
fine structure constant, and accounts for the negligible contribution
of the gravitational field in atomic and nuclear physics. However,
in the realm of the nucleus itself, it was apparent that very much
stranger forces were operative. The nucleus consists of protons
and neutrons, and has a net positive charge due to neutrons being
unchargeds Calculations showed the repulsive force between protons
to be very large. Hence, to account for the stability of nuclei
Yukawa (19%5) postulated a strong ‘nuclear' force acting between

nucleons; its strength was unity on the dimensionless scale used to
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compare the strengths of the electromagngtic and gravitational
fields. Since that time the emphasis of fundamental physics has
been on the study of this nuclear force and the particles associated
with it.

The only way open to study nuclear phenomena is to examine
collisions between high energy particles and target nuclei. This
has led in the last thirty years to the building of both particle
accelerators and detection devices to give detailed iInformation
about nuclear collisionse The picture that has emerged is one of
great complexitye. An interaction between particles is best expressed
as an exchange of matter between the two colliding particles. Hence
the close association of particles and fields. If the energy of the
collision is above threshold, then the bits of exchange material
can appear as additional particles after the collision. The lightest
of such fragments is the pion, which was predicted by Yukawa (1935)
and subsequently found by ILattes et al. (1947) in nuclear emulsions
exposed to the cosmic radiation at mountain altitudes. With the
advent of bubble chambers and the development of larger accelerators
during the last ten years, a whole range of new particles has been
discévered. The understanding and classification of this wide spectrum
of subnuclear particles, of which the pion and nucleon are amongst the
lowest mass states, 1s one of the major problems of fundamental
physics todaye

Progress in classification has been made by studying the




conservation laws which govern particle interactions. The
conservation of charge is thought to be an absolute conservation
lawe A second law - conservation of baryon number (B) - has been
formulated to account for the stability of the proton, which is
suggested by its abundance in the universe. All baryons eventually
decay into a proton together with lighter particles. As the proton
is the least massive baryon, it can only decay into lighter
particles through annihilation with an anti-proton. Observations
on the production of hyperons has led to the third conservation law,
applicable to strong interactionse It was noted in n - N collisions
that positive or neutral kaons were always associated with A or £
baryons. This can be explained by assigning a hypercharge (Y) té
each particle and postulating that hypercharge is conserved in
strong interactions. |

It is found that particles can be formed into groups. For
instance, the spin zero mesons and SPiﬁ %-baryons form octets,
whilst the spin 5/2 baryon resonances form a decuplet. These
symmetry properties of particles can be obtained in a natural way
from the assumption that all particles are composed of fundamental
building blocks, which have been named quarks by Gell-Mann. The
three different types of quark are postulated to have charges of
+2, - £ and - 3+ The half integral spin particles are then a
tightly bound combination of three quarks, and zero and integral

spin particles are a tightly bound system of a quark and an




antiquarke The concept of quarks has brought some order to the
‘numerous subnuclear particles, and has had a great deal of success
in predicting such quantities as mass, magnetic moments and also
new particles (eege the Q" )« However, the principal question
that nuclear physicists are asking at the present time is whether
quarks actually exist, or are they just a convenient mathematical
invention?

Since the existence of.quarks was Tirst postulated, many
experiments have been performed to look for fractionally charged
particles. Accelerator experiments carried out at CERN and
Brookhaven failed to substantiate the theoretical predictions.
This can be due to either the non-existence of quarks, or to the
threshold energy for fheir production being above the present
machine limits. The largest machines available today accelerate
protons to energies of about 30 GeVe For proton collisions in
a hydrogen bubble chamber this corresponds to an energy of ~l GeV
in the CeMs system of the colliding nucleons. This figure then
represents a lower limit to the quark mass. Plans have been laid
for larger machines. The United States is to commence building
s 200 GeV machine in the near futures A 300 GeV machine has been
recommended as part of the European accelerator development, and
30 GeV colliding beams are under construction at CERNe However,
at the present time, the cosmic radiation provides the only source
of particles of energy in excess of 30 GeV. Several groups (eege

Lembeet ale,(1966), Ashton et ale., (1967)) have taken advantage
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of this fact to try and detect quarks produced in collisions
between primary cosmic rays and air nuclei, but so far no
conclusive experimental evidence has been presented to show the
existence of quarks.

Cosmic rays have been used to study strong, electromagnetic
and weak interactionse. Measurements on the sea level muon spectrum
in the vertical and near horizontal directions give information
about the nuclear interactions of the primary particles at
energies far exceeding those attainable by machines. Similarly
the sea level charge ratio of muons also reflects on the primary
and subsequent interactionse An important sspect of cosmic ray
research is the use of the sea level muon beam as a source of
high energy particles. At large angles to the zenith the median
muon energy is higher than in the vertical direction due to the
increased probability of pion and kaon decaye. Also the contamina-
tion in inclined directions by nuclear-active particles is thought
to be negligible for zenith angles 6 > 500.

In the present work two experiﬁeﬁts have been performed.
Firstly, electromagnetic interactions with energy transfers
exceeding 3 GeV have been studied by detecting electron-photon
cascades (bursts) produced in local iron absorbers by muons
incident at large zenith angless The second experiment, to measure
the spectra of nuclear-active particles at sea level, was carried

out in an attempt to establish the existence of quarks.




1.2 Horizontal Burst Experiment

Quantum electrodynamics (QeE.D.) deals with interactions
between charged particles and electromagnetic fields and, as
a theory, it has met with considerable success when campared with
experimente. Pipkin (1965) has reviewed the present evidence for
the validity of QeEeDs when applied to energies within the
capabilities of present day machines. The theory appears to
describe very precisely the electromagnetic interactions of low
energy (<1 GeV) electrons, photons and muons. The best evidence
for the validity of the theory is derived from measurements of
the Lamb shift in hydrogen-like atoms and the gyromagnetic ratios
of the muon and electron. Until recently measurements up to the
largest momentum transfers had been in agreement with theory, but
there is some evidence of disagreement from the latest measurements
(Pipkin)e Only further experimental evidence can show whether
the deviation is reale With the advent of accelerating machines
capable of producing primary protons of energy ~300 GeV the
’ validity of QeE.De at higher energy transfers can be determined
precisely using the available secondary beams of muons, electrons
and photonse The Horizontal Burst Experiment was undertaken to
test the predictions of QeEeDs at energies beyond the capabilities
_of the present day accelerators.

The muon appears to behave like a heavy electron, apart from

it being unstable (lifetime ~2.2us)e Several experiments have




been carried out to examine the Coulomb interaction between the
muon and the electron (e.ge Barton et al., (1966)), but no
deviation from the predictions of QeE.De has been observed.
Such a deviation would either indicate structure in the muon,
or that it was interacting through some .other fields The present
experiment is to study local interactions of muons incident at
large zenith angles at Durham (198 ft. above sea level). An
account of the experimental arrangement is given in the next
chapters . Three aspects of the theoretical analysis - quantum
electrodynamics, the incident muon spectrum and electron-photon
cascade theory in iron --are reviewed in chapters 3-5. Chapter
6 contains the analysis of the measurementse. The feasibility
of measuring the high energy muon spectrum (Ep > 1000 GeV) by

burst techniques is considered in Chapter T.

le3 Vertical Burst Experiment

Nucleons arriving at sea level are the result of primary
profons that have made several interactions on their passage
through thg atmospheres Due to charge exchange, the spectra
of protons‘and neutrons with energies greater than a few GeV are
expected to be identicals. At sufficiently high energies, primary
protons may dissociate into three quarks, as a result of colliding
with air nuclei in the atmosphere. If this process occurs in

a large enough fraction of¢ collisions, then a discontinuity in




the sea level nucleon spectra should be observable. Consequently
the vertical Burst Experiment was desiéned to measure the spectra
of both charged and uncharged nuclear-active particles at sea
level in an attempt to search for such a discontinuity. The
spectrum of charged nuclear-active particles is thought to
consist frimarily of protons and pions, with neutrons as the
neutral particles. |

The sea level spectrum of protons has been measured by
Brooke et ale,(1964b) using a magnetic spectrograph in
conjunction with an ILsGeYe. neutron monitor, for energies < 100
GeVe In the Vertical Burst Experiment the energy range has
been extended to >1500 GeV. In the region of overlap (40 -
100 GeV) a compariéon between the two independent measurements
can be made« The experiment is described in chapter 8, together
with the method of analysis and the results.

Finally a summary of both experiments is presented in

Chapter 9.




CHAPTER 2

THE HORIZONTAL BURST EXPERIMENT

2¢1 Introductioﬁ

Electromagnetic interactions in iron of high energy cosmic
ray muons incident at large zenith angles at sea level have been
studiede The apparatus, a scale diagram of which is shown in
figure 2.1, consists essentially of two iron targets, Fl and F2,
each of thickness 25 cams (13.7 radiation lengths), and two
scintillation counters, Si and 82’ each of area 1«20 m2 and
similar to the counter described in Appendix A. A high energy
electron or photon produced in either iron target by an
electromagnetic interaction of a muon, will cascade in the
iron to produce a burst of electrons and photonse The scintilla-
tion pulse produced by the passage of this burst through Slbor
82 is used both for the selection of such events and to determine
the size of the burste Visual information about each event is
obtained from neon flash tubes.

22 The geiger counters

Three trays of geiger counters, Gl, G2 and G5 are shown
in figure 2.1 48 counters (20th Century, G60), each of
senéitive length 60 cms, make up G2, which covers an area of
120 x 92 cm2. . The counters are grouped in units of eight, and
each unit is connected to ome of six quenching units. . The

outputs from the quenching units are mixed and fed into one
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Figure 2,1. Scale diagram of the apparatus.
: G - geiger counters; A,B,C,D,E - flash tubes;
81,82,8' - scintillation counters; F1,F2 - iron.
G1 and G3 are only used\%o calibrate the scintillation -

counters in terms of their response to the passage of .

single relativistic muons.
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channel of a coincidence unite The total counting rate of
the tray is about 2 x lOu per mine., which results in each
quenching unit beingigensitive for 2.8% of the running time.
Bursts are selected by a pulse from G2 in coincidence with a
large pulse from either Sl or Sg.

Calibration of the scintillators is achieved using single
particles traversing the apparatus. These are selected by a
three-fold coincidence between G, and G5’ each containing 1k
counters (20th Century G60), and GQ. The rate of singles
through the apparatus with this selection arrangement is 67 /
hour, which affords a relatively quick method of checking the

stability of the scintillation counters.

2¢3 The flash tubertrays

The positions of the five flash tube trays are illustrated
in figure 2.1s Each tray consists of two outer earthed
electrodes, and an insulated central electrode to which a high
voltage pulse is applieds In trays A and B, two layers of neon
flash tubes arestacked on either side of the central electrode.
Tese tubes are Filled with commercial neon (98% Ne, 2% He)
to a pressure of 60 cms Hge . The dimensions of the glass
envelope are: external diameter 1.80 cms., internal diameter
1.55 cmse, length 140 cms. Trays C, D and E, adjacent to and
cove?ing the area of the scintillators, are of similar construc-

tion, but contain only one layer of tubes on each side of the

.
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central electrode.

Efficiency measurements on the flash tubes were carried
out using single particles travqrsing the arraye. A high
voltage pulse (340 kv/cm.) was applied to the flash tube trays
at a time interval of 17us after the occurrence of the three-
fold coincidence, so as to simulate the conditions under which
bursts were recorded (§2.5)s The flashes are recorded
photographically on Ilford HeP.S. film using a camera (f2
lens, focal length 5 cms) viewing the tubes from a distance
of 5.6 metreses Nearly 500 single muons were selected, and
the layer efficiencies of each tray were determined by noting
the flashes in each layer for every single tracke These
layer efficiencies were then converted into internal tube
efficiencies by correcting for the glass thickness and for
gaps between tubes. . The following average values for the

internal efficiency of the tubes in each tray were obtained:

A : 96.5%; B : 96.4%; C i 9kTh; D : 9L5%; E : 92.0%

A burst consists of a single track in A and B, with a group

of flashes in C and D, or E. For analysis purposes a single
track in A and B is defined as being n = 3 flashes in a line.
The probability of a true single producing a burst but being
rejected on account of there being < 3 flashes in A and B

is 0,029% This figure has been evaluated from the efficiency

measurements, and represents a negligible loss of eventse
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2.4 Te scintillation counters

During normal operation the gains of the two photo-
multipliers in each scintillation counter are matcheds This
was achieved by two independent methods. Each photomultiplier
in turn was placed in a light-tight box and viewed the light
pulses geﬁerated in the arc—discharge of a mercury-wetted
relay (Kerns et al., (1959)). The variation of response as
a function of E.HeT. was measured for each tube, and is shown
in figure 2.2, The two photomultipliers in Sl are designated
by the letters Ap, CP, while Ep and GP refer to the tubes in
Sg. These measurements were checked by a second methods
With the two scintillation counters in position and the E.H.T.
on each tube set according to the light flasher data, single
particles traversing the centre of each counter in turn were
selected using a small telescope, and the pulse height
distributions produced by each photomultiplier were recorded.
The mean values of the four distributions agreed closely,
inspiring confidence in the former method of matching.

During the actual burst experiment the values of the E.HeTe
on each tube were as follows:
AP : 140 kv; CP : 1439 kv; Ep : 1.23 kv; GP : 1.20 kv,

The linearity of response of each photomultiplier to
variations in the intensity of light incident on the photo-

cathode has been tested. The tubes were again placed in turn
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Figure 2.2, variation of response with E.H.T. for the light

flasher.
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in the light flasher box and run at their operating voltages.
Variations in the intensity of light were obtained by means
of an optical wedge, a glass strip of varying tZansparency
along its length, quoted by the manufacturers to be 0.15
density units cm-l, vhere a density unit = }Zfloglo L/Io.
. With the wedge available the intensity could be varied over
a range 250 : l. Measurements on each tube showed the
pulse height to be proportional to the number of incident
photons over the range of pulse heights relevant to the
burst experiments described in this thesise

The size of a burst is defined as the ratio of the
measured pulse height to the mean pulse height produced by a
single horizontal ionizing particle traversing the counter
at normal incidence. Gl’ G2 and G5 in coincidence were
used to select single muons traversing the scintillators.
.For each event the pulse heights from Sl and 82 were recorded
on film, and the flash tube trays photographed. The projected
zenith of each singlerparticle was determined from the flash
tube data, and each pulse height was corrected for the
corresponding increase in track length in the phosphor. The
resulting distributions are shown in figure 2.3(a)s The
mean pulse height for 5, was 1.82 mve, and that for S, was
2.3L mve Corrections have been made for the increase in

track length in the phosphor due to particles incident at
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inclined directions in the azimuthal planes As no information
was available about the azimuthal angle from the flash tubes,
particles were assumed to be incident at the mean azimuth angle
of the telescopee.

As a check on these measurements, single particles
traversing the centre of each counter in a vertical direction
were selected by the small telescope, and the resulting
distributions recorded. These are displayed in figure 2.3(b).
The mean pulse height for Sl was 8.5 mv, and that for 82
was 10.2 mve The track length of a particle travelling
vertically through the phosphor is five times that of a
horizontal particle, so that the mean pulse height of
vertical.particles should be a factor of five greater than
that produced by horizontal particles. The observed ratios

are 4,92 and 4.85 for S, and Sg'respectively, which is in

1

good agreement with expectation.

Extensive Air Showers incident on the array can simulate
the triggering conditions of a burst produced by a nearly
horizontal muone In order to reduce the rate of these
triggers a scintillation counter, s” (figure 2.1), was included
in anti-coincidence with the selection systemes The phosphor
of 5°, medicinal paraffin plus 0.5 g,l‘l paraterphenyl,

04005 g.l_l POPOP and 10% Shellsol A was of area 48 x T3 cm”
and was viewed by one 5" photomultiplier (EeM.I. type 9583B)

in optical contacts A mirror on the face opposite the photo-
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multiplier was incorporated so as to double the amount of
light available for collectione The photomultiplier was
operated at an EsHeTe of 2.0 kv, and biassed so that a
single particle traversing the counter vertically produced
a veto pulses The single particle peak was determined
using the small telescope to select particles traversing
the counters The most probable pulse height was l.20 volts.
As a check the total integral distribution of pulse heights
was measured for the whole counter, and a value of l¢35
volts was obtained for the most probable pulse height of
the differential distribution. The discrepancy is probably
due to the longer track lengths of particles traversing the
counter at angles other than normal incidence. The
discriminator was biassed to select single particles, and
a veto pulse applied to the burst selection system whenever
this criterion was satisfiede By this means 90% of showers
which would otherwise have triggered the apparatus were
rejecteds The dead time introducea by the anti-coincidence

counter amounted to 0.05% of the total running time.

,2;5 Thévelectronics

A block diagram of the electronics is shown in figure
2,4, Pulses from the two photomultipliers in one scintillator
are added after being amplified by two head units, and the
resulting pulse then passes through a fan-out unit, which

reproduces an identical pulse on three output channels.
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Two of these channels are used for display, and the third for
se;ection. Both display channel pulses feed into one oscilloscope,
but one.is amplified so as to increase the dynamic range of
observable pulse heights. An identical system is employed for
the second scintillator. The four pulses, which are suitably
delayed so that each is separated from the next by 3ps, are
recorded photographically for each event. A typical event is
shown in figure 2.5. The first and secoﬁd‘pulses correspond to
Sl and 82 respectively, while the third and fourth pulses are
the respective amplified versions of the first and second pulses.

