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ABSTRACT

A horizontal spectrograph having a maximum detectable momentum of
200 GeV/c was constructed and used to measure the charge ratio of cosmic
muons as a function of energy and zenith angle.

The effect of the earth's magnetic field on muon propagation in the
atmosphere was evaluated and the obsérved ratios were corrected for this
effects The corrected ratios togethe£ with the results from the
Japanese spectrograph, Kamiya et al.. (1969), were examined in an
investigation of the peaking in the charge ratio at muon energies ~ 20GeV
as observed in the results from the previous Nurham spectrographs, Kelly
et al. (1968).

The results of this investigation do not lend support to the
existence of a fine structure at a unique energy of 20 GeV but high
values of the charge ratio in the results from the present spectrograph
at 40 GeV do indicate the possibility of a fine structure at an energy
dependent on the :azimuthal atrival direction of the muons. If this
peaking is not of statistical origin then it would point to some further
propagation effecte From the various possibilities considereds if such
a fine structure is subsequently verified, it would appear that a further,
detailed examination of the effect of Coulomb scattering on muon
propagation in the atmosphere might profitably be pursued.

It was concluded, however, that although there exists the.possibility

of an azimuthal effect, the results point to those muons arriving at sea
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level with energies { 150 GeV having been produced as a result of high
energy nucleon interaction§ in the upper atmosphere with interac¢tion
characteristics conforming to the models discussed by MacKeown and
Wolfendale (1966 ).

The spectrograph was also used in a subsiduary experiment to
investigate the anomalous increase in the energy loss of relativistic
charged particles in a plastic scintillation material as indicated by
the results of Crispin and Hayman (1964), Smith and Stewart (1966) and
Jones et al. (1968). )

The results from this experiment point to normal behaviour of muons

in the context of the Sternheimer energy loss theory.
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PREFACE

The work described in this thesis was carried out during 1967 =
1970 while the author was a research student under the supervision
of Dr. M.G. Thompson, in the Cosmic Ray Group in the Physics Department
of the University of Durham.

The author was solely responsible for the design, construction and
running of the spectrograph, the data collection and its subsequent
analysis and interpretation.

The experimental results were presented at the International
Conference on Cosmic Rays, at Budapest (1969).

Work not described in this thesis, carried out during 1966-1967,
on an earlier muon spectrograph and calculations on muon produced
electron showers in air have been reported in papers Alexander et al.

(1968a sb. 1969a).



The spectrograph as viewed from the western side of the

Sir James Knott laboratory.







The spectrograph as viewed from above the measuring

array D.
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S
CHAPTER ] :&:"“3;‘991\‘
-

INTRODUCTION

1.1. The Cosmic Radiation

Since the turn of the century, when the existence of a cosmic
radiation incident at the top of the earth's atmosphere was first realized,
direct and indirect studies of this radiation have provided information
of great importance in the understanding of the very fundamentals of naturee.
The impact that these studies have had has not only been in the initiation
of the whole field of elementary particle physics but also they have-made
significant contributions to cosmology and astrophysicse

The character of the cosmic radiation has been examined directly in
investigations at mountain altitudes and in balloon,rocket and satellite
borne experiments.s These experiments have established the energy spectrum
and have identified and measured the relative abundance of the major
components of the radiation up to energies as high as 2.1014eVE

It has been found that the total energy spectrum falls off rapidly
with increasing energy. The exponent of the spectrum increases to a
constant value of =l.6 above a few Gev; the number of particles with
energies greater than 70 Gev is approximately 11 m-2strls-1. The
results from the Russian Proton 1 and Proton 2 satellites, however,
are at variance with the above iqdicatiné an exponeﬁt of =147 over the
same energy range but credibility is given to the formerﬁnajority

results’~McCusker (1967).
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At these energies, the radiation is found to be composed largely
of protons, but nuclei with higher atomic number through to iron are
observed with reasonable frequencys Nuclei as heavy as uranium have
also been reported by Fowler et ale (1967). These results are of
immediate astrophysical significance inasmuch ag the contribution to the
radiation from the heavier nuclei point to part of the radiation, atleast,
~ originating from star systems in their later stages of evolution, supernovae
for example.

Information on the primary spectrum beyond 1014éV can only be
obtained indirectly through studies of "Extensive air showers". EAS are
produced from the secondary particles produced in the interaction of the
cosmic radiation with the air nuclei of the upper atmosphere. In these
interactions the secondaries are expected to be mainly pionse. The
charged pions, after production, have either the chance of decaying into
muons or interacting with the air nuclei, whereas, the neutral pions, due

to their relatively short lifetime of 10"16

s,will effectively decay

spontaneously into two gamma rays producing large gamma-electron showers.
Broadly speaking, the nature and energy of the primary radiation is

reflected in the total number and lateral distribution of the shower

particles, that is, the electrons, muons and the hadrons in the shower

cores For showers at maximum development, where the interpretation

is insensitive to the interaction model parameters, it is found that

the shower size 1s very nearly proportional to the primary particle

energy. Absolute calibration, however, is closely related to the various

model parameters.
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The integral spectrumis now well established up to energies of about
lolgeV. The review spectrum of Greisen (1965) has been reproduced in
fige 1.1. At the highest energies, however, even with the largest air
shower arrayss the detection rate is extremely small; only one shower to
date has been detected with a size consistent with production by a primary
of energy nv1020eV5 this being reported by Linsley (1963).

20eV is desirable for if

Infommation on the primary spectrum beyond 10
there exists the 3°K black body radiation pervading the whole of space, the
consequence of a "Primeval-fireball", then as pointed out by Greisen (1966),
the photo=pion production could cause catastrophic modulation of the primary
spectrum above 1020eVL Apart from the giant air shower array at Sydney, a
number of large aperture techniques are now being developed relying upon
the remote detection of air showers. These methodss such ass radar
detection, radio emmission detection and optical detection through ion-
ization produced by the showers in passing through'the atmosphere, have
been reviewed by McCusker (1967).

The significance of the kink in the primary spectrum, in the energy
range 1015-1017eV, is not clearly understood, however, it has been
established that this kink is a characteristic of the cosmic radiation
and is not due to a change in the shower production processes as was
suggested by Reid et al. (1961). A reasonable explanation was put
forward by Linsley (1962) who suggested that the magnetic fields in
the spiral arms - of our galaxy are strong enough to retain particles

1

up to energies of 10 5eV’, Above such energies, however, particles

would be lost from the galaxy, the lightest particles going firste The
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levelling out of the spectrum beyond 1017eV'is to be attributed to a back=-
ground radiation accelerated outside our own galaxy and as a consequence of
fragmentation-of the heavy nuclei in inter-galactic space is expected to

be composed of protons.

1.2« Ultra High Epergy Interactions

As a consequence of the rapid developments in accelerator technology,
it is now possible to produce protons in the laboratory with energies as
high as 70 GeV; the Serpukov 70 GeV proton synchroton produces a beam of
2.1011 particles every seven secondse It is clear, from a consideration
of fige l.1, that experiments in an overlapping energy range using
accelerator beams are superior both qualitatively and quantitatively to
experiments relying upon the cosmic radiation as a nucleon sourcees The
cosmic radiation, however, can be considered as a source of particles
having energies extending many decades beyond the most optimistic
accelerator energy limite In virtue of this energy range available in the
natural radiation and with the knowledge of it energy spectrum and particle
composition, the cosmic ray physicists are able to pioneer the way not only
in those studies confined to investigations, at the highest energies, of the
behaviour of the interactions already observed in machine experiments but
also in investigations directed to looking for particle production p{dcesses
with threshold energies outside the range of present day machines.

Following such reviews as by Dekkers et al. (1965), Cocconi (1965)
and Koshiba (1967) on ultra high energy interactions observed in high
altitude experiments and EAS studies, then apart from some apparent large

values of the transverse momenta observed in EAS for interaction energies
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>'1014eV, reported by such authors as Earnshaw et al. (1967), Miyake et al.
(1968) and Matano et al. (1968) whichs if real, could be explained in terms
of quark production - McCusker (1967), the general characteristics of
nuclear interactions, above a few GeV, would appear to be only slowly
varying with energy, at most, and may be summarized as followss

(a) The effective nucleon-nucleon inelastic cross-section is

4416 mb from tens of GeV to tens of thousands of GeV.
(b) The average multiplicity of secondaries, mostly pions, is

a
0.25 although a logéithmic

well represented by {n) o<E
increase is favoured by many workerss E, here, is the total
primary energy.

(c) The nucleon charge exchange probability is close to 0.5.

(d) The transverse momenta of the secondaries is well
described by a Boltzmann distribution. For pions the
average value is close to O.4; this average appears to
be closely related to the mass of the secondary.

(e) The average inelasticity of the proton is 40%, the
surviving nucleon carrying away about 60% of the primary
energye

(f) Anisotropy in the angular distribution of the stable
secondaries can be explained in terms of the isotropic
decay of independent "Fireball centres".

(g) Isobar production is thought to be important in accounting

for the long tail in the secondary particle energy spectra.
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l.3. The Muop Gharge Ratig

Muons, so far, have only been mentioned in the context of EAS but
for the investigations of nucleon-nucleon interactions in the range 1011-
1014eV5 of no less importance are the studies on the unaccompanied muon
component of the cosmic radiation at sea levels The importance of these
muons stems from the major role that they play as the relatively stable,
weakly interacting particles in the decay schemes of the possible
secondary particles produced in the interactions of the primary radiation
with the air nuclei of the upper atmospheres The muons surviving to sea
level, therefore, as a result of the primary radiation being largely protons
( 87% proton, 13% neutron), reflect the multiplicities, charge and com=-
position of the secondaries produceds The relation between the spectra
of the positive and negative muons is thus of particular importance and
is conveniently expressed in terms of the charge ratio of the muonss R,
or alternatively, expressed as a charge excess, $ , the definitions being
as followss

R=N/N"  and & = (W-NT)/(ntN7)

where N+ and N~ represent the numbers of the positive and negative muons
observed over some energy rangee

The experimental results on the sea level muon charge ratio have been
reviewed by such authors as Puppi and Dallaporta (1952), Fowler and
Wolfendale (1961), Aurela et al. (1966) and more recently by Flint

and Nash- (1920%). The combined results for energies greater than 1Gev

In this review the results of the present work, as presented at the
XIth International Conference on Cosmic Rays (Budapest) 1969, have
been included.
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have been reproduced in figss le2 to 1.43 the data have been divided into
groups representing large angle observations (a mean zenith arrival angle
of 80%) and those observations on the near vertical flux.

As a result of these surveys some general features have emerged and
can be summarized as followsi—

(1) A ratio fairly well represented by a constant value of 125

over the majority of the energy range possibly reducing in
the TeV rangej

(2) A reasonable insensitivity of the ratio to the zenith arrival

direction.

Any successful interaction model, as well as being consistent with
these results, must take into account the general features of the inter-
actions as summarized in the previous section. The general method
followed is to compare the consequences of various models of particle
production with the experimental data in the hope of distinguishing
between one or other of these modelss Those attempts at interpretation
by authors to whom the more recent experimental data was available

shall be summarjzed here.

a) Quasi-gtatistical models: MacKeown and Wolfendale (1966)
considered phenomenological medels characterized by pure pion production
and also with mixtures of pion and kaon productione It became clear
that pure pien preduction, even considering.fluctuations in multiplicity
and inelasticity, were not able to account for the observed ratios. The
inclusion of a kaon component was significant due to the possible high

Kf/K- ratio which follows through strangeness conserving production
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processess The kaons were assumed to be preduceq'in fixed preoportions
with the pions; the Kt/k--ratio-was taken to be energy independente. The
results of this analysis are summarized in figs ls2s It can be seen that
for an effective K+/K- ratio of 4 (a value consistent with. present
accelerator data = Liland and Pilkuhn (1969)) the Kaons and pions would

have to be produced in equal proportions for a best fite

b) ngpgg_hzggjg;;gn_mgggli. If the excitation of isobaric states
of the nucleon,'as observed in accelerator experiments, continues up to
high energies then, due to the high energy obtained by the pions produced
in the derexcitation of these isobaric states and the rapidly falling
primary spectrum, the effect on the muon charge ratio should be considerable.

MacKeown and Wolfendale (1966) considered the N*(-'ﬁ-, #) and Nf(‘ﬁ-,%)
isobars produced both with a constant total cross-section in the fqrward
" cone-of 3. mb and also with a falling cross-section given by O = 9,65/1n(E)
together with a pionization processy as above, with a cross-section of
30 mb: 'The consequence of such a model can be seen in fige 1.3; the
_ dotted lines indicate the effect of the inclusion of a KA decay mode
fo? the isobars with a branching ratio b = 0.10.