The pulse on the selectidn channel of each scintillator
passes through a discriminator, which is preceded by a variable
gain amplifier so as to increase the dynamic selection range.
The outputslof the two discrﬁninators are mixed before being.fed
into one channel of a Rossi coincidence unit. The second channel
of the unit is connected to the geiger counters in tray GE' When
a coincidence occurs, the resulting sel%ction pulse feeds through
an anti-coincidence gate. If the gate i; open (no signal from s”)
the oscilloscope is triggered externally, and the pulse information
recorded on filme The gate output pulse is delayed for l7Tus so as
to avoid pick-up from the high voltage pulse during the recording
of the scintillator pulses. It then triggers a uni£ consisting of
an 8 kv hydrogen thyratron and a pulse tfansformer. This in turn
tfiggers an enclosed spark gap (Trigatron cv85) which discharées
a bank of condensors through a pulse transformere. The resulting

high voltage pulse, of magnitude 10 kv and duration 3us, is fed
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onto the central electrodes of the flash tube trays. The gate
output pulse also starts a cycling system, which firstly
paralyses the Rossi unit and then, by means of microswitches,
illuminates fiducial marks and a clock near the flash tubes.
The graticule on the oscilloscope is also illuminated, and
the two films are then wound on. Finally the paralysis is
removed on completion of the 8 second cycle, and the system is

ready so select another evente.

2.6 Running time

Corrections to running times for the dead time of the
electronics have been made. The cycling system dead time
becomes appreciable when selecting small bursts, due to the
large photography rate. For example the photography rate was
67 hr T when the discriminators were set to select bursts of
size >15 particles, resulting in a dead time of about 15% of
the total running time. For larger burst sizes the dead time
becomes negligible.

The apparatus was run during the period 29th June 1965 to
10th August 1965 selecting bursts produced in F,, and a total
useful running time of 489 hours was recorded. Between 1llth
February 1966 and 8th July 1966 bursts produced in either F

or F. were selected during a useful running time of 1LL2 hours.

2

The first runs are grouped together and are referred to as the

A series. The latter are the B series.
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CHAPTER 3

MUON SPECTRUM.AT LARGE ZENITH ANGLES

3,1 Introduction

Cosmic rays which arrive at large zenith angles have been
studied for two reasons: firstly, because they constitute a very
pure beam of muons of high average energy, and secondly, because
information can be derived about the parent particles from which
they have been produced as decay productse. Advantage has been
taken of the former fact in the Horizontal Burst Experiments
However, before any predictions of expected burst SPectra-can be
made, it is necessary to know the spectrum of muons incident on
the apparatuss In the following sections & survey of the previous
theoretical treatments and also of the past experimental work has
been undertaken in order to determine the Thest?! spectrum of muons

in inclined directionse.

3.2 Theoretical treatments

The problem of deriving the momentum spectra of muons at large
zenith angles has been undertakén by several workers. In general
the procedure is to commence with the sea level vertical muon
spectrum and from it calculate the production spectra of parent
particless These production spectra are then used to predict the

muon spectrum in inclined directions.
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Smith and Duller (1959) calculated the change in zenith
angle dependence with respect to a flat earth for muons in the
energy range 40-160 GeVe In the 'flat earth' approximation the
thickness of the earth's atmosphere at zenith angle 6 is taken
to be proportional to sec . This is valid for 8 < 65°s

Zatsepin et al., (1961) took the curvature of the earth into
account, .and also the energy spread of muons from their parent
particless In treating the energy loss of muons it was assumed
that the muons traverse a large portion of their geometric path
in an atmosphere of low density where the probability of energy
loss may be ignored, and the decay probability calculated, and
that the only important energy loss occurs in the last fraction
of the paths which is so short that decay is unimportant. The
results are presented in the form of a ratio of the intensity of
muons with a given energy at zenith angle 8 to the intensity of
vertical muons with the same energy, and cover the energy range
.lOll - lO:LLL ev for all angles. The approach of treating decay loss
and energy loss as separate entities is only approximate, but is
valid in the energy range considered. The calculations assume an
attenuation length of 75 gme cm_2 for nucleons, pions and kaons.

In the treatment of Allen et al., (1961) the energy spread
of muons produced in the decay of pions is neglected. It is
thought that this introduces an error of about 1% Only the sz
decay mode is taken into consideration, and a single level of

production has been assumed. - Allen et al., concluded that the




20

inclined muon spectrum is insensitive to the parents of the muons.

This has been shown to be incorrect.

Maeda (1964), commencing from integral Saxpressions for the
pion and K'.12 production spectra, has calculated sea level muon
spectra in inclined directions for energies in the range 40 - ILO5
GeV for both pion and Kp'2 parentse The attenuation length was
taken to be 120 g. cm_2 for both pions and nucleonse.

The work of Osborne (1966) differs from the earlier calcula-
tions in that fewer approximations are made. In the case of
kaons as parents of muons the effect of all decay modes is
considered instead of only the KPE mode as in other calculations.
The vertical spectrum adopted is that of Osborne et ale (1964),
which will be referred to as the OsPeWe spectrum. This spectrum
was derived from the Durham magnetic spectrograph measurements
_at low momenta, together with the underground intensity-depth
measurements up to an energy of 7000 GeV.e The rate of erergy
loss of muons in the atmosphere, and the energy spread of muons
from the decay of pions was taken into account, together with
the distribution of heights of origin of thé muons throughout
the atmosphere. The attenuation length of both protons and
pions was taken to be 120 g cm_z.

A comparison of the theoretical spectra at 80O as predicted
by the various workers is shown in fﬁgure %.1s The predictions
of Osborne and Zatsepin et ale are in good agreement in the
overlapping energy range, lsee. lOO-iOOO GeVe The Zatsepin

spectrum has been obtained by using the OsPeWe spectrum
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 TFigure 3.l. Comparison of theoretical muon spectra at 80




in conjunction with the ratios calculated by Zatsepin et ale

at 80°% The theoretical curve of Maeda, deduced in a manner
similar to that used to derive the Zatsepin curve, agrees
reasonably at energies in excess of 200 GeV but predicts a
greater flux at lower energies, the excess being typically ~10%
at 100 GeVe.

The various approasches to derive the momentum spectra of
muons incident in inclined directions have made different
estimates of the contribution of kaon decay to the muon flux.
Comparison by Said (1966) between the measured muon spectra in
the zenith angle range 82.50-900 and the expected spectra based
on different assumptions about the kaon contribution shows the

best value of the K/n ratio to be

K/x = 0,42 % 0.20 for 70 < E (S/L) < 2000 GeV.

There is not much evidence that the fraction of charged
particles other than pions is very different from the value
measured by emulsion experiments and quoted by Perkins (1961) as

(in) / (in + Nni) = 0,18 £ 0.05 for E < lOluev.

In deriving this fraction the assumption has been made that all
y-rays observed in emulsions derive from © decay, and that
NP ) = In(x )

In the burst calculations the measured muon spectra will be
used as far as possible, Wut where there is no available data,

predicted curves based on s-p decay will be used.
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%+«3 Experimental results

Measurements on the total intensity of particles at large
zenith angles, made by Jakeman (l956),and other workers, indicated
a greater intensity of high energy particles incident in nearly
horizontal directions than in the vertical direction, as was
- expectede With the introduction of magnetic spectrographs
measurements of the muon momentum spectra were made.

Pak et al. (1961) determined the spectrum of muons at 68° in
the momentum range 2-70 GeV/c using a spectrographe At about the
same time measurements were made on the absolute cosmic ray
‘intensity in the momentum range 1-100 GeV/c at zenith angles
between 65Ovand 85° by Allen et al. (1961) using an emulsion
spectrograph at Durham. The statistics of the latter experiment
were limited, so that the results were presented in the form of
an integral intensity as a function of zenith angle, rather than
as a momentum spectrume

More recently a magnetic spectrograph, comprising a fsolid
“ iron! magnet with counter réaaing, has been operated at Durham
by Ashton et ale (1965) and the momentum spectrum of muons
incident at 6 = 80° measured in the range l.5-k40 GeV/c. This
is disPlayed‘in figure 3.2, and it is-found that the measured
spectrum is close to that expected if all muons are derived from
pionss The spectrograph used three trays of geiger counters for
selection, and its axis was inclined at 550 56' east of magnetic

northe An improvement to the Durham spectrograph was. made by
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Comparison of muon spectrum measurements at large
zenith angles, 1l-4 are spectrograph measurements,
and the curves represent the best fit to the
experimental points. 5 is a calorimeter experiment.
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Ashton et al. (1966) by incorporating trays of neon flash tubes
into the apparatus in order to increase the accuracy of track
locatione e accepted zenith angle range was 77.50-900, and
the axis was re-orientated to 7.8O east of magnetic northe

Over 10,000 particles were accepted in a total running tﬁme.;f
about 1500 hourse The measurements are in agreement with the
predictions of Osborme (1966), which are shown in figure 3.2.
The Durham spectrograph was again modified by MacKeown et al.
(1965) by doubling ﬁhe magnetic path and increasing the longitudinal
dimensions of the apparatus, so as to increase its resolution.
The zenith angle acceptance range was reduced to 82.50-900.
Nearly 4000 particles (pu > 5.8 GeV/c) were analysed, and the
resulting spectra again found to be in agreement with the
theoretical curves of Osborne.

Kawaguchi et ale (1965) have measured the spectrum of muons
up to 170 GeV/c using the Nagoya spectrometere A total of
8343 particles incident at 8 = 78°(22°) were analysed. The
curve best fitting the measﬁrements is shown in figure 3«2
This is in agreement with the Durham measurements within
experimental error. Measurements have also been made by Judge
et ale (1964 ) on the momentum spectrum of muons arriving at
sea level in the angular range 83°-90° using the Nottingham
spectrograph with its axis aligned east-wests The best fit
to these measurements is also displayed in figure 3.2

Borog et al. (1965) have studied showers initiated by muons

at large zenith angles by means of an ionisation calorimeter.
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An integral burst spectrum was obtained, produced by muons
incident at 9 2=55O. This has been converted into the incident
muon spectrum, which is shown in fiéure %¢2s A linear transla-
tion has been assumed by the authors in which T0% of the muon
energy is transferred into Yquanta in the bremsstrahlung
processe The discrepancy is absolute magnitude between the
Borog et ale spectrum and the spectra of Osborne probably arises
from the method for converting from the burst spectrum to the
muon spectrume

The momentum spectrum of muons in the east-west azimuth
has been determined at Nottingham by Judge et al. (l96hb) at
o =60° using a spectrograph of medem. 28 GeV/c, and is
displayed in figure 3.3 A comparison with the spectrum of
Allen et ale (1961), calculated for muons incident from
geomagnetic north and corrected for scattering and geomagnetic
deflection, shows agreement‘with the experimental results at
momenta in excess of 10 GeV/c. However, at lower momenta,
there is a discrepancy between prediction and measurement, the
predicted flux from the north being less than the measured flux

from the east. This is inconsistent with gecmagnetic deflection

expectations. ;

3eL4s Conclusions
In order to calculate the expected burst spectra, the

spectrum of muons (Ehl> 3 GeV) in the zenith angle range 500-90°
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(19%8) and is represented by:

N 2 , ’ i
’ , 2Cm ¢ dE =2 R 1 E
E,E = L _g2 E L1
(8,57) a8 = (&) toP gt <E+mc2>}
B

¢COL

where Bc is the velocity of the particle and Z,A refer to the
material.
C=0.15 Z/A £he cm_2 represents the total ‘area’ covered by
the electrons in one gm. cm-g, each electron being considered
as a sphere of radius equal to the classical electron radius.
From consideration of the conservation of energy and momentum,
there is a maximum transferable energy , Em, given by

’ 5 3p2c2

m e meQCM L mQCM + 2me02 (p202 +

neet)2

where m, m are the masses of the particle and the electron
respectively. In these calculations it was assumed that the
particle has a normal magnetic moment as predicted by the Dirac

theory for spin % particles.

te1le3 Bremsstrahlung

The distance from the nucleus at which the radiation
process occurs is important in the theoretical treatment. If
the distanée is large compared with the nuclear radius and small
compared with the atomic radius, then the electromagnetic field
of the nucleus can be treated as being the Coulomb field of a
point charge Ze at the centre of the nucleus, and the screening .. .

effect of the outer electrons can be neglecteds Screening is
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important when the distance becomes of the order of the atomic
radiuse On the other hand, for interactions close to the nucleus,
the electromagnetic field can no longer be considered as being
due to a point discharge, and corrections have to be introduced
into the theory.

In the case of electrons undergoing bremsstrahlung, the
interaction takes place at distances large campared with the
nuclear radius, so that thg nucleus can be considered as a point
charge, although screening is important. On account of the
larger mass of the muon, radiation occurs much closer to’the
nucleus.e Screening can be neglected to a larger extent, but
at such close distances the field can no longer be treated as the
Coulomb field of a point charges The spin of the radiating
particle has also to be taken into account.

Christy et al. (1941) calculated the differential radiation
probability for particles of mass m, spin % and normal magnetic
moment, making the following assumptions:

1. The kinetic energy of the particle is large compared

with its rest mass. '

2. The potential of a nucleus is that of a point charge

for distances larger than the nuclear radius, T and
is constant for distances less than T

%, Screening by the outer electrons is negligible. The.

screening effect is thought to become important for

1
primary energies 137 (mzcg/me) 7-3,
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The general expression of the radiation probability is:

2
¢ a (E,B")aE’ = IK\T 72 2 <%> -@-F (u,v),
e E
where E is thekinetic energy of the incident particle (rest
mass (mce).
E’ is the energy of the secondary photon.
v = E°/U is the fractional erergy transfer.
U=E + m02 is the totai energy of the incident particle
@ is the fine structure constant.
N is Avagadro's number.

F(U,v) is a slowly varying function of U and v which, for a

spin % particle, is given by :

F(U,v) = _1_5§ (2 v° + 1-v) {1:1 ((—?2 Ec—?’ <_T’f‘_’>> . %}
. . 3

4elel Direct pair production

When & particle passes‘through the electromagnetic field
of a nucleus, and close to the nucleus, there is a certain
probability of one of the virtual photons associated with the
field of.the particle undergoing materialization to produce an
electron-positron pair. . Although the spin of the incident
particle is comparatively unimportant, the screening effect
of the outer atomic electrons has to be taken into accounte.

Rossi (1952) has given the probability per gme em™® of a

particle (mass m and kinetic energy E)tproducing an electron-
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positron pair with energy between E” and (E” + dE”) :

8 2 2 2
e

’, d N
¢pp (B,E")aE= = « 1%« L(U,v)

..

where L(U,v) is a function depending on U and v.

From the calculations of Bhabba (1935) four distinct
regions, depending on the energy of the pair and the degree
of shielding, give rise to different expressions forI(U,v),
and these are given by Rossi (1952).

Murota et ale (1956) [MsUsTe] have calculated the cross-
section for the creation of an electron-positron pair by an
energetic charged particle using the Feynman-Dyson method,
which is valid so long as the energies of the particles are
large in comparison with theirrespective rest masses. In the
Bhabba aﬁproach the incident particle is regarded as being a
classical one moving along a straight line with uniform
velocity, the field of which is replaced by a classical field.
This approximation gives & correct description only when the
energy transferred to the pair is small campared with the
energy of the incident particle. This approximation has not
been made in the M.U.Te approach, which considers the whole
range of possible energy transfers more rigorouslys

.The cross-sections for the three processes are shown in
figure 4e1 for typically a 100 GeV muon in iron. For low energy
transferé, direct pair production and the collision process

predominate, whereas bremsstrahlung is the major process for
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transfers > 17 GeV.e Hence, to study bremsstrahlung experimentally,
it is neceésary to detect large energy transferse The Horizontal
Burst Experiment detects large energy transfers in the form of
large bursts, which can be attributed mainly to bremsstrahlung,
and also smaller bursts (~ 30 particles) which arise mainly from

the collision processe

L2 Comparison with experiment

The results of work done prior to 1958 are contained in a
review article by Fowler et al (1958). Up to that time experi-
mental results agreed with prediction for energy transfers ~ 1 GeV.
. A comprehensive survey of the experimental work since 1958 in the
field of electromagnetic interactions has been carried out by
Rogers (1965). TIn the case of the p - e collision process, Deery
et al (1960), using a cloud chamber, found an excess of events
with energy transfers in excess of 1 GeVe Backenstoss et al (1963)

have made measurements with an absorption spectrometer situated in

discrepancy for energy transfers in the region 1 - 3.4 GeV; of

these two experiments, that of Backenstoss appears to be the more
accurate, the quoted error being 5% It is possible that the

discrepancy found by Deery arises from statistical fluctuations, for

the muon beam from the CERN proton synchrotron and found no
it has not been substantiated by other experimental evidence.

Another experiment which finds agreement with the Bhabba theory for

transfers up to 1 GeV is that of Chamdhuri et al (1965),
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using a multiplate cloud chamber in the cosmic ray beam.
The statistics of this expérﬁment are fairly good, with over
70 events of energy transfer in excess of 350 Mev.

The experimental results with regard to direct pair
production are not %?tirely in agreement with thedry. While
Roe et al (1959) and Gaebler et al (1961), both using multi-
plate cloud chambers, find cross-sections which are a factor
of 2 lower than those predicted by the MsU.T. theory, for
energy transfers in the rang% 0e2 - 1 GeV, the work of
Chaudhuri et -al (196L4) finds good agreement with the MaU.T.
theory for énergy transfers in the range 0.035 - 1 GeVe At the
present time, there is no conclusive evidence to discriminate
between the Bhabba theory and that of M.U.E.

Bremsstrahlung is the one process which seems to be
adequately described by theory. The experimental work of
McDiamid et al (1962) found no deviation from prediction over
the energy transfer range where radiation losses were important
'i.e. 10-50 GeV. The large energy transfers which arise mainly
from bremsstrahlung can be det§cted by means of the electron-
photon bursts which they produce, and several experiments havg

been undertaken during the last few years to measure these large

burstse.
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4,3 Burst experiments

4e%3.1 - Introduction

The cosmic ray muon spectra in both the vertical and
largely inclined directions have been well established by
magnetic spectrographs for sea level energies< 500 GeV.
Consequently, muons have been used to study large energy trans-
fers in various absorbers, enabling the predictions of quantum
electrodynamics to be tested at large ehergytransfers. At
higher muon energies (> 500 GeV), where bremsstrahlung is
predominant, measurements have been made on the shape of the
cosmic ray spectrum, assuming the correctness of the radiation
cross-section. ' Agreement between the muon spectrum measured in
this way and the spectrum obtained from mesasurements on 7'
cascades at various depths in the atmosphere establishes the

validity of the bremsstrahlung cross-section.

4e3.2 Barton et al (1966)

Barton et al (1966) have studied the electromagnetic inter-
actions of high energy cosmic fay muons at a depth of 60 e We e
below sea level, using an apparatus consisting of six liquid
séintillation counters, each of area l.l m2, interleaved with
sheets of lead of thickness 2.5 radiation lengths. The measured
range of energy transfers was 0.1-50 GeV. The number of

electrons at shower maximum was used as a measure of the %nergy
~

of the shower, and the cascade theory of Buja (1963) was employed
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to convért from burst size to the corresponding shower energy.
This technigue has the advantage that fluctuations due to the
stochastic nature of showers are a minimum at shower maximum.
 The results indicate no significant discrepancy between the
measured spectrum and the spectrum prgdicted from theory. The
p - e collision process wés dominant %or energy transfers in

the range Os1 - 6 GeV with bremsstrahlung more important at

larger energy transfers.

he3.3 Hilton (1967)

A prototype of the University of Utah neutrino detector has
been operated to register bursts produced by muons incident in
the zenith angle range 600-900. The detector consisted
essentially of two large water Cerenkov counters on either side
of an iron absorber, each having a sensitive area of 30 me. The
Cerenkov counters were used to determine the number of particles
in a burst,.and layers of cylindrical spark counters interspaced
in the detector determined thg trajectory of the muon with an
accuracy of less than one degree. Some evidence about the lateral
spread of the burst could also be obtained from the spark
counter information. The threge-dimensional co-ordinates of ?ach
spark in the'accoustic spark counters, together with the puls;
heights from the Cerenkov counters, determined using pulse height
analysers, and the time of each event was recorded automatically

on magnetic tapes The relevant data, over 1300 events, were
v IS
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extracted from the total recorded data by means of computer. The
minimum burst size considered was 4O electrons. Comparison of
the measur?d data with expectation shows a discrepancy, there
being feweg'large bursts than predicted. This deviation can be

‘accounted for by postulating that the theoretical bremsstrahlung

cross-section is in error for large energy transfers (> 50 GeV).

Lo3.4 Higashi et al (1964)

The cascade showers produced by high energy muons in the
earth have been measured at a depth of 20 mewees underground by
means of scintillation counters of total area 8m2. The apparatus
consisted of four scintillators (each of area 2m2), and two
neon flash-tube arrays positioned under the counters. - With this
arrangement the authors claim it was possible to observe bursts
due to muons from all incident directions. The neon flash-tube
arrays were used to distinguish bursts produced by muons with
small angles of incidence (< 600) from those bursts produced
by more oblique muons.

Three processes were considgred as contributing to the
production of bursts : bremsstrahlung, p - e collision and
direct pair production. Bremsstrahlung wa.s predoninant, and
the case of no screening was assumed in the theoretical analysis.
Fluctuations were taken into account by the Furry distribution.
Uncertainty in the &ffective aperture of the apparatus leads

to some ambiguity in the method of determining the limitation
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of zenith angle, and the possibility of bursts produced by
muons at zenith angles around 'TOO could not be excluded. The
theory of Barrett et al (1952) was used to predict the vertical
muon spectrum from the measured data. The resulting form of

the vertical spectrum was :

. - -y 2 - i
F,(>E) = 3.8 -_?:g (E /103) em %sec Lsterad ™t

with 7 = 2.5 fég for 105 <E<bkx 10° GeV.

‘A modification to the apparatus has been made by increasing
the counter area to 20 m2 and incorporating a second layer of
scintillators (area 20 mg) at a distance of 2m. below the
original layer. Meking use of the variation in response of 20
photomultipliers with position of the shower axis over the
area, it is possible to establish the position of the burst
in each layer, and hence the zenith angle of the incident muon.
.']he measured burst spectrum has been converted to an incident
vertical muon spectrum using cascade theory, and the resulting
spectrum (private communication to Professor A« W Wolfendale)
is shown in figure 4.2. There is good agreement with the O.PeW.
 spectrum for muon energies up to 2000 GeV but above this energy
the O.PeWe spectrum predicts less muons than are measured. The
best value of the exponent as determined fram the burst experi- .

N
ment is ¥ = 2.7 * 0.2 for muons of energy up to 10 GeV.
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he3e5. Krasilnikov (1965)

Large ionisation bursts produced in a thickness of 10.5 cms
of lead were measured in spherical ionisation chambers by
Krasilnikov (1965)e The fraction of bursts caused by residual
nuclear active components and by extensive air showers was
estimated from altitude dependence and from consideration of the
barometer effecte The effect of fluctuations was not taken into
consideration. Bursts detected by the apparatus are produced by
an omnidirectional flux over a solid angle of nearly 2x steradians.
The incident muon spectrum in the vertical direction has been

derived from the measured burst spectrum and is given by

FGE) = (1.0 % 0u1l)x 107 (B/10")7 e 2 sec ™t steraa™,

where 7 = 2.4 % 0.1 for 10% < E < 6 x 10'% ev.
The spectrum is shown in figure 4.2, The results of both Krasilnikov
and Higashi et al. (1964) give values of the exponent which are
smaller than the O.P.W. spectrume However, the later measurements

of Higashi et al. (1966) are more in agreement with the O.P.W.

spectrums

4e3.6. Dmitriev et al. (1963)
The energy spectrum of muons in the range 100 - 3000 GeV was
derived by Dmitriev et al. (1963) from the spectrum of large bursts

produced under a lead filter at a depth of 40 mew.es underground.




Basically the apparatus consisted of ionisation chambers
(sensitive area l.75 m2) screened on top of a layer of lead 16 cms
‘thicke Below the chambers geiger counters were installed so that
muons travelling with zenith angle 6 < 500 could be selecteds

The measured spectrum of bursts was converted to the incident
vertical muon spectrum using the cascade curves of Ott (1%54) anmd
the theory of Barrett et al. (1952). Allowance was made for
different track lengths in the chambers and far the angular
distribution of particles in a burst, and fluctuations were
accounted for by means of a Monte-Carlo method. The integral
muon spectrum is shown in figure 42, and is found to have an
exponent 7 = 2.1 = 0.2 in the muon energy range 100 - 3000 GeV.
There is a very marked discrepancy between these results and the
others displayed in figure he2., especially in the energy region

> 1000 GeVe

Ll-oBo Te Vernov et ale (1965)

An investigation of the penetrating ccomponent of cosmic rays
has been carried out at a depth of 40 mew.ee. underground by
Vernov et ale (1965)e The apparatus consisted of 240 “ionisation
chambers and 200 geiger counters, presenting a total sensitive
area of U5 m2. . A multi-tray detector (area 5m2), consisting of
5 trays of geiger counters and three trays of ionisation chambers,

was incorporated in the array. The burst size In each chamber was
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recorded individually in one chamel of a pulse height analyser,

- and the direction of the trajectory of a charged particle passing
through the counter trays was measured with the aid of the multi-
tray detectors The spectrum of bursts produced by penetrating
particles traversing the array with zenith angle 8 < 150 was
measureds This has been converted into the vertical muon spectrum,
which is displayed in figure L4e2s Again there is a considerable
discrepancy, both in absolute value and in exponent, between this

spectrun and the OePeWe spectrume

4e3.8. Borog et als (1965)

Cascade showers were studied by Borog et als (1965) using an
ionisation calorimeter. The apparatus consisted of six rows of
" rectangular ionisation chambers placed between layers of iron 9 cms
thicke With this arrangement it was possible to measure the total
number of ionising particles at six levels in the cascade curve
and also to determine the angle of incidence of the primary
particles Over 1400 showers were recorded in a running time of
2520 hourse Measurement of the angular distribution of showers
established that for 6 = 550-60o the fraction of showers initiated
by nuclear-active particles was negligible compared with muon
burstse The exponent of the burst spectrum measured in the
angular range 550-90O was ¥ = 215 * 0.15 Using a linear conver-
sion factor to determine the average muon erergy producing a

given energy transfer, the authors derived the integral muon
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spectrum in the zenith angle range 550-900 :
I= (10-5) B en 2, sec™t sterad™t
with 7 = 215 % 0415 and E in units of 10" eve.
This spectrum, which is valid in the energy range 300 - 3000 GeV,

is plotted in figure 3.2

4e3.9« Discussion

The burst experiments of Barton and Hilton were performed to
test quantum electrodynamics in the region of large energy transfers.
Barton studied bursts produced by vertical cosmic ray particles
in a region where p-e collisions were predominant, and found
agreement with theory. Hilton, on the other hand, detected bursts
produced by muons incident at large zenith angles, and comparison
of the observed spectrum with prediction showed a discrepancy for
energy transfers > 50 GeVe It’ seems unlikely that this discrepancy
could arise from e-ither fluctuations or fram errors in the incident
muon spectrums The measurements indicate an over-estimation in
the theoretical bremsstrahlung cross-section - a result which is
not substantiated by the work described in this thesis.

The remaining burst vexperiments are concerned with determining
the incident muon spectra, assuming the validity of QeEsDs The
results of Higashi et al. (1966) are largely in agreement with
Krasilnikov and the OsPeW. spettrum, any disparity between the
respective experiments being due to the uncertainties inherent in

the experimental techniques The measurements of both Dmitriev
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and Vernov give rise to spectra which have smaller exponents than
the OsPeWe spectrums However, it should be remembered that these
two spectra are fglobal® spectra, whereas the OePeWe spectrum
refers to vertical muons. Finally the measurements of Borog et
ale in largely inclined directions are not in agreement with

the Ashton et ale (1966) measurements, as shown in figure 3e2.

Tt should be noted that the measurements refer to the total
angular range 550-900, whereas the Ashton data are measured in

a much narrower angular range. The conflicting evidence produced
by measurements of the muon spectra by means of burst techniques

underlines some of the difficulties inherent in the method.

holhte Conclusions

The cross-sections for knock-on electron production,
bremsstrahlung and direct pair production used in the burst
calculations are those given by Rossi (1952). Both the knock-on
and bremsstrahlung processes are adequately described by theory,
the former for energy transfers < 15 GeV and the latter for
transfers < 50 GeV. At the present time the exper imental results
with regard to direct pair production are in conflict. However,
in fe Horizontal Burst Experiment the dominant processes are p-e
collision and bremsstrahlung, and the contribution to bursts
from direct pair production is smalle Hence the predicted burst
spectrun is fairly insensitive to the cross-section employed to

describe direct pair production.
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CHAPTER 5

CASCADE SHOWERS IN IRON

Sele . Introduction

Electrons lose energy by collision and by the radiation
process in traversing matter, and for energies greater than the
critical energy of the medium (eo) radiation losses predominates
On passing through the Coulomb field of the nucleus, there is a
definite probability that an electron will emit a photon by
bremsstrahlung, the energy of which is close to that of the
initial electron. - A photon of such energy can either materialize
into an electron-positron pair or can undergo Compton scattering.
In either case the resulting charged particles can emit further
photons, which in turn produce more electronse Hence, at a certain
depth in the medium, instead of there being one electron of energy
EO, there are se¥eral electrons and photons whose total energy is
close to Eo. As the cascade process continues, the average
energy of the electrons decreases until eventual%y collision
losses dominate bremsstrahlung, and the shower dies out, all the
initial energy being dissipated in excitation and ionisation of
atomse.

Over the last thirty years many workers have attempted to

vexplain theoretically the behaviour of an electron-photon cascade
in matter. The approaches can be divided into two categories:

1. The analytical method, in which a set of diffusion equations
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are formulated to represent the cascade, and solutions are
obtained under varying simplifying conditions.

2, The Monte-Carlo method, in which the primary particle and all
subsequent particles are followed through the material, and

the fate of each is determined by a ‘'wheel of chance's

52 Analytical method

Se2ele Simpliﬁzing assumptions

Mathematically, it is very difficult to predict the probability
of an electron or photon incident on an absorber producing Ne
electrons and Ny»photons at a depth t in the solid angle range
Qbfb+db), in the energy range (E?E+dE) and at a distance (r,r+dr)
ffom'the shower axise Consequently, only the average behaviour of
showers is calculated, and any specific probability is calculated
as a deviation from the average behaviour.

The angles of emission of secondary electrons and photons are
very small, of magnitude mecg/Eo, vhere EO is the energy of the
primary particle. In substances of low atomic number Rutherford
scattering is also small, so that the shower essentially develops
in the direction of the incident particle. However, in high Z
absorbers cascade multiplication continues to lower secondary
electron energies where multiple scattering becomes importante In
general the approach adopted is to treat the cascade as being one-
dimensional and then to make corrections far the increased track

length due to scattering.



S5e¢2¢2s Basic equations

The equations of the one-dimensional cascade theory, which
includes pair production and Compton scattering by photons and
bremsstrahlung and ionisation losses By electrons,. are derived in
detail by Rqssi (1952) by considering the various production and
absorption”prqcesses taking place in an infinitesimal layer of
thickﬁess dt.‘ The expressions n(E,t) dE and y(E,t)dE are the
ﬁumbers of electrons and photons respectively with energies between
E and (B + dE) at a thickness te The diffusion equations relating
the numbers of electrons and photons at depth t to the numbers

of electrons and photons at depth (t + dt) are:

o]

on(l,t) =f‘ y(B, ) o (E,E')dE’+f x (B°,t) o (B,B-E)ad’
v ' E P E

qg\ x (B,t) o5(E,E")aE" - B '§ﬂigﬁﬁl
7§Ezt2 - #(E%,t) ¢ (E ,E)dE’ \/i y (E,t) ¢p (E,E”)dE".

where B is the average ionisation loss per radiation length
¢E(E,E').is the differential probability per radiation length
for the production of a photon (energy E’) by an electron (energy
E).
¢p(E,E') is the differen£ial probhability per radiation length
for the production of an electron (energy E) by a photon (energy E').

This can occur by either pair production or Compton scattering.
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5e2¢3e Solutions of the basic equations

Detailed solutions of the diffusion equations under the assumptions
of Approximations A and B are given by Rossi (1952). Compton scattering
and collision losses are ignored in the simpier Approximation A
approach, and the probabilities for pair production and radiation
are described by their asymptotic values.s Similar simplifications
are made under Approximation B, but with the exception that collision
iosses are taken into account by subtracting an émount of energy
equal to the critical energy per radiation length from each of the
electrons in the cascade.

A survey of the cascade theory of electron-photon showers by
Belenkii et ale (1959) gives a cauprehensive account of the various
methods and the different approximations adopted by several workers
in their attempts to solve the diffusion eqﬁations. Using the method
of functional transformations, a fairly compleﬁe description of the
average one-dimensional cascade in light substances can be obtained.
However, this method is not valid in light materials when the
electron energies are ~ eo, or in heavy substances where scattering
is importante A further difficulty in high Z substa%ces is that the
total absorption coefficient for photons is strongly energy dependent.
. In Approximation B this coefflcient is constant and equal to the
asymptotic &alue of the pair production cross-section. For this
reason, the method of functional transformations,whose usefulness
is due to the application of asymptotic expressions for the cross-

L

sections of the basic processes, does not give an accurate picture of
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shower'development in heavy substances, especially in the tail
of the shower, where the absorption of photons of energy ~ €
has a value smaller than the asymptotic value.

. Another approach which has been used extensively in solving
the problem makes use of the fact that the function can be
defined by its momentse. This method of moments has been applied

to heavy absorbers by Belenkii et ale (1959).