Pal and Peters (1964) adepted a more general approach to the problem
using'the observed muon charge excess to determine some of the character-
istics of an "average" isobar. In this treatment the isobar assumes a
large excitation cross-section, the excitation prebability being 0.7 +
0.07; thé average number of pions produced in the Aecay is 3.5 t 0.15;
the lower limit for the isobar mass is taken aé 2200 MeV. (chosen such

that the maximum transverse momenta, as expected in a decay to the ground
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state, is 900 MeVVE, this being close to the upper limit normally encount-
ered experimentally); the net charge excess of the pions is 0.35; 25% of
the incident energy goes into the pion flux produced via isobar decay,

(15 =20)% of the energy going into particle creation in the c-system of
nucleon-nucleon collision. The consequences of such a description are
displayed in fige l.43 the effect of various values of the branching ratio,
b, for the decay mode N*— KA is indicateds The experimental data can
be seen to be best described by this model for small values of b.

A further general isobar, the Aleph-baryon, although proposed by R
Koshiba et al. {1968) in thq.context of nuclear emulsion jets, is worth
mention. For infact if the downward trend of the observed charge ratio
above a few hundred Gev is real, here could lie an explanations The
excitation probability for thélﬁleph-baryon in inelastic collisions is

¢ 2.10™ for E € 30 GeV, 0.3 - 0,42 for 100 € E ¢ 400 GeV, 0.8 for 1000
< EC 10,000 GeV and is characterized by decay branching ratios.of 70%

for Aleph — N + B and 30% for Aleph—-»N + n'.

c) The ng;gce§§. The Utah experiment produced some rather
unexpected results on the muon spectrum as measured deep undergrounds,
first reported by Bergeson et al. (1968)s The results suggest that a
certain proportion of the muons are produced either directly or via some
short lived particle, so accounting for the apparent disappearance of
the so called "Sec © enhancement" as would normally be expected for muon
production via meson decay. Although it is conceivable that some unseen
sy;tematics might have influenced their observations on the muon spectrum

~

itself, it is unlikely that the charge ratio measurements would likewise
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have been affected. The results of the measurements on the charge ratio
of the underground muons, as produced by Parker (1969), are shown in
fige 1«5« The predictions of a simple model involving an X=-process are
also showne The results appear to be consistent with an X-process with
R=0.02, T = 1.25 and KAT =0.05, where R represents the fraction of
muons produced via the X-process and ry is the charge ratio of the muons

produced through pion production - here ry 1is assumed to be 1.0

Apart from simple pionizationsit is clear that there is little to
choose between the models below & 100 GeV and it is only at energies well
above this that the model predictions become diverse. Noting that the
model descriptiéns so far have been for the vertical direction only, of
significance isj;that due to the kaons having a shorter lifetime and
greater mass than the pions thenyif there is a sizeable kaon contribution
to muon productionga va;iation in the charge ratio with zenith would be
expectede In fig; 1.6 the expected variations in R(0°) / R(80°) for
different kaon contributions are shown together with thé observed variations
as presented by Flint and Nash (1969). Although these results on the
angular variation are not decisivesthey do provide some indication of a
kaon contribution to muon production. Clearly, taking the above con-
siderations as a whole, it will not be until much more experimental data
on the charge ratio above 100 GeV is available that any firm conclusions
on the interaction mechanisms can be made nor is there any point in

considering more sophisticated production models until that time.
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l.4. The Present Expe:iment

It can be seen from the discussion of the previous section that, as
well as the necessity for an improvement in the statistics on the charge
ratio data, model calculations provide the ineentive for the e*perimen-
talists to extend measurements out to the highest possible energies.
Kelly et al. (1968), however, drew attention to muon charge ratio
measurements in the intermediate energy range 10-100 GeV. In their paper
they produced the combined results of the two horizontal Durham spectro-
graphs = Pattison (1963), MacKeown (1965) - plotting the ratios..as .a
function of thg_muon sea level energy for various zenith angles in the
range 77.5° = 90° These results have been reproduced in fig.1,7.--Thesé
authors pointed out a rapid increase in the charge ratio with incrgasing'
zenith angle of muons arriving at sea level with energies closé to‘20 GeV,

The models considered so far can in no way accoth for such a narrow
peaking in the charge ratio, especially as the peaking occurs at a unique
sea level energy independent of the muon arrival direction. Also angular
variations such as expected from a significant Kaon-production or through
the dilution of the positive excess by muons produced in other than first.
generation collisions, at these energlies, are small and in the wrong
sense. It was suggested that such a fine structure might be explained
by a possible difference in the behaviour of positive and negative muons
or some neutral, weakly interacting particle having a lifetime of éome
5.10—65 which would have to decay preferentially into é positive muon.-

The present work is concerned with the investigation of this

apparent fine structure. For the purposes of these investigations a
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horizontal spectrograph was constructed having a maximum detectéble momentum
of about 200 GeV/E. .This spectrograph differed from the previéus Durham
| horizontal spectrographs inasmuch as the deflection was by means of an air
; gap magnet, in the horizontal plane, as opposed to a deflection in the
zenith by a solid iron magnet and alsoythe axis of the present spectrograph
lay along a line 27° East of the geomagnetic meridian as compared with.
7.8° East for the previous spectrographse.

In the analysis of the data, special attention has been given to the
modulation on the observed charge ratio through the effects of the earth's
magnetic fielde The results of this experiment together with other large
angle data, notably that of. Kamiya et al. (1969) have been compared with
the previous Durham results in the investigation of a pessiblé fine
structure in the muon charge ratio in the energy range 10 - 100 GeV,

The spectrograph was also used in a subsidiary experiment to examine
the energy loss of muons in a plastic scintillator materiale. The results
of this experimeﬁt are discussed in the context of the anomalous increase
in the energy loss of charged particles as reported by Jones et al.. (1968).

A report of this experiment appears in Appendii A.
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CHAPTER 2

THE _SPECTROGRAPH

2.1. Operational Principles

The force, F, acting on a charged particle moving in a magnetic

field is given by

F=gq (VxB) (2.1)
where q is the charge of the particle, V the veloclity and B the magnetic
inductione. Since the force experienced by the particle is normal to its
direction of travels then for a uniform magnetic field, the particle will
follow a ::'Sp.i'ra'hl:-." path with a radius, r, satisfying the relation

mv2/f =qvVv b, (2.2)
alternatively written in the form

mvde = q b dl, - (2.3)
where b is the compenent of B normal to the direction of motion and d@
is the angular deflection suffered by the particlé-in travelling a distance
dl in the magnetic fielde The relations (2.2) and (2.3) are exact for all
particle velocities proviQing m is taken to be the relatavistic mass of
the particle. Expressing b in gausgyl in cm and representing the momentum
mv in units of eVVb, denoted by ps the general form of equ-(2.3)becomes

8 = 300 J.h;gl radians; . : (2+4)
the integral is taken along the partiﬁie trajectorys Eque (2.4) provides
the basis of operation for all magnetié spectrographse

The present spectrograph, which produced particle.’deflection in a

horizontal plane.between the poles of an air cooled electromagnet, is
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illustrated in fige 2+1e Detection of those particles traversing the
spectrograph was by means of plastic scintillation counters §51,52,S3,
S5 and 56 and the liquid scintillation counters A and De The charged
particles passing through the counters caused ionlzation in the scin-
tillation material; the light so produced was converted into electrical
pulses by means of photomultiplier devicese The output pulses from the
photomultipliers were then passed to the spectrograph control unit. If
pulses arrived simultaneously from the counters S1,S2 and S3 and pngo
pulses arrived from counters §§, §€, A and B,the occuiégce of an event was
signalleds Copunters 55 and S6 were incorporated in the spectrograph
design in order to provide a high immunity against unwanted triggers by
the numerous vertical multiparticle air showers. A and D covered gaps
in the flash tube arrays.

A,B,E,F,C and D were arrays of neon flash tubes (Conversi tubes). A
charged particle passing through these tubes would leave a number of ions
and electrons in its wakey and providing that a large enough electric field
was applied across the. affected. tubes within a few microseconds of the
passage of the particle, a glow discharge would develop along their lengths.
This discharge could be maintained for a few microseconds before self
quenching occuredyallowing normal photographic techniques to be employed
in making a permanent record of those tubes which had flashed.s A high
voltage pulee was passed to the flash tube arrays when the control unit
signalled an eventyand the tubes which had flashed were photographed
through a system of mirrorse The particle trajectories were thus

permanently recorded for a subsequent analysis.
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2.2.. The Scintillation Gounters

2.2.1« The Plastic Scintillation Gounters

Phosphors of Ne 102 A material, the dimensions given in table 2.l.,
were viewed over their two shortest edges by means of 5 cmy 53 AVP photo-
multiplier tubes, coupled by trapezfoid light guides as illustrated in fige
2+2as The outputs from each end of the scintillation counter were added
after the emmitter follower output stages. This design giQes a good
uniformity of responses discussed by Ashton et al. (1965).

As the performance of the photomultiplier tubes is severely affected
by magnetic fields, magnetic shieldss consisting of an inner mu-metal
cylinder of diameter 5.9 cm and thickness 1 mm concentric with an outer
steel cylinder of diameter 7.6 cm and thickness 0.45 cmy were fitted around
the photomultiplier tubeses The shielding of the photocathode region is of
particular importance, as here slow moving photoelectrons suffer the largest
deflectionse Due to the proximity of the counters, S1 and S2, to the magnets
the light guides were extended by the addition of 5 cm perspex cylinders of
length 61 cm; the outer steel shielding was extended along the cylinder
becoming part of the light tight system, fig. 2.2b. Due to variations in
the direction of the magnetic field over the length of this steel tubing
an axial field was induced within the shields It was possible to reduce
the effect of this field on the performance of the photomultiplier tube ,
to an undetectable amount, by extending the inner mu-metal shield a
distance of its radius beyond the photocathodes The photocathode was so
situated in a region of minimum fieldj the field induced within the
mu-metal cylinder at this point largely backed off the inducing axial

fielde
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TABLE
The Dimensions of the Ne 1Q2A Phosphorg
Scintillation Length Breadth Thickness
Coynter
S1 37.6 43,7 5
S2 37.6 43,7 2425
s3 133 75 5
S4 133 75 5
S5 155 55 3.8
86 133 75 5

(A1l dimensions in centimetres)
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2.2.2 The Liguid Scintillation Counters

The scintillation counters, A and 5, were designed as a cheap addition
to the spectrograph to .eliminate triggering by those particles which
passed through the central gaps in the flash tube arrays, A and Dythus
leading to a higher yield of useful events and a reductien in film
consumptions The counters' dimensions were 200 x 10 x 17,8 cm and were
constructed out of white opaque Darvice The counters were filled with a
liquid scintillator (liquid paraffin containing 0.5 g/l of para-terphenyl
and 0.005 g/1 of Popop, the additives acting as wavelengths changers).
Mirrors were placed at the bottom of each counter; the scintillator being

viewed from the top by two 53 AVP photomultiplier tubes.
2+3. The Flagh Tybe Detectors

The flash tube arrays consisted of rows of neon flash tubes.
Separating each row was an aluminium sheet acting as electrﬁde by which
the high voltage pulse could be applied across the tubes. The type,
dimensions and geometries for each array are summarized in tables 2,2a,b.
Optical insulation, required to prevent sympathetic flashing between the
flash tubes, was achieved by covering the large diameter tubes in Fablon
tubing and by painting black the smaller high pressure tubes.

The high voltage pulses for each array were supplied from an RC
system switched by means of a surge diverter (G.E«C E3073)« The RC
system was remote from the surge diverter; connection was by means of
coaxial cables terminated at. the RC end by filterse For arrays B,E,C
and F, of overall estimated capacitance .7,100 pf, the driving capacitor
was a 0.05 mfd rapid discharge capacitor (Hivatronic) and for the arrays

A and D, with capacitances of 9,400 pf and 7,000 pf respectively, two
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TABLE 2.2a
Row Offgets* for the Flagh Tube Arrays

Row A(West) A(East) D(West) D(East) B ¢ E E
1 8.35 9.31 7.8 5438 4,75 4456 0,57 0a53
2 7429 10426 7.01 4,25 4,36 4,16 1.10 1.12
3 8.31 9,24 7.92 5¢31 4489 4446 0.0 0.0
4 7.35 10.17 6492 4.37 4446 4,85 0.0 0.0
5 10,22 7.31 7.94 5442 4.88 4.44

6 7.35 10,04 7.04 4,48 4,46 4.85

7 B8.42 9.17 8415 5435 4,78 4454

8 7.48 9,99 7.22 4.60 4,37 4.14

#* The values in the table represent the position of the first tube

in each row relative to some arbitrary reference line internal to

each arraye.

The references were on the west sides of arrays

A,B,C and Dyand for measurements in arrays E and F a base plate

was used as referencee.

All distances are expressed in centimetres.
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TABLE 2.2b

Array Tube Configurations and Characterisfics

Arrays A and D B and C E and F
Internal — 1.513 0.587 1,550
Diameter(cm)
External — 1.742 0. 766 1.786
Pressyre (atm) 0.9 2.3 0.9
Length (cm) 200 45 70
Orientatjon Vertical Vertical Horizontal
Tube_spacing (cm) 1.905 0.799 1.775
Row spacing (cm) 2.8 1.0 1.8
? Number T 8 8 4

Number per row 82/ 60 61/ 60 23/ 28




0.1 mfd capacitors (Plastic Gapacitors Inc.) were usede The discharge
resistance chain associated with each capacitor was of value 75 ohms.

The filter on the input to the capacitor system for arrays B,C,D
and E was a low pass filter with a characteristic impedance of 75 ohms, a
T~ section filter terminated symmetrically by m derived half-filters, m =
0.674 giving an attenuation >50 db for frequencies higher than 3.9 nHz;
the lower cut-of} frequency was 2.0 mHzs A simple T-section filter of
characteristic impendance 38 ohms, having a lower cut-off frequency of
0,8 mHz, terminated the two parallel 75 ohm inputlieads to thé capacitor
driving arrays A and D. The filterswere included to eliminate a large
high frequency component, with peak to peak voltages greater than 6KV,
seriously affecting the rising edge of the RC pulseya consequence of
"jitter" in the switching characteristics of the surge diverter. This high
frequency component adversely affected the performance of the flash tubes
insomuch as it caused a drastic increase in the electron temperature in the
neon so resulting in rapid diffusion of the electrons to the tube walls
.before the main body of the pulse had time to become effective. Results
of measurements on the internal tube efficiencies, as converted from observed
tube layer efficiencies, for the system with and without the filters, are

produced in table 2.3. The time delay refers to the time interval between

Table 2.3.
Flash Tybe Efficiency Measurements (¥)
Arrays Without filter Wi ilter
Delay 34 ws Delay 34 4s Delay 2us
B,C 47.5 + 1.8 62.5 + 2.5 97.4 + 2.2
E,F. 59¢5 2.9 - 86.1 + 2.6 100.1 + 1.9

A,D 90,6 t 1.7 92.7 + 1.8 98.6 *+ 2.0
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the passage of the particle and the arrival of the high voltage pulses at
each flash tube array. The errors quoted in the table include a contribution-
due to the uncertainty in the factor used in converting from layer efficiency
measurements to tube internal efficiencies. The pulse shapes for the fimal
working system including the filters are sketched in fig. 2.3.

In arX;s B and C the flash tubes were not positioned symmetrically
with respect to the electrodes and, in consequence, the discharge in those
flash tubes which lay nearest the earth plates (the pulse was negative)
appeared to be weak; infact, the discharge did not fill the whole tube
but tended to track along the wall nearest to the earth platee. The
intensity problem was resolved by the addition of a 2 cm extension of the
electrodes. The extgnsions were constructed such that the plate separation

at the tube extremities was equal to the tube external diameters; the higher

field, and introduced symmetry, drew the discharge out across the tubee.

244« Ihe Magnet

The deflecting magnet was of Blackett type construction of overall
weight 11 tons. A three phase subply was rectified providing a magnetizing
current of 64 amps; the power dissipated in the magnet windings was 20 kW.
The windings, enclosed in copper ducting, were cooled by means of a forced
air current; the ambient temperature difference between air on input to
that at output was 23°C. The pole pieces were 45 cm square set 38 cm apart,
and operating at 64 amps the field at the centre of the air gap was 4kge.

A switch in the current supply facilitated field reversal.
For the purposes of the experiment, the magnetic field was represented

by a two dimensional, 10 cm matrix, which corresponded to the field
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distribution across the horizontal plane which was ﬁnterseﬁted normally by
the field lines. This matrix, figs. 2.4, was constructed from a three
dimensional survey of the vertical component of the magnetic field using
a search coil and flux meter. GCalYibration of the coil was carried out to
within 2% by comparison with values obtained using a Hall probe in the
magnet's fringe field. The Hall probe had been standardized using a
standard permanent magnets Direct measurements using the Hall probe
between the magnet pole pieces were unreliable due to the wide temperature
variations there.

In calculating the particle momentumythe field integral,'fb.al,
was taken as the line integral along the projection of the particle’s
trajectory on the f}eld matrix planee The finite deflection of the
particles between the flash tube arrays Ay, B and C,D in the fringe field
of the magnet amounted to an effective reduction in the line integral,

as calculated between the arrays B and C, of some 2%
2.5. Ihe Optical Svstem

To maximize efficiency in event recording, a ‘mirror system was
constructed such that each event could be recorded completely by one camera
which was positioned on a platform on top of the magnet. The system consisted
of two mirrors for each flash tube array. So that distortion was kept to
a minimumy front silvered mirrors were used throughout the system except
in the case of the two large mirrors associated with arrays A and D; these
mirrors, each 7' x 1', were of plastic film construction.

As was shown by Coxell (1961), the light emitted by flash tubes is
strongly collimated. In view of this fact, the mirrors were set so that

the camera was able to view the centre of each array normally, but due
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to the extent of the arrays A and D, intensity variations across their
width had to be considered. With the chosen optical path length of 7.7m,
however, the existing intensity variation across these arrays was well
within the exposure latitude of the film used. Compatible with this path
lengthya 90mm lens, having a maximum aperture of f2.8, was fitted to the
camerae

The spectrograph was operated in total black-out with the camera
shutter left permanently open. On the passage of a particle through the
spectrograph, a system of fiducials on each array, a display system and
a clock were illuminated before the film was automatically wound on to
expose a new frame in readiness for the next event. The display system
indicated the date, film number and the direction of the magnetic field.
Due to the importance of knowing the field direction for the determination
of the particle's charge, the magnetic field indicator was coupled directly
to the field reversal switch, so elliminating any uncertainties as might
be expected from a manual setting of the indicator.

The spectrograph, while operating at maximum aperture, exposed some
500 feet of film each week. For qperational efficiency a film processing
system, able to pfocess 100 foot lengths of film, was design?d. The film,
Ilford HPS, was loaded into a 100 foot capacity spiral and was developed
and fixed using standard techniques. The film was dried on a specially
constructed foam covered drum; air giéhlation and drum rotation was
maintained using compressed air. The air was heated by means of a 1 kW

element stretched along the length of the drum.
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2.6. Projection and Track Measurement

The events were projected onto an accurate diagram of the flash tube
arrays (half scale)s Each event was brought in turn onto the scanning
table by means of a cam operated reeling systeme The position of the
particle in each array was located by laying a cursor along a line which
passed through the maximum pessible number of flashed tubes, avoiding all
those tubes which had not flashede A further restriction was imposed on
the positioning of the cursor by taking into account the general line of
direction of the trajectory as assessed from the flashed tube configurations
in the other arrayse The point at which the cursor intersected a scale,
scribed along the centre of each array, was recorded on a punched card
together with such information as the field polarity, film number, time,
date and type of evente This information was then transferred to magnetic

tape for later analysis using the NUMAC IBM 360/67 computer.

2.7. Event Description

As the spectrograph only accepted those particles arriving with zenith
angles greater than 65°, then due to the great thickness of atmosphere
traversed, the particles accepted by the spectrograph could be considered
to be entirely muons; the strongly interacting particles of the cosmic
radiation having been absorbed (Kelly et al. 1968). The description of the
muon trajectory, however, was complicated in some cases by locally produced
muon induced electron bursts or knock on electrons prgduced by the muons
in the measuring arrays themselves.

A system of event coding was employed by means of which the events

could be typifieds The code consisted of three characters, the first being
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a number denotingthe factors influencing the trajectory reconstruction, while

the second and third characters denoted the array or arrays in which the

measurements were affecteds The coding was as followss-

Illll

nom

" 3II

" 4"

" 5"

wn

An uncontaminated trajectory for which straight forward
reconstruction was possible.

Some contamination was observed but not severe enough® to
cause any uncertainty in the location of the true tracke.

The measurement was so affected that the position of the
particle could not be recorded without ambiguity.

Two possible tracks of type "1" were observed in one or

more of the arrayse In this case both pessibilities were
recorded sperately and where possible, in the final analysis,
the computer selected those tracks compatible with the passage
of a single muon.

Multiple tracks, as in "4", were observed but the event also
contained tracks as in "2".

Multiple tracks, as in "4", were observed but the event also

contained tracks as in "3, '

As an example of the coding, an event which had clear tracks in all

arrays except for an electron burst in array A would be recorded as type

3A0.

Actual trajectories of type 100 are displayed in plate 2.1.




Plate 2.1. Photographed muon trajectories.
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CHAPTER 3

HE _OPERATIONAL CHARACTERISTICS OF THE SPECTROGRAPH

3.1. Introduction

3.1.1. Trajectory Description

For a trajectory, as represented in fige 3.1la, a displacement,ZS,

may be defined such that
AN =(a+a°)-(b+b°)- 514- [(c+c°)-(d+do)]. (3.1)

In this description ao_,_le,co and do are to be interpreted as the distances
between the origin of a scale internal to the arrays A, B, C and D and a
line parallel to the axis of the spectrograph. Theatrajectory intersects
the array internal scales at the positions a, byc and de Gathering together

the constant ferms, equs (3.1) may be rewritten in the following manners

A

[(a -b) - % (¢ - d)j + Ao (3.2)

where,

&= ooy - B (e,

From a consideration of equ. (2.4) the momentum of the particle follows

immediately and, providing A is small as compared with ll’ can be

expressed as follows
P = 300, ( el/A) . f d.bl. eV/c. (3.3)

Howevery as a , by ¢ and d can only be determined with a limited precision
and alsoy as particle interaction with the spectrograph elements causes

scattering of the trajectory, a momentum as derived using edu. (3.3)
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will involve some error. An estimation of the deviation from the case of
an ideal trajectory may be obtained through examination of the value X,
as defined in fige 3.1bsX is known as the discrepancy and is expected

to be near zero for an ideal trajectory.

{ 43 {3
= (1 + ﬁ)-b-ﬁ-a- (ZZ +1).c+nd+ xo (3.4)
where,
. l> { {3 43
o 1+ ?I)'bo Z%' %0 ( I+ 1) St T4 %"
A description of the method employed in evaluating these spectrograph

constants for the case of the present spectrograph follows in secte 3.2.

3.1.2 Geometrical Considerations

It is the relative positions and the dimensions of the detecting
elements of the spectrograph which determine the rate at which particles
are detected and their effective angular range. As can be seen from
fig. 2.1, particles incident with zenith angles between 65° ard 90°, with
an azimuthal range of some 24° about the axis of the spectrograph, could
be accepted. !For a detailed description of the spe ctrograph acceptance
it is convenient to define an acceptance function é (e, f,E). The
acceptance function represents the fraction of those particles passing
through one of the detecting elements with zenith angles between € and
8 + d6, azimuthal angles between f and j+ dr and energies between
E and E *+ dE which are accepted by the spectrograph. Since particle
deflection is confined to the horizontal plane in the present case, two

further terms may be defined, such that

z(e). A(T.E) = (e, 1 ,E) (3.5)
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where, Z(®) represents a zenith acceptance function and A( ?,E) represents
an energy dependent azimuthal acceptance function.

The zenith acceptance is directly accessible through simple
geometrical considerations and the function, evahlated as for the
scintillator arrangement S1, S2, S3, §§, §5, A and B, is represented by
curves {(a) and (b) in fige 3.2. The zenith acceptance of the spectrograph
was greatest for the largest zenith angle, 90°, but due to the rapidly
falling spectrum with increasing zenith angle, it was necessary to
introduce a further scintillation counter, §Z, in order to maintain some
balance in the data gathered over the whole range of zenith angles between
65° and 90% The anticoincidence scintillation counter was introduced
for phase 2 of the operation and was positioned so as to reduce the
effective height of the scintillator S3. The zenith acceptance function,
operative during phase 2 of the experiment, was as represented by curves
(a) and (c) in fige 3.2 The overall running times for each arrangement

were as followss

Phase 1 - 1.078.1065

Phase 2 = 1-758-10655

The azimuthal acceptance function is a little more complicated due to
it's energy dependence and also due to the gaps at the centres of arrays
A and D. As each part of these arrays were independently positioned it is
convenient to think of the spectrograph as comprising four geometries
represented by trajectory types 1y 2, 3 and 4 in fige. 3.3. Clearly,
by a consideration of equse (3¢2) and (3.4), there are required
experimental constants xo ’ .....Xo and z}b ’ .....45b for complete_

1 4 1 4
trajectory descrintionse Although the azimuthal acceptance function was
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calculated for each geometry seperately, it was noted that for particles
with momenta above a few GeV/c geometries land 2 were dominant, therefore,
in the final analysis of the data, particles were considered to fall into
two main categoriese The first category contained particles detected in
geometries 1 and 3, and the second contained particles detected in geo-
metries 2 and 4.