5¢2¢ s Cascades in iron

Bursts corresponding to mean energy transfers in the range
2x 109 - 3x lO'-Ll ev have been observed in the Horizontal Burst
Experimente Hence any cascade theory employed in a theoretical
analysis must cover this particular energy range and also pertain
to iron. Ivanenko et al. (1958) have calculated cascade curves
in copper for primary electron or photon energies in the range
‘3.2 x 108 - le3 x 10:L2 ev by means of the method of moments,
taking inté account the energy del;endence of the total photon
absorption coefficient, and multiple scattering. These curves,
which may be applied to iron due to the Z of copper being only
.~10% different from that of iron, are the only ones available
at the present time which satisfy the experimental criteria, and

so have been employed to calculate theoretical burst spectra in

Sl al'ld_. S2o

. Shower development curves of Ivanenko are shown in figure

5.1 for showers initiated in iron by primary electrons of
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energies EO given by Eo/eo = 102, lO5 and 1OLL. €, = 21 Mev

for irone The curves indicate the total number of electrons at
any depth. Comparison is made in the same figure with curves
calculated under Approximation Be The divergence after shower
maximm is due to the use of asymptotic values in Approximation
B. Cascade curves for electron and photon initiated showers
are displayed in figures 5.2 and 5.3 respectively. The full
lines represent the total number of electrons, and the broken
lines refer to the total photon fluxe The latter have begn

L

interpolated from Approximation A. The loci of constant age

parameter s as given by Approximation B are also displayed in

the figures..

Se3s Comparison with experiment

Se3els . Backenstoss et al. (1963)

Cascade showers produced in a total absorption spectrometer
‘by & beam of muons from the CERN proton synchrotron have been
studied by Backenstoss et ale (1963)e Average showers in iron
resulting from knock-on electron production were obtained for
;énergiés up to 10 GeV, and these are shown in figure 5.4 together
with the theoretical predictions of Ivanenko. There is good
agreement between theory and experiment for showers of energy
< 4 GeV, but at 10 GeV the theory predicts ~ 20% more electrons

at shower maximum than are actually observeda
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5e3e2 Takbaev et ale (1965)

Electron-photon showers have been recorded in iron by
Takbaev et ale (1965) using an ionisation calorimeter consisting
of 12 layers of chambers separated by absorber. Showers initiated
by nuclear-active particles were rejected by means of a large
carbon plate (160 gm. cm_e) and two layers of ionisation chambers
beneath the main calorimetere Pions produced in the interaction
of a nuclear-active particle would be expected to produce a
further shower beneath the carbon, whereas electromagnetic
cascades would be absorbeds A total of 187 electromagnetic

showers were observeds The energy of each cascade was determined

using the relation

.0
E, = B [.No (t) dt
where P is the average energy loss of an electron per gm. cm e
Tt was found that the primary energies were in the range 100 -
300 GeVe The showers were normalised to an energy of 100 GeV,
and the average curve is shown in figure 5.5 The experimental

points are in good agreement with the theoretical curves of

Tvanenko.

5-5050 Murzin et alo (19622

The shape of electron-photon cascade curves in iron has
been measured with an ionisation calorimeter by Murzin et al.
(1963 ) for primary electron and photon energies ~ 200 GeV. The

The calorimeter consisted of six layers of ionisation chambers
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interleaved with iron, and only events in which there were at
least 250 relativistic charged particles in each of three
layers wére selecteds

In general, interactions of nuclear-active particles lead
to a broader depth distribution of ionisation in the calorimeter,
often possessing several peaks. Consequently, the basis for
selecting electromagnetic bursts was an ionisation distribution
of minimum width, one peak and commencing within the first three
radiation lengths of the absorbers To avoid selecting events
arising from several primary electrons and photons, only cases
were considered in which T5% of the ionisation produced in one
row occurred in a single ionisation detector.

Using these selection criteria, 10 out of 80 recorded events
were interpreted as being electromagnetic cascades. These events
were normalised to a primary energy of 100 GeV, and are shown
in figure 55 together with the th§9retical curve of Ivanenko.
Despite the limited statistical accuract of the measurements,

\ i
the agreement with theory is goods

It should be noted that the absolute numbers of electrons
\

measured by Takbaev et al. and Murzin et al. are not in

agreement, despite both measurements being normalised to an

energy of 100 GeV.
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S5e4s Monte-Carlo calculations

The Monte-Carlo method of simulating electron-photon cascades
has been used by Crawford et al. (1965) to study the three-
dimensional cascade problem in copper for various primary and
secondary energiess They have produced extensive tables of
electron and photon number distributions, together with radial
and angular distributionss In these calculations bremsstrahlung,
pair production, Compton scattering, multiple scattering and
ionisation losses were taken into accounte The Bethe-Heitler
cross-sections for pair production and bremsstrahlung were used,
with allowances made for the screening effects Any deflections
as a result of these processes was considered negligible compared
with multiple scattering.

The results of Crawford et als are restricted with regard
to primary energy, and the tables available for copper were for
a maximum energy of 2 GeV. Hence, it is only possible to compare
Ivanenko et al and Crawford et al at this energy. A difficulty
in making a comparison arises from the fact that Ivanenko et al.
calculate the total number of electrons whereas Crawford et al.
present the results in the form of the flux of electrons with
energy in excess of 10 MeVe In the burst experiment calculations
it is important to know the energy spectrum of electrons in a

cascade, so as to be able to calculate the equivalent burst size

measured by a scintillator.
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5¢5¢ Energy spectrum of electrons in a burst

A scintillation counter measures the total track length of
ionising particles in the phosphors Because the phosphor has
a finite thickness, a particle requires a definite energy to
traverse the counter, and particles with energy less than this
minimum value will be stopped in the phosphors In particular
the mean minimum energy far the scintillators used in the burst
éxperiments was 28 MeV. An equivalent particle is defined as
a parficle which completely traverses the countere. Hence two
electrons each of energy 14 MeV incident on the phosphor would
be detected as one equivalent particle by the scintillator.
Consequently, it is necessary to know the energy spectrum of
electrons in a cascade so as to establish a relationship between
the number of equivaelent particles measured by the scintillator
-and the true number of electrons in thg burst.

The intqgral energy spectrum of eiectrons in a cascade as
calculated under Approximation B is proportional to (E + eo)-s,
where S is the age parameter. Mitra et al. (1949) measﬁred the
momentun spectrum of particles in extgnsive air showers at sea
level using a counter-controlled cloﬁd chamber operated in a
magnetic field, and found the results to be consistent with an
intégral spectrum proportional to (E + <—:o)'7 with 7 = L1e1*0e3.

.According to the authors the theoretical value of the exponent

is 1.5 but the discrepancy was due to selection bias and

scattering of the particles.
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In figure 5.6 the énergy distribution of electrons at the
maximum of a 2 GeV cascade initiated by a primary electron in
iron is shown by the full line, and has been calculated from the
cascade curves of Ivanenko et al using the expression

N(>E) = N(>) (1+E/eo)'S

Nassar et al (1946) attempted to check the validity of shower
theory using a counter controlled cloud chamber operated in a
magnetic field of 1100 gauss. The chamber contained four lead
plates, and events were selected in which cascades initiated by
a single electron were observed in the chamber. The average energy
distribution of electrons near the maximum was determined using
17 showers with a maximum number of particles between 6 and 20.

The experimental points are plotted in figure 5.6, and are
normalised to the Ivanenko et al curve at an electron energy E
given by E/eO = 0.45, having been corrected so as to apply to an

iron absorber.

- Also displayed in the same diagram is the energy distribution
predicted by Richards et al (1948), nommalised at the pbint
E/eO = 0.5. This has been derived using precise expressions for
the probabilities of Compton effect, radiation and pair production.
The production of secondary electrons by collision processes was
also considered. The assumption was made in the computation that
the equation representing loss and gain of particles by radiation

can be described by a continuous energy loss; this procedure is
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valid for electron energies E < Eo’ where Eo is the primary
energye

The energy distribution of electrons at the maximum of a 2
GeV cascade as determined by Crawford et al is displayed in
figure 5.6, and is normalised to Ivanenko et al at E/eO = 0s5e
Both Crawford et al and Richards et al predict fewer electrons
of a given energy than does the (E + eo)'S variation, which is
in agreement with the experimental data of Nassar et als The
data of Crawford et al for the energy distribution of electrons

in 1 GeV and 2 GeV cascades in copper is best fitted by
NGE) = N(>0) / (1 + E/eo)P With p = Le5S = 0.24

This expression has been used to determine the total number of
electrons in a 2 GeV cascade as predicted by Crawford et al, and
this is displayed in figure 5.1. There is a considerable
discrepancy between Crawford et al and Ivanenko et al with regard

to the absolute number of electronse.

S5e6e Photon contribution to a bumst

A simple model has been adopteds Ivanenko et al do not
evaluate photon cascade curves for either primary photons or
electronse Hence, photon curves have Béen interpolated f;'om
Approximation A, and these are shown in figures. 5.2 and 5% for

primary electrons and photons respectively.
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Bursts are camposed of both photons and electrons. A
scintillator measures the total track length of ionising pé.rticles
in the phosphor, so that the burst size as recorded by the
counter will comprise the track length of electrons entering
the phosphor from the iron, together with a contribution from
electrons produced by photon interactions in the phosphors There
are two important processes by which photons interact to produce

electronse

1) Pair production

The differential probabilities per radiation length for
pair production given by Rossi (1952) are:

2 2 -3
for mec << E << 137 mec Z

p(E)=<gin2E2 - 559% / 18 (185 7°3)

m ¢
e
o 1
and for E>> 137 m ™7 3
e
- L
ROV CEYCES)
The expressions have been Interpolated in the intermediate energy

regione

2) Compton scattering

The probability for a photon of energy E traversing a thickness

dx g}hcrrl-2 to undergo a Compton collision in which the scattered

photon has an energy between E" and (E° + dE") is given by Rossi

(1952) as:

for B >> me02 and = mec2 < E<E




o7
o (B,E)aE ax = 0.15 f!\—ézmec2 i‘i— iEL— {1 +<%—> 2} ax
The total track length of electrons produced in the phosphor
by photons has been evaluated using the above cross-sections, and
assuming the energy spectrum of photons to be the same as that
of electronse The contribution by photons to a given burst size
is 2L%
At high electron and photon energies the ratio of photons to
.QOwQJ’
electrons in a burst is 9/7, but at lemser energies photons
become more abundant due to the reduced photon absorption
coefficients The total track length distribution of photons in
iron has been interpolated from the data evaluated for air and
lead by Richards et al, and using these figures the contribution
by photons to a given burst size is 37% The difference
principally arises from the increased flw.c of low energy photons
undergoing Compton scattering. However, any underestimation to
the contribution by the adoption of the simple approach will
apply to all burst sizes, and so will affect only the absolute

magnitude of the predicted burst spectrum and not its shape.

5¢7Te Conclusions
The theory of Ivanenko et al is, in general, in good
agreement with the available experimental measurements for iron.

The energy spectrum of electrons in a cascade is best described

by the expression

NGE) = N0) / (1 + E/.so)S
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where € is the critical energy of the absorber, and S the age

parameters

58 Fluctuations

5¢8¢1e Distributions

So far only the average behaviour of cascade showers has been
considereds It is a much more complicated problem to compute the
distribution function giving the probability of obtaining more B
than N particles at a depth t, taking into account the fluctuation
problem, due to the difficulty in solving the resulting complex
integro-differential equationse Hence attempts have been made to
derive this distribution function from general considerations or
from simplified models. A

The Poisson distribution was the first to be tried, on the
basis of genetic independence of the shower particles. This
assumption depends on the number being large foar its validity;
However, the Poisson formula underestimates the effect of fluctua-
tions due to the genetic dependence of the particles - any deviation
from the average behaviour occurring early in the development of
the cascade reflects at greéter depths.

A more promising approach was made by Furry (1937) who obtained
a distribution as a solution of a differential equation based on

the actual mechanism of the shower. However, ionisation losses

were ignored in the derivation of the distribution, amd electrons
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and photons were treated as identical particlese In a cascade
the effect of ionisation losses becomes important at large depths,
so0 that the Furry distribution might be expected to apply over the
first few cascade lengths;

The experimental mean square deviation from the average is
too large to fit a Poisson distribution and too small to fit a
Furry distribution, so it would appear that a distribution whose
mean square deviation lies between these two extremes would be
appropriate. The Polya’ is such a distribution. Its shape depends
on a parameter b, and it reduces to the Poisson and Furry limits
when b = 0 and 1 respectively. The probability P(N,N) of
obtaining a number N if the mean is ﬁ, according to the Polya’

distribution, is given by:

= N
PE) = 3, (__lf_;’) (1 % (1 +Db)eees (1+(N-1)b)) (145T) /P
1+ok

where 0 € b < 1. The distribution for various values of b 'is shown
in figure 5.7 for N = 20. The Poisson distribution is fairly
symmetrical about the mean value, but for values of b > O, the

distributions become skew towards smaller values of Ne

5.8.2 Effect on a spectrum

The theory of cosmic ray bursts played an important part in
the determination of the spin of the muon. Christy et al. (1941)

found the theoretical size-frequency distributions of large

bursts produced by bremsstrahlung of high energy muons were
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sensitive to the muon spin. From a comparison of their theoretical
burst spectra with exper imental measurements, they concluded that
muons were Dirac particles of spin %a Mitra (1957) has applied
fluctuation distributions to the theoretical spectra of Christy
et al to show that fluctuations have a considerable effect on
burst size. He concludes that the effect of fluctuations would
be to obscure any conclusion that might be made about the muon
spine In particular, Mitra compares his results with the
experimental measurements, and concludes the best value of b in
the Polya' distribution is 0.87, indicating a distribution very
close to that of Fﬁrry.

Tt is important to know the effect of fluctuations on the
theoretical burst spectra in Sl and S2, derived from ‘*average'
cascade theorye. Hence, fluctuation corrections have been applied

to the predicted S, spectrum of bursts according to the two

1

extreme cases - Poisson and Furry. The Poisson distribution
alt§rs the curve little, but the effect of the latter distribution
is Qo change the absolute rate at any given burst size. However,
the exponent of the new spectrum is essent ially unaltered, over

the range of burst sizes relevant to the Durham burst experiments.

5¢8¢3. Experimental data
Takbaev et ale (1965) have examined the distribution of

charged particles. in cascades produced in iron by means of an
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ionigation calorimeter (§ 5¢3¢2)s The experimental distributions

were measured as a function of depth in the absorber, and the

following cénclusions were drawne

1. At small thicknesses (t < 2 radn. lengths) the distribution
approximates to Furry.

2, At large thicknesses (t > 17) the distribution approximates
to Poissone

%, Near shower maximum (8 <t < 11) the distribution is Nommal.

The above results refer to showers of erergy ~ 100 GeV.

The dats of Crawford et ale (1965) also shows the same form
as observed by Takbaev et al, being a minimum at shower maximum
and. becoming larger for small and large depths in the showers.
Both these results are in agreement with the calculations of
Gerasimova (1965)e Near the beginning of the shower, there are
a few highly energetic particles, so that fluctuations are
significarit for the development of the shower. These fluctua-
tions, particularly for photon induced showers, are close to
Furry. Near shower maximum, the fluctuations are smaller due

to the larger number of particles presente
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CHAPTER 6

ANATYSIS OF RESULTS

Gele Introductidn

The procedure adopted to interpret the measured bursts has
been to predict burst spectra for Sl and 82 assuming the validity
of QeEeDse Comparison between the measured and predicted spectra
then indicates the accuracy of the cross-sections. The predomin-
ant process contributing to small bursts is that of knock-on
electron production, whereas(large bursts arise mainly through
bremsstrahlung. Hence, any discrepancy would reflect on either

of these two processese

6e2s Experimental analysis

Bursts produced in the apparatus (figure 2.1) are detected
by a pulse from the geiger tray G, (figure 2.1), a large pulse
from either Sl or Sg, and no pulse from s’s When the selection
criteria were satisfied, the size of the scintillator pulse was
recorded phoﬁographically on an oscilloscope, and the flash tube
trays photographed by a second camera. For a discriminator
setting of > 100 particles in either Sl or SQ’ the ratio of
useful evenfs to the total number of exposures was 1:he

For each burst the projected zenith angle of the muon was

determined from the flashes in A and B, and the burst size in

either §; or 82 (defined as the recorded pulse height divided by
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the mean pulse height produced by a single relativistic muon
traversiné the counter at normal incidence to its largest face)e
. Also .recorded for each event were the mean numbers of flashes,
ﬁc, 'ﬁd and ﬁe in the flash tube trays C, D and E respectivelye
Figure 6.1, shows typical bursts produced by an energy transfer

in Fl' In both cases the muon penetrates F2 and is recorded by

tray E. Interactions occurring in F2 are displayed in figure e 20.
The muon track is clearly visible in trays A, B, C and D, together
with a burst in E. Double bursts probably produced by the cascade
from a large ehergy transfer in Fl penetrating the second absorber
are displayed in figure 6.3. In both cases the burst size in 5,
was not recordeds - A double burst event, probably caused by two
independent muon interactions, one in Fl and the second in F2,

is shown in figure 6.l4a. The possibility of employing events of
this nature to determine the high energy muon spectrum (Epn > 500 GeV)
is discussed in Chapter T. Figure 6.4b is probably a nuclear
interaction of & muon, the transverse momenta of the produced

pions accounting for the double core natures However, the low

number of flashes in tray E is not typical of a pion cascade. The

fiducials and clock have been omitted fram all these photographs

for the sake of clarity.