The method adopted in evaluating the azimuthal acceptance function
was to fire particles through the spectrograph in a computer simulation.
Particle trajectories were constructed being deflected in a magnetic
volume having characteristics as described in sect. 2.l. For a
particular energy and azimuthal arrival direction these particle:trdj-"
ectories - were made to cross an area, - representing the détector Si1,
with a uniform line density of 16 particles per centimetre. The fraction
of those trajectories which successfully intersected all the detection
elements of the spectrograph was taken as the azimuthal acceptance
function. The acceptance functions, for particles having momenta 3.2
and 102.4 Gev/c, are plotted in figse 3.5 and 3.6 as a function of the
azimuthal angle as measured relative to the spectrograph axis. The
contributions from category 1 and 2 trajectories are denoted by I = 1
and I = 2'respective1y. The contributions from geometries 3 and 4 to the
acceptance function appear as the small Humps at small azimuthal anglese.
For momenta above 1 Gev/c,the total acceptance over all azimuthal angles
was found to vary by less than 0.5%.

The corrections to be applied to the experimental data, due to the
effect that the earth's magnetic field has on the muon flux, depend upon
the arrival directions of the muons both in the zenith and azimuthal
planes. The implications of the angular variations in the azimuthal

acceptance function in this respect are discussed in chapter 5.
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3.2« TIThe Spectr h Alignme

The flash tube arrays were secured , each by four adjustable bolts,
to fixed mountse By adjustment of the bolts it was possible to set the
tubes vertical to wit hin O.Olcm along their lengthse The effect of
natural bowing in the tubes on track location was minimized .by loading
the tubes into the arrays with the direction of the bow set parallel to
the axis of the spectrograph. Deviations from parallelism between- the
armys were allowed for in the computations of particle momenta by using
position dependent values for the tray separationse

Only the relative values of the array sepgrations appear in eque.
(3.2) and (3.4). Initial values of these relative separations were
obtained by suspending plumbs from a steel rule stretched above the
spectrograph locating the measuring levels in each array. An independent
method of measurement employed, was to drop plumbs from the measuring
1 evels themselves to the floor, the position there being marked per-
manently. After the dismantling ‘of the spectrograph, the floor marks
were accessible, so making possible a second survey of the array
separations. The resultant values for the separations, after combining
the two sets of measurements, are listed in table 3.l. Also as a result
of the second survey, approximate values for the array constants a,»
bo’ <, and do were obtained and these are listed in table 3.l The
results from a similar series of measurements on the sepdrations of the
scintillation counters are listed in table 3.2.

As has been shown in sect. 3.1.1, for a full trajectory description,
spectrograph constants of the type Ao and Xo were required. It would

have been possible to determine their values through direct measurements
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TABLE  3,1.

ARRAY _CONSTANTS

Seperation Working !a]“es*(gm) Mid vaiues (cm)
:.ﬂl 296249 + 6.763 10 2.a 296483
12 67.26 67426
13 56430 = 44195 10 .¢ 56420
£ " 288.87 + 44195 10 2.0 289..00

(error + .04 cm)

Constants Approximate valyes (cm)
(Category 1) (Category 2)
a, 0.0 19.9
b 66.5 665
[s]
N 66.6 6646
d 42.4 24.4

(error * 0.1 cm)

#Track positions a and ¢ are in tube spacings, c.f. table 2.2b.
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TABLE 3.2.

THE POSITIONS OF THE DETECTING ELEMENTS

Counter R2lative heights (cm) Distance to net-
centre {cm
(Top) (Bottom)
Sl 91..49 53.9 =34.1
S2 ' 91.62 54,01 52.9
SS 91 . 93 "41 e 07 "235. O
54 1 9. 56 -55.44 -2430 0

(erxror ~ +0.,01 cm) (error ~+ O.lcm)
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on the relative position of the arrays but due to direct measurements
being difficult, in this case a consequence of the varying heights of
the array measuring levels and also some uncertainty in locating the
real position of the array scale origins, indeterminable erroxrs would
have resulteds The values for the spectrograph constants were obtained
by an analysis of real muon trajectoriese This was possible for the
present spectrograph egince the contribution tc the deflection from
instrumental scattering was small; the remes.deflection through scattering
amounted to only 8% of the total deflectione
Initial values for xol,....xo4 were estimated using particles of, all
momenta for magnetic fields in both directionse Using the criterion that
X, be less than 1.0cm, 1,500 trajectories of type 100 and 200 (cefe secte
2.3 for description) observed in runs with the magnet switched off, were
examined initially setting lﬁb equal to zeroe The distributions in A
so obtained, are presented in ?ig. 3.7 and fig. 3.8, these being the
distributions for type 1 and type 2 trajectorieses The tail in the
distributions show the effect of the large angle 'scattering associated
with the lower energy particles in the sample. The values of Zlbl and
Zﬁb2, corresponding to the most probable values of the distributions in
A so defined, were computed by iteration, selecting only muons which had
displacements within 2.lcm of the previocusly calculated meanse 90¥% of
the initially selected particles were used in the computations of the
stationary means. As these mean values were sensitive to the displacement
suffered through large angle coulomb scattering, the finally accepted
values of Zﬁo and £\ were obtained by a combination of these means

0
1 2
with the medians of the distributions, weighting each according to
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TABLE 3.3.

DISTRIBUTION CHARACTERISTICS
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Zero Field ("Z%D)

Geometry Mea Sample Median (cm) Sample
I=1 914891 + .026 | 594 91.864 +..033 590
I=2 90,470 *+ 026 | 590 90,457 + .033 579
I=3 110.52 + .083 48 110.458 + 104 51
I=4 724114 + 4097 54 710936 + o122 63

Negative Field ( - Xo )

Geometry Mean (cm) Sample Median (cm) Sample
I=1 -10.053 + .004 | 1238 -10.060 + .005 1227
I=2 - 2.036 + .005 | 1166 - 2,039 + .006 1161
I=3 - 6.564 + 4019 | 101

Positive Field ( ~ X, )

Geometry Mean (cm) Sample Median (cm) Sample
I=1 -10.060 + 005 | 1005 -10.064 + 006 1032
I=2 - 2,038 + 005 | 1057 - 2,046 + .006 1110
I1=3 - 64524 * 4019 72

T'= 4 - 5.528 + 017 107
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their respective errorse This procedurs was justified by a consideration
of the expected symmetry in the distributions in the displacements about

zﬁb « The values for QA
0
n 3

uncertainties associated with them as the number of muons accepted in

and [% y computed in this way, had large
4

geometries 3 and 4 were only 56 and 66 respectively. Using these values
fdr-[% » it was possible to impose a restfiction such that only muons
with mgmenta >l Gew/c were used in the computations of the final values
for Xon. The distributions for Xon, for both positive and negative

field directions, are shown in figs. 3.9 and 3.10.

Through the definitions of X, and Z}b, as in sect. 3e.1.1, it can be

seen that the pairs of values X_, X _» and Aﬁb y ZSO can be related

1 3 1 3
through the value chosen for as similarly on, Xo4, and lﬁb?, 1554 are
related through a change in the value do' Using the values oon ’
1
Aﬁb and X Xo » as already calculatedy values for the required change

2 01 %

in d_ and a_ were computed and hence accurate values foz-l% and &
o o . 3 %4

followeds In table 3.3 the distribution characteristics and statistics

are listed. The working values of the constants Z% and Xo are

n n
presented in table 3.4.
TABIE 3.4,
l%(cm) Xa(em)

I=1] . =01.880 + .C29 - 10,057 + 4004

I=2 =90, 465 + 029 2.038 + 003

I1=23 ~110.352 + 038 60549 + 007

I =4 =71.993 i +038 54546 t « 007
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Arrays E and F, the zenith measuring arrays, were accessible to a
direct survey. The separaticn, BB.75 + 0.02 cm, was measured using a
steel rule while the relative heights cf the array scale origins for
E and Fy measured using a cathetometery, were found to be 94,75 + Q.01
and 95,30 + 0.Cl cm respectivalye The resclution for this system in
measuremente on the proiected zenith angles was better than 0.25%
Cathetometer meacsurements of the verticsl positions of the scintillation
counters, positioned within the geometzy of the flash tubg arraysy were
also posesibles the results of these measurements are listed in table

3\1 2.
3.3. Instrumental Noise
3e3.1. The Maximum Detectable Momentum

Defining ‘the maximum detectable momentum (m.d.my as being the
momentum corresponding to a displacement equal in magnitude to the
prebable error in the measurement of such a displacement, then an estimate
of its values ié derivakle from an examination of the central portion
of the distribution in X.

For the present instrument, the relationship between the standard
deviation in the X distribution, x, and the standard deviation in the

associated displacementsy dy was
42 = x2[23.1.(1 + k2)/(32.9 + kQ)] (3.6)

where k is the ratio of the overall track location error in the arrays E
A and D to that in the small tube arrays B and Ce k was estimated to

e le4l + 0,20 for the spectrograph; the main source of error in the
avaluation of k arose from the uncertainty in the absolute resclution

in each flash tube array. The above relaticnship was derived assuming
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that the centribution to the spread in the X distribution from Coulomb
scattering was negligible which was justified in this case as only the
central portion in the X distxibution was used in evaluating x.

An examination of the distributicn in X returned a value cf x =
06125 + 0,006 cia and since the preduct of the momentum and displacement
for the spectrograph was 23.23 GeV/c.cm the resultant med.mewas 196 + 15

GeVVE.

3.3.2 The Effect of Noise on the Mugn Meagurements

Due tn the rapidly falling muon energy spectrum the effect of
instrumental ncise in spectrograph measurements will tend to cause’an
overestimate in the number cf high energy muons incident at sea level.

Of particular impcrtance, as fsr &s the measurements on the muen charge
ratio are concerned, is the possibility that the exror in the detemmination
of the deflecticn might be such as to cause a wrong charge assigmment. This
wrong charge assignment has the effect of masking any charge excess in the
incident muon beam and becomes significant when measurements are made

near to and beyond the mudemecf the instrument.

Following MacKeown (1965), the relationship between the cbserved
charge ratio- Ro’ and the incident charge ratio, Ri’ for muons incident
with energies up to a few hundred GeV, is well represented by

(R +1).exf (/av/?) +@ -1) :
R_ B - Q (3.7',
i (Ro + 1).exf (&/d/2) ~ 1Ro - 1)

providing that the charge ratic varies only slowly with energye
For various values of the incident charge ratio, the corresponding
observed charge ratiosy calculated using equ. (3.7) s have been plotted

as a function cfl&/d in fige 3e1i. The dashed curvey A, shows the
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effect of instrumental scattering, here the Temese displacement through

scattering is taken to bz 0.34),



CHAPTER 4

THE_EXPERIMENTAL DATA

4.1. Event Selection

Events were recorded with frequencies 59.1 and 26.6 per second
for Phase 1 and Phase 2 of the spectrograph's operation; the general
paralysis of the spectrograph after each trigger was of duration
6.911 seconds. Of some 30,000 events scanned, the number accepted for
further computer analysis was 16,528, During the analysis by computer,
events further rejected fell into feour main satagories comprising the
followings

1) type 3 and 7 events where the affected tra;ks were in the

zenith measuring arrays E and F (lack of precision in the
zenith measurement)y

2) type 4 and 5 events where the multiple tracks occurred in

arrays E and F (ambiguity in zenith angle assignment);

3) events where the central discrepancy X was found to be

greater than 1.0 cm (thils restriction being imposed to

guard against those events containing tracks of unassociated
particles or mistakes made during film scanning = this
restriction is biassed against icw momentum events, due to
the consaquences of CGouilomb scattering in the elements of
the gpectrograph, but pcsitive and negative muons will
suffer similar rejection so unaffecting the overall

measurement of the charge ratio);



Muon Data - Geometries ) and 3

TABLE 4e1a

Ze pith

Cell boundaries (Ge V)

[
o
(Degrees) | & 10.0  15.9  25.1 39.8  63.1  158.5
L
(8] .
6540-67.5 |+ 33 20 17 7 4 1 0
- 38 27 12 4 3 1 2
67.5-7C.0 | + 91 89 37 32 15 13 4
- 85 61 36 21 10 6 3
70.0-7245 | + 115 106 42 35 28 11 13
- 103 93 36 34 21 13 8
7245~7540 104 106 53 41 29 21 12
- 97 93 52 31 20 22 17
75407745 93 145 78 76 47 33 34
106 127 68 54 45 17 23
7745-80.C 110 186 109 98 82 46 64
137 140 110 88 69 42 48
80.0-82.5 68 102 82 92 80 68 45
88 118 76 75 65 57 44
8245-85.0 38 56 35 51 61 73 71
56 60 44 54 37 41 37
85.0-8745 11 22 11 26 46 34 40
19 28 12 35 32 25 27
87.5-90. 0 3 4 5 7 9 16 10
7 9 6 6 4 8 12
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Muon Data - Geometries 2_and 4
Zenith {& | Gell boundaries (GeV)
(degrees) E 0.2 10.0 159  25.1  39.8 63.1  158.5
O y -
65.0-67.5 1 + 33 24 17 8 3 3 2 1
- 31 21 4 8 3 2 1 0
67.5-70.0 | + 76 76 42 37 14 5 9 2
- 85 73 3a3. 30 15 11 7 2
T0.0~72.5| + 105 124 50 34 22 12 11 4
- 102 92 33 31 27 12 7 7
72e5=75.0 | + 93 102 72 30 28 22 16 9
- 98 84 51 35 25 10 13 10
T75.0=77.5 | + 91 125 78 67 46 24 24 15
- 111 130 59 68 47 17 20 9
T7«5=-80.0 | + 104 145 95 99 91 57 4] 20
- 127 176 102 93 69 48 46 35
80.0-82.,5 | + 63 126 93 97 93 69 51 34
- 123 138 89 81 65 44 46 21
8245-85.0 | + 16 a7 50 70 80 46 53 23
- 72 92 47 49 35 35 44 30
85%.0-87.5 | + 8 15 22 33 27, 43 40 21
- 25 26 20 25 37. 25 36 17
87.5=90.G | + 9 1 5 3 6 8 12 4
- 8 10 8 g 8 9 13 14




4) those muons being observed passing through the edges of the
arrays A and D (incomplete track definition causing a loss
of precision),
The number of particles falling into categories (1) and (2), (3), and
(4) were 376, 1,441 and 695 respectively,
The computer presented the accepted events, totalling 14,016,
in histegramsy the muens being grouped according to their arrival
zenith angles, energies and trajectory type. The data comprising the
histograms, for spectrograph geometries 1 and 23 are presented in

tables 4.1a and 4.1be

4.2. The Observed Charge Ratio

For the purposes of presenting the raw data in charge matio fomm,
the results from both acceptance geometries were combined. The combined
data, having been grouped into zenith cells 65°-75° and 75°-90°, are
presented in charge ratio form in fige 4.1« The errors on the ratios
were calculated in accordance with the relationship of eque (Bl.2).

In fige 4.1e the effect of the earth's magnetic fieldf which is
expected to be most severe for muons arriving with the largest zenith
angles, is clearly indicatede. An evaluation of the geomagnetic effect
- follows in chapter 5. In chapter 6, the experimental results are
presented corrected for the instrumental effect and normalized to
values expected for measurements on the muon charge ratio arriving

along the magnetic meridian.
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CHAPTER 5

P )

THE  GEOMAGNETIC GORRECTION __FACTOR

5.l Introducticn

The present chapter is devotsd to the development of the work of
Osborne (1966) and Maede (2960,1964) on the sea level spectra of muons
to include the propagation of muons under the influence of the earth's
magnetic field. Although the totzl intensity of muons is only slightly
modified by the geomagnetic effect, the modulation on the charge ratio
itself can be severe., In crder to compare the present observed charge
ratio results with those of other experiments a normalization to con-
ditions of minimum geomagnetic effect (propagation along the magnetic
meridian), through a geomagaetic ccrrection factor, was necessarye
Geomagnetic correction facters have been computed for the present
expe rimental orientaticn and also for that of the previous Durham

horizcntal spectrographs.
5.2. Notations and Definitions

For the purposes of a description of muon propagation in the
atmosphere, it is convenient to define a number of general propagation
parameterse Eu £ and 3 represent the snergy, zenith angle and
azimu§thal angle of the muons at producticn which correspond to similar
sea level parameters Eo, 8 and ? e The parameters 8, T » $ and 2 are
measured relative to a co-ordinate system with origin at the earth's
centre and with ordinate passing through the point of observation;

the azimuthal angles are measured relative to the direction of the geo-
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magnetic meridiane y, z-(v,w) represent muivally normal vectors with
z=(w) normal to the muon trajectory at production - (sea level) and also
normal to the loﬁal verticale For the purposes of the inclusion of the
curvature of the earth's surface ard its atmosphere in the propagation
problemy it is convenient to define further parameters 6*, the local
zenith angle, and K, a propagation term (c.fe fige 5.1), which are

related as follows
Sin 8" = (K+R)/ (H +R) (541)

where H is the altitude of the particle and R the earth's radiuse
Defining x as the vertical depth from the top of the atmosphere,

expressed in units of gm cmﬂz, and assuming the atmosphere to be well

described by a model as used by Osborne, the relationship between

altitude Hy pressur=s x, and density/o are as followss=

a) Below the level of the tropopause
x(H) = 1030.(1 - 0.02156.H)°*%87 g cn™? (502)
H(x) = 46438071 - 13.398.x **17? xm (53)
/o(x) = 4,170 10"q X C.821 g cm-3 ' (5e4)
b) Above the iropopause
x(H) = 253.3.exp (~0.1549 (H-10,3)) g cm 2 (5.5)
H(x) = 46.040 ~ 644576,1n (x) km (5.6)
Y 4 -
A(x) = 1.548 10 x g en™ (5.7)

The mean height of the tropopause is to be taken as 10.3km (x = 253.3

g cm-2).
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5¢3. The Muon Sea ILevel Spectrum at Large Zenith Angles
5.3¢1« Myon Spectrum from a Muop Production Spvecirum

In their passage through the atmosphere after production, the muons
will lose energy via the processes of ionisation and excitation, pair
production in the Coulomb field of the air nucleiy and bremsstrahlung
and nuclear interactions. Osborne, reviewing the contributions to the
total energy loss through each process, arrived at a functional form
for the total energy loss of muons in air which is as follows:-

-( f‘) =237 107 + 7-66 10°° [_b\E.,. + 2hE+o-25( %&Tﬁ)‘] +2T3I0%E  GeVgrlem? (548)
for € ¢ (0-504)/Jo Gev and

2
~(4E) - 20910%+ 7-66!0"EnEm +0-25( 50 ) -@o—%i}ﬂﬁ-ﬂm’f: Gevg'lert  (5.9)
for E 3 (OSM)/\F GaV
where Em is the maximum transferable energy of a muon to an electron in

inelastic collisions,; and for air is given by

E_= E°/ (& +10.94) GeV. (5.10)

The energy loss function is plotted as a function of energy in fige 5e2e
Not all the muons produced will arrive at sea levél because of thg
probability of decay in flights The lifetime of the muons is~10 Ss and
the time of flight of mucns between production and arrival at sea level
is ~10-35 for the largest zenith anglese As a direct consequence of the
relatavistic time dilation, however, and also due to the energy loss
suffered by the muons being greatest over the last part of their

trajectories the chances of survival remain appreciables The survival




Raie of crniergy loss of mruons in &ir

o0l 001 (pA39) ABusua uonnN Ol

N N
IR AU N NP " P SO (R S

=2

Rate of energy loss — dE,/dx {ivlev g cm =)

N PSRN
. -

Fig. 5.2

—q——
1




474

probability, SP, may be defined as follows

%

SP(x,Ee,©) = exp E '—”c#,;“-'-‘ ﬂ%ﬁ% F‘j‘&'ﬂ {5.11)

where lyycz and % are the rest mass energy and lifetime of the muon
respectively.

For some particular depth x in the atmosphere, the correspending
slant depth being l(x,l), the number of muons produced by parents
travelling with direct.ipn parameters £ and %, (the angular spread of
muons produced by pions is negligible above a few GeVy, Maeda-1960) may
be defined as N/.: (E/, (xsE0s B, )5 1(x, #)) d1; these muons, if they
survive will arrive at sea level within some cell characterized by an
energy Eoy a zenith angle 8 and an azimuthal anglef. ‘The contribution
from muens produced at a depth 1(x,ﬁ) to the sea level intensity in a

unit cell of energy, angle and area may be expressed, therefore, as

M (Ex,€: §) = No (Eu(xyEey ©5§), s @) . SP(Ep(oc,Eny; §)s L(xs @)

T(egpe)- o - s

Jy 8 cell width correction, represents the Jacobian of E/., ,15;2, Yy 2
with reepect to Eo, S,f, v, W.

It is here noteworthy that for undeflected trajectories (the
approximate case for bropagation along the.magnetic meridian without
scattering) the Jacobian reduces to ( dEw/ dEe )e For the cell width

correction in this case Osborne used B&(Ep,!)/ ﬂE(E“’“)] which

for sea level muon mementa greater than 5 GeV/e does give a reasonable
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fity but in view of the fact that with increasing energy (aﬁu/an)
converges on unity more rapidly than the value used by Osborne, the
error so introduced in evaluating the muon spectrum at 1200 GeV was 3%
for the vertical muons and 6% for the large angle muonse. As this
discrepancy is largely due to the persistance of the density term in the
energy loss relationship (2que 5e¢9) and considering that the muon energy
loss is most impoertant deep in the atmosphere a better approximation
would have been to use [gf(Eﬂixo)/ g;(E..xo)] as the cell width
correction term which is accurate to within 1¥ for all muon arrival

energies above a few GeV,

5.3-2. e pI‘

For pionization as the only process in inelastic collisions of the
prima rizs, Maeda (1964) showed how the accurate integral expression for
the pion intensity could be reduced, under given approximations, to the
solution of the diffusion equations as used by such previous workers as
Barrett et ale (1952), Smith and Duller (4959), Zatsepin and Kuzmin (1961)
and Allen and Apostalakis (1961)e He extended the calculations to include
the production of Raon parents decaying through the K/.:2 modes Osborne
(1966) included all decay modes of both charged and neutral kaons with
branching ratios > le0%e

The general expression for the number of pions with energy Epgat

a depth x, as derived by Maeda (1960), is

N (En, x, € = [ :xp[- [éﬁ + i 3] "‘P[’[L;C%fé'm]' Efilds  (5:13)
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where Ly is the absorption mean free pth of pions,
Ln is the absorption mean free path of nucleons,
Lc 1is the collision mean free path cf cosmic ray primaries,

F(Ex ) is a general function for the pien production spectrum, and

Br = TH/O(E)

The first term in the integrand of equ. (5.13) represents the

loss of pions via decay and interaction, whilst the second termrrepresénts
the primary nucleons lost through absorption in the atmospheres With the
assumption that the absorption lengths of the pions and nucleons are the
samey L= Ln = A , as discussed by Osborne (1966), and neglecting the
energy loss of the.pions and the weak dependence of Byr on x, a simplified

expression for the pion intensity becomes

Nn(En,.L(x.e)) = F(En)-exP("%)- l-("“ %n'.'(_z:lc..()_' (5014)

Thusy cosidering the possibility of pion to muon decay, the general

expression for the muon production spectrum follows

b
Nolle 6,01) = 381 FlEn)explifs)|S 21 355 s (5015

where the integral takes into account the decay spectrum of muons from
pions in flight. Taking the sea level measurements of the vertical

muon spectrum as a starting pointy Osborne found that the pion production
spectrum for all charged pions could be represented by the following

relationshipgs~
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-1-93

Fr(Ex) = 716 10 A(En) Ex e 5 o Gov (5.16)
for Er ¢ 3:-5Gev ¢
Fre(Ex) = 1-76 10", A(En) En 65 cm™ s st G (5017)

for 35 £ Exr { 2000 Gev

where A varies slowly with energy and has a value close to unitye

The inclusion of a contribution through kaon production follows
similar arguments but as shown by Osborne, whether half the secondaries
produced in the nuclear interactions are kaons or whether only pions are
produced, the calculated muon intensities at large zenith angles show
only a 5% sensitivity for muons arriving with energies around 100 GeV;
the sensitivity falls off with decreasing muon energy. The geomagnetic
effect only becomes important at energies less than 100 GeV and so for
the purposes of the present work pions will be considered as the only
muon parents and having a production spectra with general characteristics

as described in equse (5.16) and (5.17).

5.3.3. The effects of the Earth's Magnetic Field

Under the influence of the geomagnetic field after production the
muons will suffer oppesite deflections dependent on their charges with
consequential differing path lengths to sea level. For fhose muons
detected in the eastern azimuth the positive muens will have travelled
longer distances than the corresponding negative muonse. If one can
assume a pion production spectra, therefore, for each charge as represented
by Fr(i (Egt ) and neglecting any anisotropy produced in the incident
proten beam or any deflection of the secondary pions in the short distance

travelled between producfion and decay through geomagnetic deflection,
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then the differential muon spectra for each charge assumes the form

o

1) (68,1~ [, Uz ). SPERES,D, (Gr.)
v J.(W) . Siﬂ e'olx ws"-lc";';s.l (5. 18)

E., 8, f v, W

where

1 }6
Ni FrEn { ~(¥+)) -)
= B (En). exp(- L) 15701+ Lol
/ 120 120 > (5.19)
(
and the affixes dencte the muon charge..
At the largest zenith angles, where the geomagnetic effect is
greatest, the majority of pions will decay rather than interact such

that the integral in eque (5+19) is approaching the value for complete

decay and so may be approximated by a pion decay factdr Di such that

= Wi =
D et(' * l-sizuilo; R (2(71;, )) ) (5.20)

This approximation is tantamount to saying that the decay mouns are

produced with a constant fraction of the parent energy, such that

Eo = _rr:\_w,;_r'.En. (5.21)

Suppressing the function paraneters, in eque (5.18) for simplicity in
presentation and gathering together the constants into a term B', equ.