6e3s Theoretical burst spectra

6e3.1 Incident muon spectrum

Functions for the differential aperture of a detector of







Figure 6.2, Typical bursts in §

2‘
a. 0=70.5°, Ns>280 particles.
b, 0=73°. N = 26 particles.
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Figure 6,3. Double bursts,

a. 0-88°  Ng =510 particles.
1 N.. not recorded.

b, 0=77". Ng,= 44 particles. 52

- | .



Figure 6.4, Unusual events,

a, Double interaction - one in F, and a second in F_.

oo 0 2
Ns1=38 particles; NSZ not recorded,

. b, Double core event - probably a nuclear interaction
of a muon,
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rectangular dimensions X, Y and.Z have been calculated by Osborne
(1966 ) for muons incident on the XY face :

. By
for %> 6> cot™t (Y/(X2 + Z2)2 )

- 1
=0 (sinEG[Y(X2+ZE)2 - YZ] - sin® cosG[XZtan-l'% - Zeln

a6 )
2 .25
| ((x542%)2/z)) )
. L
and for cot™t (Y/(X2 + Z2)2) >0 ta.n-l%-
2 1

-g%- = 2sin 6 (XY (sinee-z—2 cos’8 )2 - YZ sin® + cos ©

Y

[Ze(l-in %) - X7 coé—l(% cot )
~2% 1n cot 0 1. '

"The muon spectrum summarised in Teble 3.1 has been used in
conjunction with the above acceptance functions to d.erivé the
spectrum of muons traversing the array. The axis of the apparatus
was orientated at an angle 8° east of magnetic north, and only
particles incident from the north were accepted, due to a hill on
the south side of the laboratory attenuating the muon flux from
this direction. Corrections to the d:‘ffgrential aperture for dead
space between the geiger counters in G2 have been includeds
Considering Sl alone, muons of erergy < 100 GeV come predominantly
frqm the zenith angle range 500-77.50, whereas lé.rger energy muons
mainly arrive af larger zenith angles. The median zenith angle
increases fram 8 = 66.5° for muons of energy 10 GeV to 8 = 81° for
muons of energy.lOOO GeVe For muons‘traversing' 82 the x}‘alues of
the median zenith angles are larger than thosefor Sl’ due to the

cut-off being 63° instead of 50° as in 8,
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The three electromagnetic processes by which a muon can lose
energy are bremsstrahlung, p-e collision and direct pair produc-
tion, and these have been considered in Chapter ke The spectra
of energy transfers in Fl and F2 were evaluated using the incident
muon spectrum and the known cross-sections far the interaction
processes.‘ As no information about the azimuth of the incident
muon is available from the experiment, muons were assumed to be
incident at the mean azimuth of the apparatus and corrections
were applied to the energy transfer spectra for the increase in
target thickness.

The theory of Ivanenko et al, which was shown in Chapter 5
to be in good agreement with the available experimental evidence,
has been adopted in order to derive a burst spectrum from the
energy transfer spectrum. The eﬁergy spectrum of electrons in
a burst is taken to be N(>E) « (1 + E/eo)'s. Integrating the
energy distribution of eléctrbns over the thickness of the phosphor
shows that the equivalent number of particles as measured by the
scintillator is represented by the number of electrons in a shower
~ with energy > 15 MeV, Standard cascade curves in terms of the
equivalent burst size are shown in figure 6.5 for electron and

photon initiated showers, amd include a 24% contribution by

photons interacting in the phosphor.
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64343+ Pion cascades

It has been known since the work of George et ale (1950)
that there is a significant cross-section for the inelastic
collision with a nucleuse The interaction is regarded as being
between a photon of the virtual photon cloud acccompanying the
muon, and the nucleus. The cross-section for the interaction is
then derived froﬁ a knowledge of the flux of virtual photons, and
the measured cross-section for the interaction of real photonss

The probability of a muon of total energy U transferring a

fraction between v and (v + dv) is given by

N &« dv ‘l
¢(U’V)~A.Z._ﬂ.ohv.——; ln(;)

vhere Ohv is the photonuclear cféss-section.

Wﬁén a nuclear interaction occurs, the resulting pions
cascade in the irone Neutral pions decay rapidly into two 7s,
vhich then give rise to an electromagnetic cascades Charged pions
penetrate the iron and interact again to produce further pions,
both charged and neutrale Hence, the cascade is a composite one,
consisting of electron-photon showers originating at various
depths in the absorber from the decay of.neutral pions, together
with a flux of charged pions. The inelastic cross-sections for
n-p and p-p interactions have been given by Morrison (l965)»as
22 mb and 30 mb respectively. The resulting cross-sections for

pion and proton interactions with an iron nucleus are 631 mb and

715 mb respectively, so that the respective mean free paths for
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pions and protons in iron are 19.% cms and 17 cms.

Ip the calculations it was assumed that the total multiplicity
of pions produced in y-N-collisions is given by n, = 3E7%, with
E7 in GeV. Equipartition of energy among the produced pions is
assumed, and in the subsequent pion cascade the inelasticity of
n-N coliisions has been taken from Brooke et al (l964c). A total
multiplicity of secondary pions, n, = BEﬁ%, with ETt in GeV has
been used.

Assume a y-N interaction occurs after a muon has traversed
a distance (X - x) of the iron’(thickness X), and let the pion
interaction length be A. Then a fraction exp(-x/A) of the
produced charged pions will leave the iron without further
interaction, and the remainder will, on average, interact after
travelling a distance X given by

x=A-x/ (exp 5) - 1)

Pion .cascades for various primary energies and different
points of origin have been followed through the iron. The contri-
bution to the total by the electromagnetic cascade has been
evaluated using the curves in figure 6.5. It was assumed that
charged pions with energy < 1 GeV lose all their energy by nuclear
disintegration. The resulting cascade curves are shown in figure
6e6. Also displayed in the same figure are the curves for a pion

inelasticity of 100%. The difference between the curves at depths

relevant to the burst experiment is small, indicating a weak
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dependence of the cascade development on this parameters
The characteristic features of nuclear cascades produced in

iron by primary nucleons have been studied by Denisov et als
(1965) using Monte-Carlo methods. The results for a 200 GeV
cascade, corrected so as to take into account the photon
contribution, are shown in figure 6.6, together with the
corresponding curve calculated by the method described in the
previbus paragraphs The agreement is good for t > T radiation
lengths, but over the first few radiation lengths ‘there is a
discrepancy, being typically ~ 17% at t = 4 radiation lengths.
It should be noted that the results of Denisov et al assume a

nucleon inelasticity of T5%

6.3.) Burst spectra

The burst spectrum produced by energy transfers occurring in
a thin layer, dx, has been evaluated from the spectrum of erergy
transfers and fram cascade theory, taking into account the
increased track length of electrons in the phosphor due to the
incident muon arriving at angles other than normal incidence.

The total burst spectrum was obtained by integrating over the

whole thickness of the absorber, and may be repr@sented by:

b(>n) = Zfdx/ fﬂ/e ﬁé mpr_FEu,Ell(m,E,x)cb(E“,e)

A(6¢)dE

all
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between
where ¢(E“,9) is the number of muons with energy/Eu and (Eu + dE )
)
dae d& - | )
M in the zenith angle range 8 to (8 + do).
wpr(E“,E) is the probability of a muon of enegy Ep producing
an energy transfer E for each process (pr.).
1(>n,E,x) is the probability of there being more than n
equivalent particles at a distance x from the position
of an energy transfer E.
EMIN is the minimum energy transfer to produce a burst
size N
A(6¢) is the acceptance function of the apparatus.

The spectra of burst arising from the different energy transfer
processes have been evaluated for Sl and Sg, and are displayed
in figures 6.7 and 6.8 respectively. Bursts detected in 5, can
be produced by energy transfers occurring in either Fl or F2.
However, they predominantly are the result of interactions taking
place in F,, the contribution from F, being 3% for bursts > 10
particles and 8.5% for bursts > 100 particles.

The relative contribution of each process to the total burst
spectrum can be seen in figures 6.7 and 6.8, p-e collision is the
dominant energy loss process for both Sl and 82 for burst sizes

less than ~ 30 particles, but for larger bursts, bremsstrahlung

becomes the major process. The remaining processes do not contribute

significantly to the total.
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It was suggested by Matano et al. (1965) that the photonuclear
1
cross-section should depend on energy as E2, for E > 5 GeVe The

expected spectra of bursts in Sl and S2 have been calculated

assuming

1
ohr(E) = (8/5)2 °hr(5) for E > 5 GeV
and ohr(E) =0 (5) for E < 5 GeV

28

where Uhr(5) = 2.6 x 10~ cmg/nucleon,

and are shown in figures 6.7 and 6.8 by the broken lines. There
is a significant contribution to the total spectrum, as is
indicated by the difference between the new spectrum and the
spectrum calculated on the basis of a constant photonuclear

28

cross-section (2.6 x 10 cmg/nucleon)-

| The probability of a muon of energy Ellproducing; a burst
size between n and (n + dn) is a composite function of the muon
spectrum, interaction cross-sections and cascade theory. Distribu-
tions of muon energies producing bursts in the range 13.2-26.4
particles have been evaluated for Sl,-and are shown in figure 6.9.
 Similar distributions for bursts of size 132 - 264 particles are
displayed in fﬁgure 6410, The meagziedian muon energies giving rise
to the particular burst size by the different interaction processes
are indicated, as are the relative contributions of each process

to the total burst spectrume

Small bursts arise principally from low energy transfers
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occurring within a few radiation lengths of the scintillator,
whereas larger bursts are produced by larger energy transfers
taking place further from the scintillator. - The depth distribu-
tions for three burst sizes ranges are shown in figure 6.11.

The mean depth from the scintillator increases from 5.4 radiation
lengths for bursts of size 13«2 - 2604t to a value of 9.9 radiation
lengths for bursts of size 1320 - 2640,

Distributions of the age of a cascade giving rise to various
burst sizes in Sl are shown in figure 6.12. The majority of
bursts measured in the scintillator are near shower maximume. As
the burst size increases the width of the age distribution giving

rise to the particular burst decreases, on account of the finite

thickness of the absorber.

6e4e Experimental data

belsl Spectra of bursts

The results of the A series, in which 177 bursts were observed
in a total useful running time of 489 hours, have been presented
by Ashton et al. (1965b)e During this series, only 8, was
operationale A further useful running time of 1442 hours was

obtained in the B series, during which another 1150 bursts were
analysed, 852 occurring in Sl and 298 in 82. The two series were

mutually consistente

The total measured spectra of bursts in Sl and 82 are cdmpared
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with prediction in figures 6..7 and 6.8 respectively. Both
theoretical curves have been normalised to the measured points

by a factor of 1le1l8, which was derived from a weighted comparison
with prediction of the total number of bursts observed in the
running time. The bursts in Sl are in good agreement with
expectation, assuming a constant value of the photonuclear cross-
section, and there appears to be no evidence for Ghr increasing as
E%. However, as bremsstrahlung is so dominant, the burst spectrum
is not particularly sensitive to the nuclear interaction contribu-
tione. The bursts in 82 are in agreement with theory for burst
sizes <100 particles, but there is a discrepancy between measure-
ment and prediction at larger burst sizess This result is not
considered significant due to the limited statistical accuracy

_of these latter measurements, especially in view of the agreement
found in Sl' All the data for Sl and 82 have been grouped to.gether
and are shown in figure 6.13 together with the spectra predicted with
Ohr constant, and with chr increasing as E%, for E > 5 GeV. There
is an indication of a bAetter fit to the spectrum calculated
assuming an increasing photonuclear cross-section for bursts -~
300 particless However, this deviation is the result of the dis-
crepancy observed in the S2 spectrum at the same burst size. The
contribution to the total spectrum by protons is small, amounting
t0 0.35% for a burst size of" 10 particles and decreasing to 0. 08%

at 100 particles. Also displayed in figure 6¢13 are the mean

and median muon energies and energy transfers for a particular

burst size.
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6eke?2 Angular distributions

Histograms of the projected zenith angle of muons producing

bursts in S, are shown in figure 6.1k, for bursts in the size

1
ranges 12-20 and 100-200. The statistical accuracy of the
events in each cell is indicated by the erroi' flag. Also shown
are the predicted distributions, which are in fa.ir agreement with
the measured distributionse There is no indication of any
significant contribution from protons, which is in agreement with
predictions The angular distributions for 82 are displayed in
figure 6.15. Again, there’ is fairly good agreement between the
measured and predicted distributions, considering the limited
statistical accuracy of the 82 burstse These results indicate

that the particles producing the bursts are in fact muons, as

expecteds

6elte? Iateral spread of bursts

One dimensional cascade theory assumes that all particles
retain the direction of the shower axis, and neglects any
angular deviation of the electrons. In practice this is not
valide The lateral spread of bursts, illustrated by C and D
flash tube trays in figure 2.1, is principally due to multiple
Coulomb scattering.

In figure 6.16 the mean number(ﬁcd) of flashes in trays C and
D has been plotted as a function of burst size in Sl as a ‘'dot'

distribution, and the full line represents the best fit to the
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pointse The spread in.ﬁcd for a given burst size is mainly due
to the age variation. Young bursts produced by energy transfers
occurring near the scintillator should be well collimated, whereas
the effects of Coulomb scattering will be more pronounced on
bursts reaching the scintillator after shower maximum, due to the
lower mean particle energy. The mean number of flashes Gﬁc) in
tray C.has been plotted against the mean number (ﬁd) in D in
figure 6¢17. The full line is the best fit to the points, and

is represented by'_l\_Td = 1l.19 ﬁc’ showing that the electrons 'fan
out' while traversing the scintillator. However, the effect is
not as large as would be expected from geametrical considerations,

which indicates absorption of the low energy electrons most distant

from the shower axis.

6e5 Conclﬁsioﬂs

The spectra of bursts measured in Sl and 32 are in agreement
with the spectra predicted on the basis of QeEeDs This result
indicates the validity of the theoretical cross-sections for
L - e collision and bremsstrahlung for energy transfers < 10 GeV

and < 200 GeV respectively. The agreement between the measured

and predicted angular distributions shows that muons are the

parents of the burstse.




CHAPTER 7

FEASIBILITY OF MEASURING THE HIGH ENERGY MUON SPECTRUM

Tele Introduction

The momentum spectrum of muons incident at large zenith angles
has been measured for momenta < 2000 GeV/c using magnetic spectro-
graphs, and Borog et al. (1965) have estimated the spectrum in
the region 300 - 3000 GeV/c from burst measurements in an ionisation
calorimeter. Both approaches are discussed in Chapter 3. However,
these techniques are limited at higher muon momentas Although
magnetic spectrographs measure every particle traversing the
apparatus, the number of hightenergy muons accepted is small due
to the small apertures of present spectrographs. In calorimeter
experiments the aperture can be made large, so that the flux of
high energy muons is large compared with that of spectrographse
However, only a certain fraction of muons will undergo an electro-
magnetic interaction in the calorimeter. Hence the burst experiments
are limited by the cross-sections for interaction.

It was pointed out by Alexeyev et ale (1959) that the effective
cross-section for direct pair production increases rapidly with
primary energy, and becomes the dominant process for large energy
muons (> 1000 GeV) producing low energy transfers (~ few GeV).

This précess offers a possible means of recording every high energy

muon with a large area multi-layer system of detectors.
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Te?2 Theoretical considerations

The feasibility of using the Durham horizontal burst apparatus
to measure the high energy spectrum will be discussed firste The
selection criteria of the array used in this mode of operation would
be a single pulse from G2 and two simultaneous pulses from Sl and
52’ together with no pulse from S’ There are two types of process
which can give rise to a double burst event, i.e. a burst in Sl

together with one in SE'

In double energy transfer events two independent energy trans-
fers take place, one in Fl giving|ri§e.to a small burst‘in Sl’ and
a second in F, producing a burst in ?é. Direct pair production
and B - e collision are the processes which principally contribute
to these eventse Theoretical burst spectra have been derived
using the MeUsTe cross-sections for pair production and the
Bhabba expression for the p - e collision cross-section given in
Chapter 4« The burst spectrum in Sl has been derived on the basis
of a burst in 82 of size st > 3 particles, and is shown in figure
7.1 for the two cases of Eu > 500 GeV and Bu < 500 GeVe In the

former case pair production is the major contributor, whereas
M - e collision plays an increasing role at lower muon energies.

A double burst can also arise from a large energy transfer

taking place in Fl’ and some of the resulting cascade surviving to

reach 82. These large transfers come mainly from bremsstrahlung,

for which the double spectrum has been evaluated and is shown in



- rate per day per unit burst size N in s, for N, 33

burst size (N)

Figure 7.1, Spectra of double bursts due to the various processes.

1. E <500 Gev
2, ]i.t >500 Gev

3, Nuclear interaction
4. Bremsstrahlung.
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| figure Telse . Also displayed in the same figure are the experimental
data available from the single burst runs, in which bursts were
selected by a large pulse from either Sl or 82. These events

were selected on the basis of a large pulse in Sl’ together

with the mean number of flashes in S5, being -1\-IE >3 (S2 pulse was
too small to be recorded)e The agreement between prediction and
the experimental results is good, considering the limited statis-
tical accuracy of the measurements.