(5.18) becomes

o

t
= 2] \Y { £t opt ot
Ne. = B(ES) " exp(-5) - D= SP% Tl .
Assuming that the shape of the respective production spectra for the
positive pions and negative pions are the same and of the form of the
total spectrum as computed by Osborne, then B'+/§r = Rp where Rp is

the charge ratio of muons at productione It follows immediately that
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the charge ratio of the sea level muon flux, RI,is given by

- (5.22)

Since for muons of both kinds arriving at sea lsvel along the meridian,
the trajectories will be deflected similarlys the values of the

integrands in eque {5.22) will be identical such that Ry = Rys @

definition of the geomagnetic correction factor g follows directly:

exp(—= £/120). D" SPT T ~Jld (5.23)
(EL)*Sexp (- 4/170). . SP* T ot .

Apart from the effects of the geomagnetic deflection, further

modulations on the muen spectra; especially at low energies, are expected
as a consequence of Coulomb scattering of the muons before detectione
The scattering effect has been considered as a separate correction factor

operating on g in secte 5.5,
5.4 Calculations of the Geomagnetic Correction Factors.
S5edele Preyiggg__cmm

For zenith angles greater than 80° and for different production
depths and a number of geomagnetic azimuthel angles the propagation
parametersy survival probabilities and deflections have been evaluated

by Okuda (1963' and Maeda (1961)e As these workers did not provide a

comprehensive description of all the important parameters for the
calculation of the geomagnetic correction factor, eque (523), and
since there does not exist any simple relationship between the geo-=

magnetic effect at different peints of observation on the earth's




surface then, as far as the present work is concerned, their results are
of academic interest only.

For the geomagnetic conditions of the previcus Durham horizontal
spectrographss inclined at 7.8° East of the magnetic meridian, Kamiya
(MacKeown, 1965) calculated a geomagnetic correction factor assuming a
propagation of muons, produced at a unique atmospheric depth (l(xyﬁ) =
120 g cm_2), under the influence of the horizontal compenent of the
geomagnetic field onlye . The eprrection factor was assumed to be of the

form

g = ((E7)2*%4 s~.57,/((e* )=2°64 spt bty | (5024)

For sea level muon energies below 10 GeV, as well as atmospheric
scattering becoming impertant, the approximation of a unique depth of
production was expected to impose severe restrictions on the applicability
of the above factoryas has been discussed by Aurela et al. (1966)e The
effect of the one dimensional description was estimated to be small but
causing an underestimate cof the required correction factore. The cell
width factor, arising through the Jacobian, was not considerede

The axis of the present spectrograph lay along a line 27° East of
the geomagnetic meridian, and consequently, the extent of the geomagnetic
effect was severe; a more rigorous apprcach to the problem than had

previously been undertaken was demanded.

5«4.2. Present Calcylations
Preliminary calculations showed that the variations in the value

of the Jacobian, as evaluated for muons produced over the important first
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few hundred g em © of the atmospherey were small and so to a good

approximation eque {%.23) coul:d be expressed in the form

which for the purposes of the prezent treatment was convenient, allowing

the problem to be broken down into three partsse

a) Evaluation of the propagation parameters at various heights
of production resulting in the solution of the integrandss;

b) Calculation of the derivatives of the propagaticn parameters
at a unique depth 1(x40)= 120 g cm-z, these being needed
in the evaluation of the Jacobianj

c) & consideration of the effects of unlomb scattering on a)

and b) separatelye

5s4¢30. Eyaluation of the Propagation Parameters

For various arrival energies and zenith angles muon trajectories
were constructed in an inverse computer simulation. The trajectory
construction may be explainéd with reference to elements of the muon
path from which the wholetrajectory was compriseds fige 53+ The

atmosphere was broken up into layers; typically of thickness a(g cm-2;

6'* represents the local zenith angle at peint A at a depth x'; AO
represents part of the trajectory already constructede As AB is the
tangent to the trajectory at A then from eque (5+3) B must be at an
altitude given by

h = 463807~ 13-3980.( X’— & )°"77 km.  (5.26)

It follows, therefores that
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6''* = Aresin [(K +R) / (h"--R)] radians (5427)
where K is the propagation constant having the value

K= (R +h'). Sin (8'%) = R kme (5.28)
Hence the separation of A and B fellows directly and has a value

s'= (R + K).[l/Tan (o"*) - ]./Tan(e'*)] km. (5429)

Due to energy loss suffered by the muons in passing through the

atmosphere, at points A and B on the trajectory the muon will have
energies de&oted by Ea and Ebe In the limit of small s', the muon
energies may be related through

Eb = Ea + sp(x' - gﬁ ) . %‘i (P(x'- %), Ea) 5430)

where %% is defined as in eque (5¢8)s The probability that the muon
will travel the element of trajectory without decaying follows £ rom

eque (5e11) and, again providing s' in small, becomes

: 2mudsg'
SP' = exp [_ ;%ngmb)] (5.31)
Inorder to include the effects of curvature of the trajectory
through geomagnetic defiection, it is convenient to retain s' as the
elementary deflected path such that equse (5¢29) and (5.31) may be used
without modification for the remainder of. the calculations. Therefore,
it is necessary to calculate a modified local zenith angle and an altitude
for C in figure 5.3. Providing that the elementary deflection & is

small and is in the plane containing the trajectory, the height of C
may be approximated by

h=h"=-055s.d.8in (8% + §/2). (5.32)

Further,
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v 2 g% +8 and E_2 B . (5.33)

Since with high speed computers, such as the NUMAC IBM 36Q/67, it is
possible to select values for s' such that the effect of the previous
converging approximations are negligible, the above relationships
provide the basis for an accurate computer trajectory reconstruction
for muons travelling in a one dimensional magnetic field.

The geomagnetic field, however, can be resolved into a vertical
and heorizentd component causing the muon deflection to be in two
dimensionse If AQ is the azimuthal angle of the muens relative to the
local magnetic meridian, and § is the deflection experienced by the
the muons in the plane containing the centre of the earth and the
tangent to the trajectory at the point of deflection,

& - (5.04.1078, sin (AQ). Charge. s')/P radians (5434)
where P is the muon momentum expressed in units of GeV/c and s' is
measured in centimetres, then the above description holds for the case
of deflection in two dimensions. The approximation, which comes through
the assumption of a pure rotation of the (K + R) vector, is of negligible
effect as the lateral displacement of the muon trajectory is small
relative to the magnitude of K + R for all zenith angles. The local

azimuthal deflection which is accumulative in AQ, may be expressed by
&, = (1.3567 10"7s Sin (8*). Gharge. s')/P radiads . (5035)

In arriving at the above relationships for the magnetic deflections;

the components of the geomagnetic field at Durham were taken to be

Hz = 04168 gauss
H = 0452 gauss.

v
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Any variation in the components of the magnetic field along the muon
trajectory are only of minor importance but for completeness, they were

included in the calculations through the approximations

S € (1 - 0J. Gos (AQ). 2441 2074
8, & § 17+ 01. Cos (AQ).:8eds 167°)

n

(5.36)

0J being measured in kilometres along the surface of the earth, c.f.
fige 5e3.

The trajectory was constructed element by element; the total
probability of survival over the constructed trajectory was simply the
product of the survival probabilities over each elemente At a number
of preselected depths in the atmesphere, the trajectory construction
was halted; the path length along the tangent to the traﬁectory from
this point to the top of the atmosphere was computed numerically. Also,
the pion decay factor as defined in ecqu. (5020) was computede The
atmospheric slant depth and the pion decay facter were stored together
wit h such other information as the survival probability to sea lewel,
the muon energy, the path length and the preduction coordinates. The
term inside the integrals of eque (525) was also computed and stored.
So, for a muen arriving at sea level with a particular charge, energy
and zenith angle, the muon propagation parameters for a number of
pessible depths of production were available.

Intermediate values of the stored information, corresponding to
inclined preduction depths ofl15, 30, 60, 120 ....960 g cm-2, were
obtained to 1 part in 107 following the Aitken scheme for Lagrange

interpelation; the high accuracy was necessary for subsequent
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computations on the Jacobisns.

Fige D5eds shows the variation of some of the production parameters
with the number of track elements comprising the trajectory for an
inclin#dt production depth of 120 g cm‘2; N represents the number of
elements between the vertical depths 65 and 1030 g cm-2. The plotted
function g' represents the ratio of the integrals in eque (5¢25)

through the approximation

‘5
' 8’ - ,.Z((Eimx)'z'“spimu .Dt(m), exp(~ m/120). %— r(d) )
> (Etnd™ SPtm. Dty . exp(-myizc). § mi(t))

-

where m(1) = 30. 2L,

Figse 5¢5 asb demonstrate the near exponential dependance of

-tﬁe function g' on arrival azimuthal angles for Durham based spectrow=
graphse Since the total muon spectrum varies only slowly with azimuthal
angle s, the effective arrival direction of the muons in the azimuth, for
the purpeses of an overall computed correction factors may be found
simply by weighting the azimuthal acceptance function with g'; the
effective arrival direction can be taken as the so weighted mean

azimuthal angle over the azimuthal range. In consideration of the

case of the present spectrograph for high mementum particles, the main
geometries could be represented by arrival directions in the azimuth

of 21.6° and 32.4° At large zenith angles, for particles with

momént? 3 Gew/b, however, the weighted mean arrival angles were found

to be close to 22° and 33°. Since it is at these large zenith angles

and low energies that g' varies most rapidly with azimuthal angle, the
angles 22° and 33° were used throughout the computations as represen-
tative of the spectrograph's main-geometrieses Similarly for the previous

horizontal Durham spectrographs, the axes of which lay along a line
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7.8° East of the geomagnetic meridian, the operative azimuthal direction
was 8+3° East of the geomégnetic meridian,.

Figse S«6. to 5.8 show-the calculated variations of g', E and SP
with sea level energy ;nd zenith angle for each of the mean arrival

- azimuthal angles 33%, 22° and 8.3,

The cell width factor which appears through the Jacobian in

eque (5.12) may be represented in determinant form

TR

3

3%
S
8%

EE:

<&
®

gw
R
2
41
i

t COﬂsr (5038)

The variables being as defined in sects 5.2.

As a consequence of the earth's diameter being large compared with
the thickness of' the atmosﬁhere, small translations along the direction
of w will cause negligible variations in the production parameters E,

15,): and y, and considering that the total azimuthal deflection is less
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than 20 degress in the worst case, (aZ/aW) has a value close to unity.
Consequently, the Jacobian may be approximated by the Jacobian
J( ghgaf%fﬁ); the corresponding determinant is enclosed by the dotted
1ine§ in equs (5¢38)¢

Inorder to achieve an accuracy of 1% over the ranges covered ‘in
the present experiment, a value of N = 489 was used for trajectory
construction, cef. fige 5e4. It was alse necessary to ensure an
internal consistancy 'within the programme of 1 part in 107, Although
it would have been possible to have included the Jacobian in the treat-
ment of the previous section by direct numerical differentiation
of the stored production parameters, the amount of central processor
time ahd“storage space needed in such a computation was prohibitive.
Making use of the approximate relationship in equ. (5.25), the Jacobian,
for a fixed production depth l(xgé) =120 g cm-z} was computed by an
examination of the variations in the préduction parameters resulting
from small incremental variations in the ;ea level parameters. By this
method it was possible to evaluate the 3@éobian for four energies and
four zenith angles using 79 k bytes of the IBM 360 main core store; the
central processor was engaged. for 20 minutes only.

In these calculations, as for those in the previous section, the
trajectories were constructed assuming the.static atmosphere outlined
in secte 5.2. The effects of scattering were not included in the
treatment.

For the arrival azimuthal angles 33°ﬁ values for inzo.and Jrizo
have been plotted seperately in figures 5.9 asbe In figures 5.10a,b,c

« s . - + . .
the variation of the ratio J120/5120 with sea level energy and zenith
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o
angle are shown for azimuthal angles 33°, 22° and 8.3 .

5.5+ Coxrections for Local and Atmespheric Scattering

The treatment of the propagation problem so far has ignored the
effects of Coulomb scatteringe For a particular angle of production
Coulomb scattering in the atmosphere will cause the arrival direction
of the muon to vary about the expected sea level arrival angle for a
propagation without scattering. Due to the rapidiy falling nature of
the muon spectrum with increasing zenith angle, the effect of scattering
will be to produce an enhancement in the muon flux at these largest
zenith angles.