A nuclear interaction of a muon occurring in Fl also gives
rise to a double burst, due to the resulting pion cascade. The
expected double burst spectrum has been evaluated, and is shown
in figure Tole No account of the pion transverse momentum has

been taken in these calculations.

Te3e Possible experimental arrangements

Over the burst size range NSl= 3 - 10 particles the dominant
contribution comes from double energy transfers (figure Tel)e
Due to the relative abundance of muons with energy < 500 GeV,
the contribution to the total double burst spectrum of muons in
this energy range is similaf to that of muons with Eu > 500 GeV.
For Ng= 3 - 10 and Ng, > 5 the rate of doubles is ~ 10/day from
Eu < 500 GeV and Eu > 500 GeV, i.es & total of ~ 20/day. The intro-
duction of a third aﬁsorber and scintillator would x;educe the

spectrum of double bursts produced by muons with Ey < 500 GeV,

but with the present apparatus the extra length of arm would
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reduce the effective aperture.

A better experimental apparatus would be a multi-layer detector
of lérge aperture, with sufficient layers to reduce the multiple
bursts produced by muons with Ep < 500 GeV to a level which is
negligible in comparison with the rate of multiple bursts produced
by higher energy muons, but with large enough aperture so as to
obtain an appreciable flux of high energy muons traversing the
apparatus. A possible experimental arrangement is shown in figure
7.2, The apparatus essentially consists of four interaction blocks,
each composed of an iron absorber (10 radiation lengths) together with
a plastic scintillation counter and one tray of flash tubes contain-
ing 2 layers of tubes. A fifth scintillator (S) is used in the
selection systeme A tray of flash tubes (8 layers) is situated in
front of S, and is used to select events produced by single particles
incident on the array. The anti-coincidence scintillator (S°) is
in the selection system to reduce the number of extensive air

showers triggering the array. The selection criterion is:
5. (1) 5; (33) 8, (®3) 85 (3) 5, (>3) 1)
With scintillation counters of area 75 x 14O c:m2 the rate of
muons with By > 1000 GeV is ~ 18/day. Approximate rates of multiple
bursts with 2 3 particles in each block are:

By (>1000) : 1.9 day™ L 5 Eu(500-1000) : 3.3 x 10 Tday ™" ;

By (<500) & 1.3 x 10 Taay .
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The values of E“ correspond to the energy range of muons producing
the multiple bursts. With this arrangement, ~ 10% of muons with
EL > 1000 GeV are detected. These rates correspond to muons incident
from only one direction, and so could be increased by a factor of
2 by;aécepting bursts produced by muons traversing the apparatus
in both directions. The thickness of absorber‘in each block has
been selected to be 10 radiation lengths to reduce the effect of
a transfer occurring near the end of one target, say Fl’ and some
pf the cascade surviving to satisfy the selection criterion of 82.
During the initial stages of.de§elopment the apparatus would
be operated with both scintillators and flash tubes, the latter
being used to visually select events produced by single muons.
The pulse heights fram the five scintillators (S’Sl-h) would be
recorded on punched tape, and only those events analysed which
correspond to a single track. There would be no ambiguity on
account of eventé produced by bremsstrahlung or nuclear interaction
of muons. Both would be distinguishable because of the large pulse
heights, which would correspond to four sampling levels on the
cascade curve. In the case of four independent.energy transfers
there should be no correlation between pulse heights. Also, in
a true event, each scintillator should register ~ 3-10 particles,
so that upper level discriminators could be incorporated in the
selection system to cut out bremsstrahlung and nuclear interaction

events. If it was found that events could be selected without
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the visual technique, then the apparatus could be fully automated.

To4e Previous Experiments

A spark calorimeter, consisting of 5 layers of spark chambers
separated with lead filters 15 cms. thick, has been operated by
Bibilashvili et ale (1965) at a depth of 200 meWwee. undergrounde
The total sensitive area was 60 x 50 m2. High energy muons passing
through the calorimeter generated electron-positron pairs in the
filters, and the resulting cascades are detected by the spark
chambers. A spectrum of bursts was measured, and it was estimated
that the interactions were produced by muons with energy in the
range 100 - 1000 GeVi However, no attempt was made to derive the
spectrum expected frém the known cross-sections for the interactions

producing bursts.

Te5e Conclusions

It would seem feasible to measure the high energy muon spectrum
at large zenith angles using the technique of multiple bursts.
With the present Durham apparatus, it would be difficult on account
of the contamination from muons with energy <500 GeV, but this

can be overcome by building a multi-layer detector.
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8.1. Introduction

Nuclear interactions of high energy cosmic ray protons, neutrons
and pions incident at small zenith angles (<50°) have been studied.
The apparatus is very simples It essentially consists of an iron
target (F), 20 cms thick, beneath which is a liquid paraffin
scintillation counter (S), of area 1.2 n° and of the type described
in Appendix A. A scale diagram is shown.in figure 8.1. The iron
presents a target of thickness 1.18 interaction lengths to protonms,
so that the probability of an incident proton interacting in the iron
is 69% The energy transferred to secondary particles as a result
of the interaction is detected by the scintillation counter in the
form of a burste Pions are predominantly produced in a nuclear
interaction. Neutral pions decay rapidly into two y-rays, which
initiate an electromagnetic cascades The charged pions produced in
the initial interaction interact deeper in the iron to produce
further charged and neutral pionse Hence, emerging from the Iron
will be a burst compring electrons, photons and pions. Bursts are
also produced by electromagnetic interactions of muons.

Two trays of neon flash tubes, A and B, each containing two
- layers of flash tubes on either side of a central electrode, are
mounted above the iron, and are used to determine the projected zenith

angle of the particle producing the burste Two other trays, C and D
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are mounted on either side of the scintillator so as to give visual
information about the burst.e C and D each contain two layers of

flash tubes.

8.2, Calibration

A block diagram of the electronics is shown in figure 8.2.
Pulses from the two photomultipliers are added, and the resulting
pulse is fanned out after being amplifieds The pulse on one channel
of the fan-out is displayed on an oscilloscope, whilst the second
pulse is fed into a discriminator. Events are_selected by demanding
a pulse larger than a predetermined level at the input to the
discriminator. When this selection criterion is satisfied the
oscilloséope is triggered, and the pulse recorded on filme A
second camera is used to photograph the flash tube trayse

The photomultipliers and electronics were as used in scintillator
S1 in the horizontal Burst experimente The matching of the E.HfT's.
on the two photomultipliers was checked using the light flasher,
and was found to be consistent.with the previous calibration. In
order to extend the range of sizes over which bursts could be
accepted, the E¢HeT» on the photomultipliers was reduced to:

A.p : L2 kv 3 Cp : L1 kve

The size of a burst is defined as the ratio of the measured

pulse height to the pulse height produced by a single ionising

particle traversing the counter at normal incidence. A smll geiger
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telescope was employed to select vertical relativistic particles
traversing the centre of the counter, and the resulting distribution
of pulse heights due to single particles is shown in figure 8. 3¢
The mean pulse height was 1.22 mv, with a full width of half-height
of 85% The efficiency of the flash tubes was also determined
during the single particle calibration, the mean layer efficiency

in trays A and B being T3% A track in A and B is defined as

being n = 3 flashes in a line, so that the probability of a charged

particle traversing A and B and producing n < 3 flashes, is 04 64%,

8¢3s Analysis of data

When an event is selected, the scintillator pulse is recorded
on film from an oscﬂloscopk_—:, and the flash tube trays are photo-
graphed by a second camera. When the films are scanned, events
are classified into two categories:

(a) Bursts produced by a charged particle (Bi )e

(b) Bursts produced by a neutral particle (8°).
Typical examples of each type.of event are shown in figure 8.5
The upper photograph is a burst of size 188 equivalent particles
produced by a charged particle incident on the iron at a projected
zenith angle of 21°% The lower photograph shows a B® event of
burst size 221 equivalent particles.

With such a free selection criterion for the triggering of

the apparatus, it is necessary to define some sensitive volume.
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In this preliminary experiment the flash tubes were not crossed.
Three mutually pefpendicular axes are defined such that the x-axis
is in the plane of the. central electrode of tray A and perpendicular
to the direction of the tubese The y-axis is parallel to the
lengths of the flash tubes, and the z-axis is perpendicular to

the plane of the electrodes The sensitive volume is the cuboid
def:‘_ned by the width of the phosphor (37), the distance (E) between
the central electrodes of the flash tube trays A and D, and the
distance (x) between two limits lei and zezé as shown in figure
Bele These two limiting lines have been selected from consideration .
of the lateral spread of the bursts, as indicated by trays C and
D. The photographs in figure 8.5 show that the burst is made up
of a central region in C and D, over which tubes in both layers
have flashed, and a region at either end where there are scattered
flashes.

A diagram of the sensitive area of the apparatus is shown in
figure el Xy, Xps Xo and X, represent the central electrodes
of the flash tube trays A, B, C and D respectively, and are used
as co-ordinate axes. lei and ZEZé are the limiting lines,
selected so that there are at least 10 flash tubes in any layer

of C and D outside the limitse. This enables events to be used

in which the median of the central region lies on either lei or

Z2Z2.

-+
The projected zenith angle 8 of a B~ event can be measured
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directly. However, there is no track in A and B in a Bo event,
so that the projected zenith angle must be determined from C and
D flash tube trayse c and d° in figure 8.4 are the co-ordinates
of the medians of the central regions of the bursts in trays C
and D respectively, and the line through these points 1s taken

to be the bést estimate of the ﬁrajectony of the primary particle.
This line intersects XA and XB at the respective co-ordinates

a’ and b’, so that the estimated value of the projected zenith
angle 8 is given by

’

0'= tan "~ <%'_ b > where t is the separation of

XA and XB

The accuracy of 9’ as a measure of the true projected zenith
- +
angle 6 can be determined from the B events. Two co-ordinates

a and b are measured from the track recorded in each event, and 6

_1<>

A frequency histogram of (8-6°) is shown in figure 8.6. The

is given by:

distribution is peaked towards small values of (6-8°), the mean

and median values being 2.780 and 1.92O respectiveiy, indicating
that the projection method used to determine the trajectory of
‘neutrals producing bursts in the apparatus gives a reliable estimate
of the true zenith anglé. The difference between the true co-
ordinate (a), as measured on the reprojection system employed to

scan the films, and the estimated co-ordinate (a”) is shown as a
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frequency distribution in figure 8.7. The mean and median values
are le33 cms and leO07 cms respectivelyes The reprojection system
had a demagnification of 251, so that the mean of 1le335 cms is
equivalent to a true magnitude of 3%+%% cmse. Thus, the trajectory
of a neutral can be located to within 2 flash tubes at the central

electrode of tray A, with a zenith angle accuracy of ~ 2.80.

8e4e Theoretical burst spectra

The size spectrum of bursts has been measured in the range 20 -
1500 particless In order to calculate the expected burst spectrum,
it is necessary to know the flux of primaries incident on the iron.
Bursts are principally produced by protons, neutrons and pions, with
some contribution from electromagnetic interactions of muonse. Although
the flux of muons at sea level is larger than either that of protons
or pions, the number of bursts produced by muons is smaller due to
the lower interaction cross-sectione The sea level spectra of
protons, pions and muons in both the vertical and inclined directions

will be considered in the following sections.

8e4el Acceptance functions

The differential aperture of the sensitive volume (dimensions
%X, ¥ (%) and z with the primary flux incident on the X - y plane,
has been evaluated from the following integral:

.2
e - - 2 2
%% = sinecoseLZ~(xy - %z tan@siné - jz tanfcosd + z tan Bsindcoss )ds
- . l - - .




with the limits given by
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Range_ ¢2 ¢l
=1,- - 1t
0 <0 < tan ~(X/z) 3 0
N N g , T e
tan " (%x/z) < 8 < tan " (3/Z) 5 os " (xcot8/z)

tan" (5/z) < 6 <

tan l,( }-c2+§re/ E)

m-l(;)-rcote/i)

os-l(icoté/i)

where @ is the true zenith angle, and ¢ is azimuth angle measured

from the x-axise

The differential aperture as a function of projected zenith

angle 60 has been evaluated from the following expressions given by

Pattison (1965) for a primary.flux following the power law

I9 = IO cosnBo :

forn> 1

cosne

< n+l
n nZ n+2 5

with K= L 10(9 -z tanBo) ;s A=

Belte 2 Cosmic ray spectra

Sl

A+ = 7 +x2008 9

-I-l--l-;coe

o(&;

The data of Zatsepin et al have been used in conjunction with

the OsPeWe spectrum to determine the flux of muons in inclined

directions, for energies > 100 GeV.

For muons with emergy in the

range 10-100 GeV, the data of Allen et al has been employed. The

intensities of muons at sea level with energies in the range 10-
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10,000 GeV are given in Table 8,1, for 6 in the zenith angle range
0°%-60% '

The pion production spectrum has been derived by Osborne (1965)
under the assumption that pions are the sole source of muonse
Allowance has been made far loss of muons by u-e decay, and energy
loss by ionisation in the atmosphere. The best estimate of the
spectrum is:

1 -2.65 =2 -1

F * (Eﬂi') = 1.76 x 10 E sec Tsterad ™ Gev

T
for %.5 s Eﬁi < 2000 GeV,

The spectrum has been extrapolated up to 10,000 GeV, and is shown
in figure 8.8.

An estimate of the primary spectrum has been made by Brooke
et al. (l96ha). It is possible to evaluate the intensity of the
primary particles by examining the dependence of the énergy spectra.
of cosmic ray protons and muons at sea level, assuming a particular
model for the interaction of high energy nucleons. The OsPaWe
spectrum was used in the calculations, together with the seé level
proton spectrum measured by Brocke et al (1964b). The form of
analysis was to take a trial spectrum of primary nucleons, and to
determine a value of KT’ the fraction of energy lost by the high
energy nucleon in a collision with an air nucleus, necessary to
give the measured sea level proton spectrum, and the value of Kﬂ,
the fraction of energy appearing as pions, necessary to give the

pion production spectrum, in turn derived fran the sea level muon



Units: cmo2 sec:1 steradst Gev,

1

OO

10°

20°

(o)

30

40°

(o]

50

60°

10.0

15.0

20,0 -

- 30,0

50,0

70,0
100, 0
150,0
2000
300, 0

507,0

70,0 -

10n0,0

1800, 07

2000, 0
30n0,0
5000, 0

7000, N

1.07,=04
4,36,;=05
2,20,-05
7. 851G

1mg4w-06

2, 97,~08

S . 1 8' \"'(’g

1,46.,-09
4.31,,-10
115,10
2,79.,=11
9,98,-12
2, 30,-12
3.78,-13

7.43.-14

1.05.,=04

4,28..=05
2,18@-05
7.R3;y=NG

1,92,.=N5

1 7.22..-07

2.51:“07
7.32,,~08

3.nnn—hR

2. 27,=00

1.48,-00
a4.37,-10
1.17.,-10
2, R%-11
1.00,-11
2,24.-12

3.343-13

7.57.~14

1;n1n'n4
A, 12.9=05

9‘ . 1 1!0"”5

7,75.,=n5

1.92,=n¢
?.21,—d7
2,88,,=07
7.50,,=N8
3,1M.=0NR
3.56.,-09

1,53.,=N0

4.52.,-10

e res

2.95.,-11
1,05.,-11
2, 44,,-12
3,40.-13

7,94..~14

19,40,-05
3,97..-05
2,03,-05
7.65.-06
1.91,-08
7,20,-07
2,60,-07
7.77.,-08
2,27,,~08
‘R, 0N,=09
1,684,,-9
'4.87n-10
1,271,210
3.19.,-11

1.14.,-11

3,79,-13

2,80.-14

8. 4033"05

3,68,,=05
1,92,-05
7.55,,-05
1,90,5-06
7.17,-07
2,65,,=07
8. 17,-08
3,53,~08
9.82,,~00
1,78.4-09
5.34.-10
1.46.=10
2,57.-11
1.27,-11
2,00,-12
4.30,-13

9,77,-14

7.10,,=05
2,990
1,79,,-05
7,35,-06
1.88,,=05
7.03,-07
2. 75,=0T
8,71+-0R
3,86..-n8
1.08,N8
2.NN=n0
6,08..-10

1.6qq-10

5,15,,-"5
2062.,=05
1.50,-0n8
6,.80.,-N0G
1.80,-15
6. A0
2.,80,-NT
09,20,,~NR
4,28,-n8
1.22..~08
2.,32,-N9
7.15..=1N0
2,02..~10
5,N5,.~11

1.81.,-11

Table 8.1. The intensity of muons at sea level as
~'muons with energy

zenith. angle © for

10-10,000 Gev,

a function of
in the range




) Units: cm'.'2 sec:1 sterad?l Gev:1
Ep ° o 0 o o o o o
o 0 10 20 30 40 50 60
10,0 | 5.264-07 | 4,64,=07 | 3.12,-07 11,49,=07 | 4,38,,=08 | 5.71,p=09 | 1,54:=10 |
15.0 | 1.85.=07| 1,63.,-07 | 1,10,=07 [ 5,25,;-08 | 1,54,=-N8 2.ﬂ1n-59 5,29,-11
20,0 | 8,8N~08| T,76;,=NR | 5.272,,-08 2,504=03 ~7.335-09 -9.555-1n 2.57,-11
30,0 [3,09,-08 | 2,73.5-08 1.8%,-08 | 8,78,=00 | 2,67..-00 | 3,365,510 | 9,02,,-12
0,0 | 8.28,=09 | 7,30.-00 | 4,91..-09 | 2,35,-00 | 6,89,.:-10 8.98,,-11 | 2.42,:-12
70.0 | 2,47,-00 | 3,06.-09 | 2.05,-09 | 9,86.-10 2, 89,=10 3, 77,~11 1.61m-12
100.0 | 1.38,-00 | 122,09 | 8,21,-12 | .3,93,-10. 1.155—in 1560,-11 | 4,01,.-13
1500 | 4.88,-10 | 4,20,-10.| 2,88,-10 | 1,32,-10 | 4.75,-11 | 5,28,-12 | 1,42,5=13
o000 | 2.29.210 | 2.040-10 | 1,37010 | 65711 | 1,92,-11 | 2,571,212 | 6,75,,-14
300.0 | 8.135-11 | 7o17=11 | 4.820-11 | 231,011 | 6,77,712 | R.R2,,-13 | 2,37,-14
500.0 | 2.18,-117] 1.92,=11 | 1,209,211 | 6,18,712 | 1.81,-12 | 2,36,-13 | 6.35,-15
700,0 9.14m-52 R,06,,-12 §,42,-12 | 2.59,=12 | 7,671,183 | 9,92,-14 9.67,-15
1000,0 | 3.64.-12 | 3,21,-12 5, 16,,-12 | 1.03,=12 | 3,03,-13 | 3,95,,=14 | 1,08,5-15
15000 | 1.28.12 | 1.13.212 | 7.59,-13 | 3.63.-13 | 1,06.-13 | 1.30,-12 | 3,73.-15
onon.n | 6.00,-13 | 5.37,-13 | 3.61,-13 | 1,73,-13 | 5.07,=14 | 6,61.5715 | 1.78,-16
3000.0 | 2.140-12 | 1,809,013 | 1.274-13 | 6.07,-14 | 1.78,-14 | 2.32.-15 | 6,24.-17
BON0.0 | 5.72.-14 | 5.085-14 | 3,40,-14 | 1,53,-14 | 4,77,-15 | 6.21.,-16 | 167,717
70000 | 240am14 | 212014 | 1,43,-14 | 6,82,-15 | 2,00.215 | 2,615-16 | 7.01,-18

Table 8.2. 'The intensity of protons at ‘séa level as a function of
zenith angle © for protons with energy in the range
10-10,000 Gev.




15000
2000,0
2000, 0
5000, 0

T000,0

1,4%,.-12

&,08,,~13

2,43,-12
6'4{‘!3_14

2.54,~14

1.31,-12
5,24.,~12
2,18,~13
5,73,-14

.l)' - 37vq"'1 4.

9.18,,-13
4.38,-17
1.53,,-13

4 03‘1«)—1/1

1,67-=14 |

4.73.,-13
2.26..-13
7' 93(_—_\"1 A‘.

.9: . n-(‘)r)—.l /":

8.6A.~15

1,55,13
7.43,,-14
2.61.-14
6.90,,~15

2 . 86:')-15

1.1413"‘14
24,7415
1.06.,4-15

4,42.,-16

Units: cm:2 sec:) steradsl Gev:t
E”Gev.e 0° 10° 20° 30° 40° " 50° 60°

10,0 5,70,=081 5,11,.=02 | 3,45,=-N8 | 1,65,4=-N8 A,séD—OQ 8,431 1 1,74.,-11
15,0 | 2,89.,-18 | 2,55,-08 1.7én~08- 8.3”m—09 2.4én:09 3.24.-10 .8'839’12
an,n 1.75,5=-N8 | 1.54..-08 | 1,04,,-08 | 5,04,,-09 1.50,-09 . 1.985—10 5.42..~12
“ap,0 | 8,49.,-00 7.511,-09 | 5,00,=00 | 2,47,,=9 | 7,36.,=10 9,80.,~11 2.70n=12
50,0 | 2,21..~-09] 2,93.,-09 1;99:—”9 9,73,,~10 1 2,923,=10 | 3,951,171 | 1,11;-12
70,0 | 1.73.-n9 '1.549;09 1,05.,=09 | 5,15.,-10 | 1,56,,-10 2,13,,-11 6;033-13
100,0 8,50,=10 | 7.54,=10 | 5,17,=10 | 2,55,,-10 7(82m-11 1;98w‘11 3.11,,-13
150.0 | 3.64.-10 ] 3,23,-10 [ 2,23.,-10 | 1,11,-10 3-44n-11. A4,82,,-12 | 1,42,1-13
200.0 | 1.945=10 | 1,78.=10 | 1,190,210 [ 5,97,-11 | 1,8T,1=11 | 2.66,,=12 |7, 98,=14
300.0 | 7.72=11 | 6.885-11 | 4, 77,11 z;41w;11 7.6844-12 | 1.11,~12 | 3,41,-14
500.6. 2,20,.=11 | 2,05,-11 | 1.43,,=11 | 7,27..=12 | 2,34.,=12 5.45n-13 1,10.-14
709:0A 1.00.-11 | 8,97..=12 | 6.27,,-12 | 3,21,-12 1;04m‘13 1:55w-13 9. 0%5=18
100000 | 4.115-12 | 3.67,12 | 2.57,-12 | 132,712 1.30,-13 | €.50,-14 714,15

7. 871"—1 G
3. 82:3"13
1.36,,~16

3,64.,~17

1,61,:=17

Table 8.3, The intensity of pions at sea
zenith angle 8 for pions with

10-10,000 Gev,

]

level as a fuﬁction of
energy in the range
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spectrume The primary spectrum was then relaxed until the
condition K_r— KT[ = 0.12 was satisfied, this value being the best
estimate from the experimental data available. The empirical
relation of Cocconi et ale (1961) was used to describe the energy
distribution of pions resulting from nucleon-light nucleus colli-
sionse The best estimate of the primary spectrum is :

2 1

+ 0.82 -2.58

I(EN) = 137 _ oung E cm “sec’ Stérad Tgev™t

for I0<E <3 x lOLL, with E in units of GeV.

This spectrum is displayed in figure 8e8.

Brooke et al (1964b) have made measurements on the spectrum
of protons at sea level using a magnetic spectrograph in conjunc-
tion with an I.GeY. neutron monitore The proton contribution was
determined for each deflection cell by subtracting fram the
number of positive particles the corresponding number of negative
particles multiplied by the positive-negative ratio for muons at
that momentum, assuming this to have the same value f;r pions
as for muonse The best estimate of the attenuation length for
nucleons in air was Ap = 12Ttk gme cm-2, for nucleon energies 2 2 GeV,
"]his value was derived from the primary nucleon spectrum assuming
K_ﬁ_— K = 0.12, and that the neutron intensity at sea level is
equal to the proton intensity at the same energy. The proton
intensities at various zenith angles have been derived assuming

Ap = 127 gn cm—e, and are tabulated in Table 8.2, for protons in

the energy range 10-10,000 GeVe The spectrum of neutrons is
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assumed to be identical with that of protons in the energy range
considereds The vertical sea level proton spectrum is shown in
figure 8.8, together with the measured points of Brocke et al.

The energy spectrum of negative pions in the vertical
direction has been measured by Brooke et al. (196k4c ) using the
Durham sPecﬁrograph in conjunction with an I.G.Y. neutron monitor.
Pions were detected by means of their interaction and subsequent
neutron production in the monitore The exper imental measurements
representing the total flux of charged pions at sea level are
shown in figure 8.8. It was assumed that the positive-negative
ratio for pions was unity, because calculations show that the
majority of sea level pions are produced in collisions near sea
level, where the proton-neutron ratio is unitye.

Using the approach of Barrett et als (1952) the intensity of
pions with energy betwee)? E and (E+E) at depth x in the atmosphere,
7(E,x)dE, is related to the intensity of the pion production

spectrum, F(E)dE, by the equation :

A
Tt(E,X)dE = F(E)d-E e)q( > %_IET }—{é'_BT 2. %ﬁ)_oo.o}
wherel'—-=-7-\— —;\'—- andB-—cT
A Tp o)

mc2 a.nd:ro are the rest energy and lifetime of the pion respectively,
and H is the ratio of atmospheric depth to tle density of the air

at that depthe 7\jt is the pion attenuation length.
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Assuming Mp = 7\;1’ then the intensity of pioms, n(E,1030,8),
at sea level and incident at a zenith angle 6, is related to the

pion production spectrum by the equation:

_ 1020 sec 6 1030 sec@ 1
n(E,1030,0)dE = F(E)dE. A, - © A T+Bsec JE J..8.1

This equation has been evaluated for pion erergies in the range

10 - 10,000 GeV, and the intensities are shown in Teble 8e3 for 6
in the zenith angle range 0°- 1,600. Values of H corresponding tol
the mean depth of production for pions of a given energy have been
usede The predicted vertical spectrum is shown in figure 8.8,
together with the measured points of Brooke et al (1964c)e  The
discrepancy at 10 GeV (a factor of 3) cannot be accounted for by
varying 7\1[, because equation 8.1 is very insensitive to variations

in 7‘\ﬁ , due to the pions being produced at such low altitudese.

8.4e3 Predicted burst spectra

Cascades in iron have been considered in Chapter 6, and the
cascade curves developed far use with liquid paraffin scintillation
counters in the horizontal burst experiment have been used in the
vertical burst analysise Typical curves for electron-photon cascades
are shown 1n Figure 6.5. The curves in figure 6.6 have been used
for pion induced cascades, assuming an inelasticity of 100% for
pion interactionse

+
(a) B events
Those events which have a track in A and B associated with a
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burst in the scintillator are classified as Bi eventse The
expected spectrum of bursts has been calculated, assuming the
inelasticities of proton and pion collisions to be 50% and 100%
respectively, and is shown in figure 8e9e The relative contributions
of muons, pions and protons to the. total spectrum are indicateds
Pions are the dominant primaries for bursts of size > 100 particles
but for smaller bursts their contribution is reduced through decay
losses in the atmosphere. Protons and muons are of equal importance
for 's;mall burst sizes.

‘]ihe distribution of energies of a primary particle giving rise
toa B * vent of size in the range 132 - 264 particles is shown
in figure 8,10 for proton, pion and muon primariese The mean
energy of a proton producing a burst in this size range is 173
GeV, whereas the mean pion energy is A95 GeVe The difference
arises from the different inelasticities. The figures in paren-
thesis indicate the relative contributions of each to the total
spectrume Similar distributions for bursts in the size range
1320 - 2640 are shown in figure 8.1l
(b) B° events

Those events which have no track in A and B associated with
a burst in the scintillator are classified as B® events. Neutrons
are the main producers of such events, but chargéd particles can

simulate B° events by entering the iron from the side and missing

A and B, such that the projected zenith angle 0’ is within the
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accepted geametrye. The expected spectrum of B° events is shown
in figure 8.12, together with the relative contribution of the
different parentss Neutrons are the dominant contributors over

the whole range of burst sizes.

8.5 Experimental results

+
8e5+1 Spectra of B and B° events

The apparatus was run far a total of T02.1 hours, in which
time a total of 573 bursts (L1lk B and 159 B°) were recorded.
. The measured sPéctra of B"t and B° events are shown in figures 8.9
and 8.12 respectively. Corrections for day-to-day variations in
pressure have been applied using a Barometer Coefficient of 10%
per cme Hge, and the data have been normalised to a pressure of
76 cmse Hge The full lines are the total predicted spectrae
Although the statistics are rather limited, especially for B°

events, agreement between prediction and measurement is good for

burst sizes < 100 particles. However, at larger burst sizes there

is a systematic difference between theory and experiment in both

+
the B and B’ spectra, the predicted spectra being larger than

actually measureds

8e5.2 Angular distributions

The angular distributions of the measured Bt and B° events

are plotted as frequency histograms in figure 8.1%. A power
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law of the form Ie = Io cos™® has been fitted to the distributions,
and the best fit determined by the minimum X2 value. The
corresponding values of the exponent are:

B i n= 3813 ;. B° : n= T.0t23
Both distributions contain some contamination from muon induced
bursts, and as the muon spectrum decreases relatively slowly with
increasing ©, a small contribution from muons will effect the
exponent considerably. Allowance has been made for muons, and
the angular deper;dence reca.lculatéd for each distribution, the
best values of the exponent being:

B : n=7.0tL7 ; B° : n=8Tt2l
These values of the exponent indicate that, after allowance has
been made for the muon contamination, the remaining events are due
to nuclear-active particlese The mean values of n have been
calculated from the angular variation of the pion amd proton
intensities at sea level, and are 8+15 and 8.65 for pions and

protons respectively. Hence the measuréed values are in agreement

with prediction , to within experimental error.

8.5.3 lateral distribution of bursts

Tn the analysis of the films, the mean numbers of tubes
flashed in trays C and D were noted, these being denoted by ﬁé
and -ﬂd_ respectivelys -ﬁcd has been plotted as a function of burst

size in a 'dot!' distribution, and is shown in figure 8ells The
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full line represents the mean variation of the lateral spread with
burst size. Also shown as a broken line is the corresponding
variation determined for pure electromagnetic cascades in the
horizontal burst experiment. There is a considerable discrepancy
between the two measurements, the lateral spread of a burst
measured in the vertical experiment being larger than that of ‘the
same burst size measured in the horizontal experiment. This is
‘probably caused by the different nature of the bursts. Those
measured in thel horizontal experiment were mainly electromagnetic
in nature, originating from either a photon or an electron. However
the vertical bursts are thought to be predaminantly pion induced,
and the transverse momentum of the pions will tend to broaden the
lateral distribution of the burste Figure 8.15 is a plot of ﬁd

against ﬁc, and shows the same fanning-out characteristic observed

in the horizontal burst experiment.

8e5.4 Accompanied events

Some events contain tracks in A and B which are not associated
with the burst, but accompany the primary particle producing the
burst. Typical examples are shown in figure 8,16 The upper photo-
graph is.a BlL event accompanied by two other tracks in A and B.

A B® event with two parallel tracks in A and B is illustrated in
the lower photographe An accompanying track is defined as = 3

flashes in a line.
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Unusual events,
Double burst.

N =52.5 particles, 6:4;40E. Accompanied by a
penetrating particle, probably a muon.




96

The mean number of spurious flashes in trays A and B is
(0. 86 _ 8 gg) per triggers This value was determined by triggering
the trays at random using a pulse generators. An unaccompanied

event is defined as containing < 5 flashes in A and B unassociated

with the burste A plot of the percentage of bursts which are

produced by unaccompanied primaries is shown in figuré 8.17 as

a function of burst size for EF and B° eventss The fraction of
unaccompanied primaries decreased from a value of 80% at a burst

size of 40 particles to 58% at 900 particles. Although the statistics
aré poor, there appears to be no significant difference between the
accompaniment of EF or B® events. The degree of accompaniment was

2
measured over an area of l«3 m

The upper photograph in figure 8,18 shows a neutral burst
accompanied by one track in A and B. The second particle also
gives rise to a burst in C and D, and the burst in D shows some
structure. The event éan be described as a neutron accompanied by
a proton or charged pion. The lower photograph shows a Et event

accompanied by a penetrating particle, prdbably a muolle

8.5¢5 Photography rate

Events were selected by demanding only a large pulse fram the
scintillation counter. The discriminator was biassed at, say 100
particles, and all events producing more than 100 particles in the

seintillator were accepteds Subsequent scanning of the films enabled
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the ﬁt and B® events to be picked oute However, with such a free
selection criterion, the ratio of useful events to the total number
of exposures becomes important. The integral photography rate as

a function of burst size is shown in figure 8.19, together with the
total spectrum of Et and B events. If the discriminator is set

at 200 particles, 1/5.5 frames would be useful, but the ratio
decreases to 1/7.6 frames at 20 particles. The non-useful events
are principally caused by extensive air showers.

Green et al. (1959) have measured the total counting rate of
an unshielded scintiliation counter of area Te3 m2. This spectrum
is displayed in figure 8.19, normalised to an area of 1.2 m2.
Comparison between the Green spectrum and that measured by the
vertical burst spectrum shows the efficiency of the iron in shielding

the counter.

8.6 Discussion

Figure 8.12 shows that neutrons contribute principally to the
expected B° spectrume Hence it is possible to compare the measured
B° spectrum with the proton measurements of Brooke et al (1964b),
assuming the neutron spectrum to be the same as that of protons at
sea level, and making corrections for the contamination to the
measured B° spectrume The proton measurements of Brooke et al are
shown in figure 8.20, together with the predicted sea level neutron
spectrums The corrected B® measurements are plotted in the same

figure at the median neutron energies corresponding to the burst
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size ranges. The variation of mean and median pion and proton
energies with burst size is shown in figure 8.2l. Values of
Kp = 0.5 and Kx = 1.0 were taken for the respective values of
proton and pion coefficients of‘ inelasticity.