As can be seen from the discussion of sect. 5.4, the non scattered
angular spectrum for positive muons is appreciably steeper than that
for negative mua;s, hence the correction to each must be different.
Defining spectra enhancement through factors S+ and S~ where

st - (intensityi with scattering)/(intensityt without scattering)

(5439)
then the geomagnetic correction factors including the effects of

Coulomb ‘scattering, follows
-/t
g = (s"/8") g (540)

The effects of Coulomb scattering on the muon spectrum has been considered
previously by such authors as Allen and Apostalakis (1961), and Osborne
(1966).

Allen. and Apostalakis assumed that the angular spectrum could be

approximated by
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I(8) =1 exp (-ke) (5.41)

and assuming that the scattering took place at sea lsvel, used the

relation as derived by Lloyd and Wolfendale (1955)
S = exp (k202/2) (5.42)

where O should be the projected re.mess angle of scatter in the zenith
plane which may be approximated by

O‘2= 5¢85 10-6 (path length, g cm-z)/(Eo.E). (5.43)

For zenith angles greater than 80°, the approximation of eque (5¢41)
begins to break dewn. It would appear, however, that these authors
used the total rem.s. angle of scatter in evaluating S and so the
square root of their values would be more realistics

Osborne attempted the solution of the scattering problem through
a Monte Carlo treatment. However, in his final interpretation of the
scattered data, Osborne took the scattered.intensity value to be that
intensity associated with some mean"production environment" rathex
than taking an integral contribution fromall pessible production
environments, so over estimating the scattering effecte From crude
considerations, it would again appear that an approximation to the true
scattering factors would be to take the square root of the Osborne
values; this would account for the reasonable agreement -between these
results and those of Allen and Apostalakise

Although it can be seen from the above discussions that the effect
of atmespheric scattering is of less importance than hitherto realized,

for the present experiment, however, the situation was complicated
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TABLE 5.1,

CONTRIBUTIONS TO SCATTERING
(Azimuth 33°)

Eperqgy Zenith Agale ?.-lﬂsil. ot o "
(Gev) (deg?ees) (degrees)

2:0 . 88.75 - 1.27 1.76 1.80
l 86.25 1.27 1.79 1.82
83.75 . 2-01. 1.82 1.82

Bl.25 1.56 1.82 1.82
78.75 1.56 1.80 1.80
76425 0.90 1.79 1.79
32.0 88.75 0.08 0.35 0.34
| 86.25 0. 08 0.32 0.31
;83.75 0.13 0.29 0,28

8}-25 .10 0.26 0.26
78,75 0.10 0.25 0.24

76.25 0. 06 0.23 0.23
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through muons, prior to detection by ﬁhe spectrograph, being scattered
in local structuress Fige 51} is an ahgular representation of the
local scattering elements; the dimensions refer to their thicknesses
as measured in radiation lengths. 'A' represents a local building, and
'B represents the steel and barytes screening associated with the
Durham Horizontal Air Shower Array. The shaded areas in the diagram
indicate those parts of the structures which obstructed the 33° geometry
of the spectrograph only. The relative importance of atmospheric
scattering to local scattering can be seen from an examination of the
.calculated values of the projected r.me.s. angles éf scatter listed iﬁ
table S.l. O iy Values were calculated using equ. (5.43).

For the purposes of calculating the sdsttering correction for the
present case, the muons were assumed to pass through the atmosphere
un;ffected by scattering and then were there redistributed in the
zenith plane through a local scattering process. The resultant zenith

| angles were distributed about the original arrival direction in a
Gaussian form, characterised by a standard deviation

o =(© fo + o2air )'%. (5.44)

cal
For the calculations, the unscattered muon intensities were estimated
using the denominator and numerator of equ. (5¢37). The values of St
were simply Ehe ratlos of the number of muons in each zenith cell
after scattering to the number of muons in each zenith cell prior

to scattering. The values of (ST/§+).g' are denoted by the dashed
curves in figures 5.6 a,bec.

The scattering effect is discussed further in Appendix B2,
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CHAPTER 6

THE EXPERIMENTAL MUON CHARGE RATIO

6ele The Charge Ratig of the Ipcident Muons

The resultant data from the main geometries of the spectrograph,
as presented in table 4.1 a,b, were converted separately to the expected
charge ratio values prior to detection: The charge ratic of the incident
muons differed from the charge ratio of the observed muons because of the
effect of instrumental noise as is discussed in sect. 3.3s The resultant

charge ratio values from both geometries were combined and are presented

as a single set in fige 6ele Muons arriving with momenta less than 1 GeV/c
were noet included.

In obtaining the combined values for the incident ratios, the following
method was employede With reference to the argument outlined in Appendix Bl,
it was necessarv to represent the individual ratios in the form of a charge

excess & defined through

& = (- NN D) (6.1)

where the associated error O bedomes

(N +N)2|:(N0')2 + (N 0’)2:|% (6+2)

(o and 0_, the standard deviations on the positive and negative samples,

o

N+ and N-, are assumed to be of Poissonian form, such that, for large N,
OF =(Nt5%. In order to take into account the asymmetry in the Poissonian
errors for small N, the following artifice was used

I:(N o, )+ (N-.O'_L)Z:l.-g (6.3)

on
U +N)2

L ,
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¥

2 e (2 - 2
O’L= (N++N_)2 l:(N 0'+L) + (N Ty :, (6e4)

the additional subscripts U and L refer to the upper and lower errors
respectively. For the purposes of data combination, the statistical
weight given to a particular charge excess value was either l/l)'L2 or
ljkrg dependent upon whether the combined charge excess value was estimated
to be smaller or greater than the individual value. As this particular error
treatment is only necessary when dealing with charge excess values having
large associated errors, any inadequacies of the method will not be severe.

Of further significance in evaluating an incident charge ratio from
the observed results, is the effect of additional fluctuations expected in
the observed data through the increased number of "binomial channels"
opened as a result of Coulomb scattering of the muons, ce.fe. Appendix Ble.
The effect of these fluctuations were included in the analysis by
evaluating an error indepgndent of the mormal Poissonian error, the total
error being taken as the errors combined in quadrature; the effect of the
additional fluctuations was only important for muons arriving with energies
below 10 GeV where scattering was appreciables.

In estimating the magnitude of this effect, the following approximate
method was employed. During the computations on the scattering problem,
as described in secte. 5.5, it was possible to assign a probability that
particles arriving in each zenith cell would be scattered into a chosen
zenith cell.s It was then assumed that the particles arriving in the chosen
zenith celi could be described as coming from a fixed source with a

probability p equal to the mean of the computed probabilities associated
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with each cell. The number of particles emanating from the fixed source
was taken to be N;/p where Ni were the observed numbers of particles in
the chosen cells The expected fluctuations followed directly from a
consideration of the associated binomial distributions. It follows from
such a description that for large N and small p the magnitude of the error
introduced through this effect tends to the value of the Poissonian errore
As mentioned in Appendix B2, this broadening in the error also becomes
of importance in the analysis of data at and beyond the medem. of spectro-
graphs, but in the case of the results under consideration, the momentum
assigned to the last energy cell considered is below the m.d.m. of the present
instrument; the non-Poissonian contribution to the error was here assumed to

be negligible,

6.2. The Muon Gharge Ratio at sea Jlevel after corrections foxr the

The principles underlined in the previous section together with geo-

magnetic correction factors

g = /) e(s/8Neg' (6.5).
as calcufated in the previous chapter, were used to evaluate the charge
ratioy in each zenith and energy cell, expected for conditions of minimum
geomagnetic effect (propagation along the magnetic meridian). Fige 6e2
shows the corrected charge ratios for the geometries at 22° and 33°
separately and for those muons arriving with zenith angles greater than

o

75"« The sets of data from each geometry may be considered to be

independent and so the consistency between the two sets of corrected ratios
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gives weight to their validity. Fig. 63 shows the corrected retios after
the results from the separate geometries were combined. As the corrections
to be applied to the data on the muons arriving with zenith angles between
65° and 75° are small, then these results provide a reasonable datum for
comparison with the corrected large angle data. The consistency between -
the charge ratio values observed in this zenith cell and the surveys of

the charge ratio, reviewed in Ghapter 1, also lend weight to the validity

of the present results.

6.3, The Muon Charge Ratio at Production

The energy lost by muons during their passage through the atmosphere
can be large and depends upon the arrival direction of the muonse. Consequently
the muons having the same energy on arrival at sea level, dependent on their
direction of arrival, will have widely differing production energies: To
gain the maximum information on any ‘energy dependent production process it
is therefore instructive to assign to each sea level ratio a corresponding
production energy.

Taking into account the differences in the path lengths of the positive
and negative muons arriving in each zenith and energy cell, the effective
muon production energiles were obtained from a consideration of such
information as displayed in figse 57 a,b together with the mean zenith
angles of the muons prior to scattering estimated in the manner outlined
in secte 5¢5« Fige 6+4 shows the mean production energies associated .
with the.muons detected by the present spectrographe In fige 6.5 , the

corrected charge ratios have been plotted as a function of the muon

production energye.
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6+.4. Previous Durham Resylts and Other Releyag; Datg

The previous Durham results, as corrected using factors supplied by
Kamiya (secte 5e4.1),have already been presented in fige l.7. Using the
new correction factors, calculated in Chapter 5, the results of the Durham
spectrographs have been recorrectede Due to the wider applicability of
the present correction method, it has been possible to include the
previously unpublished corrected charge ratio value at the lowest energye
The corrected results are presented in fige 6.6.

The results from the Japanese experiment, Kamiya et al. (1969), are
of particular relevance to the present study as in this experimént the
arrival directions of the muons in the zenith were recorded so allowing
a subdivision of the data into zenith cells; the spectrograph was aligned’
along the magnetic meridiane

Those results of this experiment pertaining to muon sea level énergiés.

{100 GeV are reproduced in fige 6.7
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CHAPTER 7

DISCUSSIONS AND CONCLUSIONS

7.1. Fine Structure in the Muon Gharge Ratio

It is now possible to proceed with a comparison of the three sets of
experimental data on the muon charge ratio displayed in figse 6.3, 6.6 and
6¢7, the Durham results having been normalized to the operational conditions
similar to those encountered in the Japanese experiment (spectrograph axis
parallel to the magnetic meridian). As it was the peaking at 20 GeV in the
muon charge ratio as measured by the previous Durham spectrographs which
initiated the present investigations, the pessibility of such a peakiné
must be given first consideration. Clearly, both the results from the
present experiment and those from the Japanese experiment do not provide
supporting evidence for such a peaking in the charge ratio. Indeed, the
results from each experiment -when combined, c.f. fig. 7.1, indicate a
continued constancgy in the bharge ratio for zenith anqles greater than
80° over the whole range of energies considered.

Although in consideration of the combined results, it is tempting
to dismiss the observed peaking in the previous Durham results as merely
statistical in origin, there does remain the possibility that the peaking
was a consequence of some geomagnetic effect hitherto unaccounted for.
Support for such an effect comes from the high values of the charge ratio
observed in the present experiment for muons arriving at sea level in the
energy range 25-70 GeV, in particular those muons falling in the zenith
cell 82,5° - 85° If there does exist a geomagnetic effect, causing a

peaking at 20 GeV for the previous Durham experiment, then it might be
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expected that for different arrival directions in the azimuthallplane,
but in the same zenith cell, a peakihq.would occur at energies where 9g9
the computed geomagnetic correction factors, have similar values. In the
case of the present experiment - the axis being inclined at 27° East of the
geomagnetic meridian = for those muons arriving in the zenith cell 82.5°-
85° the corresponding energy where peaking might be expected is 40 GeV.