For energies < 100 GeV the experimental points are in agreement
with the Brooke et al proton measurements, and the predicted spectrum.
However, at energies > 100 GeV there is a deviation of the measured
points from expectation, the experimental data being a factor ~ 2
lower than the predicted spectrume An examination of the assumptions
made in the theoretical analysis may account for the difference.

The primary spectrum used in tth calculations was the best
estimate given by Brooke et al (1964a), namely

I(E)= 1.57f8:i$ g258 2
N

in the range 10 < E (GeV) € 3 x 10

sec-:L stera.d-l GeV_:L for E

Malhotra et al (1966) find the primary spectrum is best

represented by ’ .

-1497 =2.60 -2
1.5 E cm

in the range 100 < E (GeV) < 6 x 105.

sec-l sterad_l GeV-l for E

I (En) = 2,48
To account for the discrepancy found in ’qhef@rertic&l burst
experiment, the Brooke et al primary sPevctrum would have to be
reduced by a factor of more than 2, which is contrary to the findings
of Malhotra et als Although the primary spectrum is not known
accurately, it would appear that the Brooke spectrum 1s an under-

estimate rather than an overestimate of the primary spectrum, and

. so it seems unlikely that the discrepancy is due to the spectrum
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adopted.

Brooke et al (1964b) found the best value of the proton
attenuation length to be Ap = 127tLk gm. cm-2 in the energy range
2 - 100 GeVe This value was adopted in the vertical burst analysis
to cover the entire range of proton erergies considered (10-10,000
GeV). However, agreement can be obtained between the measured
points and the predicted spectrum by reducing the proton attenua-
tion length to a value of Ap = 117 gm. em™? for erergies > 100 GeV
(sea level), and a similar reduction in the pion attenuation length
would result in agreement between the predicted and measured Iﬁ
spectra.

During the scanning of the films, all events were rejected
which could not be unambiguously classified into either Bi and B°
categories according to the criteria discussed in §8.3. It was
not normally possible to classify events with several (> 10) tracks
in A and B and containing a burst in C and D. ConsequentlyAé bias
may have been introduced into the measured spectra. However it is
not thought to be a large effect, and is unlikely to account for
the discrepancye. Any analysis hias would be expected to increase
with burst size, whereas the observed discrepancy is nearly constant
for burst sizes 2 100 particles.

S U3 predicts a nucleon to be composed of three quarkse. If

this is correct, it would be feasible for a nucleon to dissociate

into its constituent parts in a high energy collision, provided

that the energy available was above the threshold for quark
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production.s Consider an interé,ction between an energetic primary
cosmic ray proton and a nucleon in an air nucleus. 7c and 7L’
the respective Lorentz factors of the centre of Mass system and
the Laboratory system, are related by the equation 73 = (7L + l)/2.
Taking the threshold process to be

p+p~ (a +a +a,) + (g +a5 +ay)
where ql is the quark of charge + %, strangeness O and 4 is the
guark of charge - %, strangeness 0, then the energy threshold is
1800 GeV for a quark mass of 10 GeVe This primary energy corresponds
to a proton energy of‘~ 100 GeV at sea levels Hence, if quarks are '
produced in the initial interactions of the primary protons, a
reduction in the flux of nucleons with energy & 100 GeV would occur
at sea level.

Assume that quark production occurs in a fraction F of high
energy collisions above threshold, and that protons have an
inelasticity of 50% in the remaining (1-F) collisions. The
observed discrepancy can then be explained using this simple model
and it is found that the experimental points are best fitted
(minimum xe) by a value of F = 18% However, it should be noted
that all values of F give rise to values of X2 which are significant

at the 5% level. Neutron production by quarks has been ignored.
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8e T Conclusions

This preliminary exper iment was performed to test the feasi-
bility of measuring the sea level spectra of nuclear-active
particles using a shielded scintillation counter. Bursts produced
in the local shielding were used to determine the energy of the
primary particless In principle the spectra of both charged and
neutral particles can be measureds A refinement to the present
apparatus would be to incorporate flash tubes crossed with those
in trays C and D, so that neutrons can be uniquely distinguished
from simulated neutral events.

The present results show & discrepancy between the measured
burst spectra (both Bi and BO) and prediction for burst sizes in
excess of 100 particles. The most probable explanation is that
the value adopted for the proton attenuation length in the
theoretical calculations has been overestimateds Agreement can
be obtained by reducing the value to Ap = 117 gm. cm-z, for proton
energies (sea level) > 100 GeVe The possibility of the primary
spectrum being in error camnot be ruled out entirely, but to
reduce it by a factor of 2 would not be in agreement with Brooke
et al and Malhotra et al.

The discontinuity is not inconsistent with quark production.
Nominally the results indicate a quark mass ~ 10 GeV, and that
the high energy nucleons dissociate into their constituent quarks
in about 18% of their collisions above threshold. However, all

values of F produce

%?lﬂeawqf X2 which are significant at the 5%
A 4

scanist
L{BRARY
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level, whereas reducing the value of Ap to 117 gm cm_2 produces

a X° which is not significant at the 30% level.
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CHAPTER 9

SUMMARY

The nearly horizontal muon flux at sea level has been used to
study the interactions of high energy (34-520 GeV) muons in an iron
absorber producing energy transfers in the range 3-240 GeV. No
significant divergence fram the theory as predicted by Bhabba (1938)
has been founds This result substantiates the findings of Barton
et al (1966), but extends the range of energy transfers over which
quantum electro;iynamics is found to apply. The excess of events
reported by Deery and Neddermeyer (1961) is not evident, but this
effect would only have been detected if there was a deviation which
increased with increasing energy transfer. Although there is a
tendancy for the burst spectrum measured in 82 to fit a theoretical
spectrum calculated with the photonuclear cross-section increasing
as E% fpr E 2 5 GeV, the same effect is not apparent in the Sl burst
spectrume The measurements in the relevant region (> 100 GeV energy
transfer) are not sufficiently reliable statistically to be able to
make any qua'::ritative statement.

Measurements on the energy spectra of nuclear-active particles
at sea level have been made over the range 20-4000 GeV. A divergence
of measurement from theory is apparent in both the charged and neutral
burst spectra, occuring at energies > 100 GeVe The observed dis-

continuity can be taken to support the suggestion of S UBthat the
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proton is a tightly bound system of three charged quarkse. This
interpretation would indicate a quark mass of about 10 GeV, and
also that high energy protons dissociate into their constituent
quarks in about 18% of their collisions above threshold (1800 GeV).
Assuming the validity of this interpretation, the observed result
implies that quarks interact very strongly in the atmosphere,
.otherwise an abundance of relativistic e/5 and 2e/5 quarks would
have been recorded by the various quark telescope experiments which
have been perfomed. An alternative to account for the observed
discrepancy is that the attenuation length of protons in the
atmosphere be reduced from 127 gm cm_2 to a value of 117 gm cm_2
for energies > 100 GeVe The latter appears to have more statistical
reliability, but the possibility of quark production cannot be

ruled oute.
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APPENDIX A

LIQUID PARAFFIN SCINTIIIATION COUNTERS

Al Experimental

The scintillation counters used in the experiments described
in this thesis are of the design recammended by Barton et al. (1962).
A comprehensive study of the properties of these counters has been
carried out by Simpson (1964). This appendix is concerned with the
physical properties of the light guides, and an estimate 1is made of
the fraction of the produced light that is collected by the photo-
multipliers, from which the absolute scintillation efficiency of the
phosphor has been evaluated.

The liquid phosphor, medicinal paraffin plus 0.5 ge 17t or
p-terphenyl and 0.005 g.lil of POPOP, is contained in a rectangular
Perspex box (£ in. wall thickness, dimensions 130 x 90 x 1T.8 cms )e
This box is mounted in a larger light-tight wooden box on wooden rods
so that light is transmitted in the phosphor by total internal
reflections . One photomultiplier (E.M.I. type 9583 B) views the
phosphor through a rectangular light guide consisting of plane
mirrors mounted in air along the sides WX, YZ and AEHD (figure Al).

. A second photamultiplier views the phosﬁhor from the other end.

Measurements were made of the pulse height distribution
produced by photomultiplier EM2 as a function of the position of

relativistic muons traversing the counter along its centre line.
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This was.carried out by means of a small scintillator telescope so
that only muons traversing a small region of the counter normal to
its area were selectede The results are shown in figure A2, together
with those for the same phosphor plus 10% Shellsol A (Simpson, 196k)
for comparison. . These measurements give a measure of the attenua-

tion length of scintillation light in the phosphor.

A2 Light collection in the counter

Consider a rectangular slab of transparent material, refractive
index n, mounted in air, and within which there is an isotropic point
source of light. Light leaves the slab in six escape cones each of
half-angle GC, where ec is the critical angle. The remaining light
is trapped inside the4élab, and undergoes repeated reflections until
it is absorbeds Thus the fraction of light leaving the slab is
5[1-(n2-1)% /nle  For orgenic liquids and perspex n is 1l.485, so that
eéch escape cone contains 13% of the produced light, and 22% is
trapped in the phosphor. Hence, in the counter described, only the
scintillation light emitted in the two escape cones directed towards
the photamultipliers (26%) is available for collection. To calculate
the fraction of this light that is collected by the photomultipliers
it is necessary to know the attenuation length of scintillation

light in the phosphor. This can be determined from the results in

figure A2.
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Consider a point P on the centre line of the phosphor at a
distance x + s from photomultiplier PM2. Due to refraction at the
phosphor boundary the image of the point Q at the centre of the

photocathode of FM, appears to be at Q°e By summing the solid angles

2
subtended at P by all such reflected images, the fraction of produced
light that is collected by either photamultiplier can be determined

and is given by:

1z A2 g ren (@)
Tn 4 d; |

where A is the area of the photocathode, d; is the path length in the

phosphor of a light ray corresponding to the ith image of the photo-

.multiplier at a distance di’ 8 is the angle that the ray makes with

the normal to the photocathode, and A is the attenuation length of
scintillation light in the phosphore fl is a correction factor intro-
duced to account for the reduction in solid angle due to refraction
at the phosphor boundary, and f2 = r where r is the reflection
coefficient of the light guide mirrors and n is the number of mirror
reflectionse r = 0.9 when averaged over the POPOP emission spectrume.
Tn the particular case illustrated in figure Al, d, = (x sec(r)+s
sec(i)), 4;°= x sec(z)s

For a given value of N the expected response of photaomultiplier
PM2 was calculated for different positions along the centre line of
the counter, and N\ was then relaxed until the best fit with the

experimental data was obtainede The results are shown in figure A2,

and are N = (2.0%0.2)m for the paraffin phosphor and A = (06940 1)m
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when 10% Shellsol A is added.

In ﬁormal use the gains of both photanultipliers are adjusted
to be equal, and the pulses from each are added linearly. Under
these conditions the uniformity of response (percentage difference
between the response at a given point to the response averaged over
the whole area for particles traversing the counter at normal
incidence) has been investigateds The worst position is found to
be directly opposite the photomultiplier, at a point on the counter

axis, the non-unifommity being a maximum there with a value of 18%.

A3 The absolute scintillation efficiency of the phosphor

The absolute scintillation efficiency n of a phosphor is defined
as the amount of energy a relativistic particle must lose in the
phoéphor to produce one scintillation photon. If E is the energy
lost by a relativistic particle traversing the counter  through its
centre point and normal to its largest area, then

7= Ealae/n
where al is the fraétion of produced light collected by both photo-
multipliers, ag is the quantum efficiency of their photocéthodes
and n is the number of photoelectrons produced by the two photo-
multiplierse The light collection calculations give al = 0,017

for a value of A =2.0m, and & = 0.12 according to the data

provided by the photanultiplier manufacturers. The value of n for

the paraffin phosphor has been measured by three independent methods
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as discussed by Morton (1949).

(2) The most probable pulse height (v) of the distribution
produced by the passage of single muons through the centre of the
counter was measureds The particles were selected by a small
telescopes The number of photoelectrons (N) at the photocathode
corresponding to this pulse height is related to v by the
equation:

COV

Ge

where G is the absolute gain of the photomultiplier, Co is the
capacitance across which the pulse is formed, and e is the
electronic charge.

The absolute gain of each photamultiplier was measured using
a method suggested by Morton (1949). Firstly one photomultiplier
was operated at a low voltage, so that the gain was correspondingly
low (~ 105), and the input and output currents produced ﬁy a dim
light directed at the photocathode were meésured directly with a
scalamp galvancmeter, from which the gain was evaluateds Next the
intensity of the light was reduced. The anode current was again
measured using the galvancmeter, and the input current calculated
knowing the value of the gaine Finally the E.H.Te was increased
to the operating value, and the anode current remeasured, keeping
the intensity of the bulb, and hence the input current, the sames

The absolute gain was then determined as the ratio of the anode and

the input currentse
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The capacity CO was extrapolated from observations on the
variation of pulse height wiﬁh capacity as different capacities
were connected in parallel with CO.

From these measurements the number of photoelectrons correspond-
ing to the passage of a single muon through the centre of the counter
was found to be n = 29 '

(b) The basic source of noise in a photomultiplier is due to
thermionic emission from the photocathode. In principle the mean
pulse height (vo) of the distribution (standard deviation 0o)
produced by thermal electrons corresponds to the-emission of a
single electron from the photocathodes The total dark current and
the integral distribution of pulse heights produced by themmal
electrons have been measured for each photamultiplier, from which

the mean pulse height produced by a single photoelectron was
deduceds The ratio v/vo gives a value of n = LT, |

(c) The measured full width at half height of the distribution
of pulse amplitudes due to the passage of muons through the centre
of the counter is 80% and this gives a value of n = 16, allowing
for ionization loss fluctuations (Landau distribution) of 15%
and fluctuations in the photomultiplier process. "The contribution
to the fractional full width at half height due to fluctuations in
the number n of photoelectrons produced is 2.56/Jh, and that due

to fluctuations in the multiplication process in the photomultiplier

is 2.36 00/(vth). The measured value of oo/vo = 0,91, and table




118

A1 shows the numerical contributions of the different fluctuation
processes to the full width at half height of the scintillation

distribution.

TABLE Al.

CONTRIBUTION TO FULL
FLUCTUATION PROCESS WIDTH AT HALF HEIGHT

(%)

TANDAU 15
PHOTOELECTRON PRODUCTION 58
PHOTOMULTIPLIER CASCADE 53

The three methods produce widely differing results, indicating
the difficulties involved in making an evaluation of n. Taking the
‘average value as n = 31 ¥ 9 photoelectrons, and a value of E = 28,5
MeV (Ashton et al (1965)) the absolute scintillation efficiency
is

N = (1e 82+0.53) kev/photone

Al Conclusions

Figure A2 shows thatv the response of the paraffin phosphor can
be improved by the addition of 10% Shellsol A. However, the
uniformity is correspondingly worsened, due to the shorter attenua-
tion length of photons in the phosphor. Both the experiments
described in this thesis require as u.niform.a response as possible
over the area of the counters. Hence the paraffin phosphor has been

preferreds The particular counters employed are uniform to 18%



over 99.5% of their areas.
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APPENDIX B

SPURTOUS FTASHING IN NEON FIASH TUEES

Experiments désigned to measure low density events and comprising
large arrays of neon flash tubes may be handicapped by the sPufious
flashing of the tubes. The manufacture ofa large number of tubes
consists of making a number of small patches, and these are
necessarily made at different times. Although every effort is made
to ensure that the same conditions exist during each separate batch
filling, the camposition and puriﬁy of fillings may vary from batch
to batch. In an attempt to detemmine the effect of variations in
the purity of the filling of ‘a particular tube on its spurious
flashing rate, two sets of tubes were selected. Batch A consisted
of standard flash tubes, internal diameter 1l.55 cms and external
diameter 1.8 cms, filled with cammercial neon (98% Ne. 2% He) to
a pressure of 60 cm Hg. Similar tubes with the same filling, but
to each of which was added a quantity of iron filings, comprised
batch B.

A high voltage pulse (rise time lps and duration Lus) was applied
to two electrodes, between which were situated the two batches of
tubes. A high voltage probe (Tektronix P6013) was employed to
display the applied pulse on an oscilloscope (Tektronix 543A), by
which means the pulse height was determined.  The stack was randomly
triggered with a pulse generator at a freguency of 1 per 7 seconds,

and the number of flashes per trigger in each batch was recorded
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for various applied pulse heightse Ihé probability/ tube/ trigger
as a function of the electric field ié shown in figure 5(' for both
batches. Each batch commences to flash spuriously at a field of
~% kv./cme, but the rate of flashing in the contaminated batch
increases more quickly than the pure batch, so that at a field of
6 kv/cm the probability of a spurious flash in the contaminated
batch is 50%,as compared with 1.2% in the pure batch.

The results show that the tubes containing a small quantity
of iron filings are more prone to spurious flashing than the
standard tubes. Local distortions in the field due to sharp edges
in the filings lead to breakdown, and other matter in the tubé,
such as dust, would produce the same effect. No attempt hasv been
made to establish any quantitative relationship between the impurity
content and tﬁe probability of spurious breakdown rate, but this
study emphasises the importance of obtaining filling conditions

which are as clean as possible.
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