It must be noted that at those energies where the results do indicate
a peaking, the geomagnetic correction factors used were small. Alsos as
the previous Durham results as corrected by Kamiya, fige 1«7, and as
corrected in the present analysis, fig. 6.6., are consistent, an internal
accuracy in the independent computatiors is indicated. Therefore, in view
of the possibility of an azimuthal effect associated with the geomagnetic
deflection of muons, some fdrther examinations of the assumptions used in

calculating the geomagnetic correction factors follow.:

7.2. Further Congiderationg on the Geomagpetic Effect
7.2.1 The Dilution Effect

For muon propagation without magnetic deflection, the dilution
effect on the muon charge ratio of those muons produced other than in
first generation collisions has been considered by such authors as
MacKeown and Wolfendale (1966) and Pal and Peters (1964). The dilution
effect arises from charge exchange in nucleon collisions. The results
of these authors indicate that for zenith angles greater than 800, and at
the energies of interest, a charge ratio at sea level of 126 would

correspond to a value of the charge ratio of the muons produced in first
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generation collisions in excess of leDe

Any process which would act so as to reduce the effect of diluticn
would result in a corresponding increase in the observed charge ratio, but
in the context of an azimuthal variation any modulation must arise from the
differences in the path lengths of the positive and negative muons. For
the purposes of investigating the consequences of geomagnetic deflections
on the dilution effect, the number of those muons produced in first
generation collisions relative tc the number produced in all collisions,

) :
and which survive to sea level , Was estimated through the relatione

. SAm).Dimy. exp(-m/w).ém(“)
T SRem) Dimd- exp(=my/i120). § (1))

(7.1)

where m(1) = 3042J1, the notation being as described for equs (5¢37)e The
| summations of equ. (7.1) were carried out along positive muon trajectories
and negative muon trajectories with ? = 270, the corresponding values of
G were denoted by G+ and G~ respectivelye The summation were also carried
out along undeflected muon trajectories resulting in a value G°.
The computed values of G are presented in table 7.1l. Implicit in
eque (7.1) is that the charge pion production spectra are the same for
all generation collisions but as this can not be the case,G+ must be an
underestimate and G~ an overestimate f the relative numbers of first
generation muons surviving to sea level, so reducing further any significance
in the differences observed in the values G+, G and G Clearly the
dilution effect is insensitive to geomagnetic deflection of the muons in
the atmosphere. Further, as can be seen from fige 7.2, in which G? has

been plotted as a function of sea level energy for a number of zenith




TABLE 7.1»
Fraction of muons arising from first generation interactions = G- Ga-
%
Zenith angle | ¥ Sea Leyel Ene GeV)

(degrees) S 2 8 32 128
- | 0.605 0.610 0,615 0,622
+ 0.617 0.606 0.608 0. 621
+ 0.577 0.584 0.605 0.623
+ 0. 556 0.579 0.60C7 0.625
- 0.567 0. 586 0.610 0627

8le25 (o] 0.562 0. 584 0.610 0.627
+ 0.549 0,578 0.610 0.627
- 06557 0.585 0.614 0. 629
+ 0.544 0.582 0.614 . 0,630

T3
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arrival directions, any zenith dependence of the charge ratio arising from

the dilution effect is smalle.
7¢2+.2. Ener Q iations

The dominant term in the geomagnetic correction factor is g'y equ. (5.37}
In calculating g' it was assumed that both positive and negative muons lose
energy through identical processese Due to the strong energy dependence

of 'g' entering through the term E'2-65

» even small differences in the
behaviour of the muons would be expected to result in significant modulations
of the observed charge ratio.

In estimating™the variations in the observed charge ratio as expected
from a difference in the behaviour of positive and negative muons, values
of g' were calculated for ? = 27°E setting the energy loss of the-negqtive
muons 10% higher than that for pesitive muonse Denoting these new values

of the correction temn by ge', then

R, = (g'/gé). R (7.2)

gives a reasonable estimate of the enhanced corrected ratiocs which would
arise from aSpiying a correction factor including the term g'e« In fige
7.3y values of Re are plotted for R set equal to 1.25 The dotted lines
show the effect of including a lower cut=-off such that the muons were
considered to behave normally for energies less than 40 GeV,

By considering the calculated values of Re’ presented‘in fige 7.3,
the following are apparenti:-

a) the effect remains significant for zenith angles 80% and less,y

contrary to the experimental observationss
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b) to produce an actual peak in Re it was necessary to invoke a
cut-ﬁff at 40 GeV, precluding any azimuthal dependence of the
position of the peake

In view of the above facts, as an explanation of the apparent fine

structure in the muon charge ratio, differences in the behaviour of

positive and negative muons may be ruled out  without any further considerations.

702.3. Cell Wigu! Fag;o;

The cell width factor, due to it having a value less than unity,
deserves some further consideration. It's contribution to the geomagnetic
correction factor for the present experiment, computed in the manner outlined
in secte 5¢4.4 was found to be less than 4% at 40 GeV, but an underestimate
of its contribution would recult in apparent high values 'in the corrected
charge ratiose

For the purposes of the geomagnetic correction, the cell width factor
was evaluated using the following approximations.

1) Goulomb scattering of the muons passing through the atmosphere

was considered to affect only the final arrival direction of the
muons and not the individual terms of the Jacobiane

2) Muons were assumed to be propagated in a non turbulent atmosphere

as putlined in secte 5.2
3) Lateral trajectory displacements, displacement along the vector
W - secte 5.4.44 were considered to be unimportant.
Of the above assumptions, the first is perhaps the most likely source of

errore At those energies where peaking occurs, angular scattering is small,
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but as the scattering at these energies must be considered to occur through-
oul the atmosphere, the resultant displacements are expected to be very much
larger than the dimensions of the spectrographe It is not clear how this
would effect the terms of the Jacebiani an evaluation of the effect would

be kest approached through an extensive computer simulation of muon
propagation through the atmosphere including scattering as well as
geomagnetic deflections. Because of the extent of the computations

required in the solution of such a problem, the possible azimuthal effect
needs substantiation with further measurements of the charge ratio of muons
with arrival directions off the magnetic meridian before a solution becomes

worthwhile,

7.3. Gonglusions

In conclusion, if there does exist a peaking in the muon sea level
charge ratio, the position of the peak depending upon the muon arrival
direction in the azimuthal plane and independent of.the zenith arrival
directi&n, then explanation through new particle production or anomalous
behaviour of the muons must be ruled oute This would appear to leave
as the only possible explénétion a geometrical effect as discussed in
the previous section but detailed investigation of such a possibility
must await verification of the existence of the finé structure - (the
new Durham spectrograph described by Ayre et al. (1969), currently being
constructed, is expected to provide precise measurements of the muon
charge ratio at large zenith angles in two years time - it is

proposed that the axis of the spectrograph shall lie along a line 27°
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East of the magnetic meridiad. However, whether in fact there does exist
an azimuthal effect or the structures are of purely statistical origin,
the results indicate that those muons arriving at sea level with energies
4 150 GeV are produced as a result of high energy nucleon interaction

in the upper atmosphere with interaction characteristics consistent with

those of the models outlined in sect. 1.3,

Collecting together the available charge ratio values the present work
shows =

__a) The measured charge ratio of muons at sea level varied between 0,65
and 1.4 (see figure 4,1), b) the corrections to the charge ratio
indicated that the sea level charge ratio is in the range 1,15 to 1,45
(see figure 6,2) and c) that on converting the muon energies at sea
level to the production energy, the charge ratio lies in the range 1,1 =

1,65 (see figure 6,5),
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APPENDIX A
THE_ANOMALOUS INCREASE IN THE ENERGY LOSS OF REIATIVISTIC PARTICLES?

A.l. Introduction

Organic plastic scintillators such as Ne 102a, manufactured by
Nuclear Enterprises (GB) Ltd., are widely used in cosmic radiation studies.
The most common application of the material is in the detemmination of
the density of coincident highly relativistic particles at certain locationse.
In determining the particle density, a knowledge of the most probable energy
deposited in the phosphor by a highly relativistic particle is required
and this is further assumed to be constant for all relativistic velocities.
This assumption is justified by Steﬂ“limer (1952, 1953a and b, 1956, 1967)
and other theorists who predict that due to the density effect the enérgy
loss is sensibly constant for ¥ » 10. The results of Smith and Stewart
(1966) , however, indicate that for electrons, the most probable energy
loss is not constant for 50 € § ¢ 300, but increases by (11.4 %+ 1.0)%
over this range. The results of other workers on this same material,
Crispin and Hayman (1964) and Jones et al. (1968) also indicate a similar
rise in the energy loss of muons over the same range of ¥ , but the results
of the latter workers are very sparge over the region of interest and do
not themselves justify the anomalou; results of Smith and Stewart., Never-
theless, the three results together indicated that a further experiment
was necessary, particularly over the range 50 { ¥ { 500. Accordingly,
the passage of cosmic ray muons in the momentum range 5 - 50 GeV/E,

through Ne 102a phosphor has: been reinvestigated; the experimental
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description and results follow.

A.2. Experimentg] Details

The phosphor used in the investigation was that of the scintillation
counter Sl, described in sect. 2.2 The outputs from the counter's two
photomultipliers were added and passed to a 400 channel, pulse height
analyser; the analyser gate was opened by the spectregraph's coincidence
pulses The pulse height was displayed as a spot on a display screen;
the spet was held in position for a few seconds after the occurrence
of each event. A camera system was set up such that the pulse height
was recorded as a line drawn on a moving filme® The time and run number
were recorded for each event, and at every tenth event, neon indicators,
situated both on the spectrograph and on thé analyser, were illuminated
to ensure accurate matching of the spe ctregraph and analyser films during
the subsequent film analysise.

Using the above methed, the measurements of the pulse heights from
the detector were free from the subjective errors frequently encountered -
when pulse heights are determined from 'photographic records of oscilloscope
traces. Further, by using cosmic ray muons, all momenta were sampled
randomly and continuously so eliminating any experimental error due to a
drift of the gain of the detector or its associated electronicse

The response variation across the counter was found to be well
represented by the relation

y = 52 + 0.075.|x| + 0.035.x° (Ae1)
X was meagured in ;entimetres from a point 2 ¢entimetres East of the

counter's centres In the final data analysis, this response variation




was allowed fore Allowance was also made for the extra thickness of

scintillation material traversed by those muons arriving obliquelye.

A.3. [Data Analvsis

The pulse height distributions obtained for the various ranges of
muon momenta, given in table 1, were skewed distributionse The method
adopted to determine the mode of the distributions was that as described
by Bowen (1954). In the present work the theoretical curve required
for the analysis was taken as the master histogram obtained by adding
all the data into a single histogram, which is shown in figure 1. The
ratio of the areas on either side of the mode of the master histogram
was assessed and this then applied to the individual histograms using
1% cut-offs of the tails of the distributionse The modes of the
distributions were also estimated using a least squares fit of the
master distribution to each histogram, cut=offs of 15% were applieds and
these results were in sensible agreement with those obtained using the
Bowen method of analysise. The statistics of the individual distributions
and the modes calculated using the Bowen methed are given in table 1;

the modes are also plotted in figure 2.
A.4. Digcugsion and Conclugiong

To each of the sets of results of the previous workers, collected
together in figure 3, a weighted least squares fit of the peints to a

straight line in the region of interest was made, yielding values for

the slopes of the lines as followss Smith and Stewart (1966) (114 + 1.0)%,




84.

Crispin and Hayman (1964) (108 + 0.6)% and Jones et ale (1968)(11e5 + 1.4)%.
These three sets of experimental resulfs were normalised so that the best
straight lines, obtained as described above, intersected at a ¥ value of
140, The slope of a similar best fit line to the present data, namely
(3.07 £ 2.65)%, was much less than those of the previous experiments. Two
points concerﬁing the present analysis must however be madee Firstly,
any real divergence of the slope of the suggested straight line from zero
is minimised by the method of analysis and secondly, the uncertainties
attached to the estimates of the gradients of each of the lines are
underestimates because no account has been taken of the uncertainties

on the individual peints of figure 3.

The data from the present experiment were also analysed by the X?
methode In this treatment the feollowing question was asked. What were
the respective likeljhoods that the present results had arisen as a
consequence of the followings

a) a straight line relationship between the energy loss and the

logarithm of the muon momentum, the energy loss increasing
by 11% over the range, or

b) the eﬁergy loss being energy indepéndent?

The likelyhood of (a) was found to be 0.35% whereas, the likelyhood
of (b) was found to be 72%.

It is therefore concluded that, although the energy loss of the

muons in the last energy cell considered was high, the present results

point to a behaviour of the muon as predicted by the Sternheimer theory.
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TABLE 1
Distribytjon of the events jin the momeptum cells
Momentum Mean momentum Number of Mode of
range of of cell particles Distribution
cell (Gev/c) in cell
(Sev/c)
4.0 = 7.0 5e3 267 2186 + 0,37
7.0 = 10,7 Be7 241 21,73 + 0.39
10.7 = 15,7 13.0 282 2158 + 0637
157 = 21,5 18.4 221 21.58 + 0.41
21.5 - 31.6 26.1 300 21e71 1 037
31.6 = 50,0 40,0 278 22.74 £ 0.39
5060 = 100 77«0 267 22,40 £+ 040
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Captions to Figures

Eigure 1, Pulse height spectrum for all muons for which

50 & ¥'€ 500, in Ne 102a.

Figure 2 Variation of the most probable energy loss of

muons in Ne 102a with muon momentum.

Figure 3. Variation of the most probable energy loss in
Ne 102a as a function of ¥ .®Jones et al. (1968),
® Smith and Stewart (1966), + Crispin and Hayman

(1964).
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APPENDIX B]

Data_ Representation

If N+ and N- represent a sample of positive and negative muons,
each with respective error (o and ¢r_ » then the expected error on the

charge ratio, R = N+/N-, follows from the general relation

o" [(am * ( :I%
- R[(%) +(‘7') :I'E (Bl.1)

Providing that the variation in N+ and N~ are of Poissonian form, then

for large N, when Ot = ,fﬁl s equation Bl.l reduces to

o, = R( gl-+ + #_)"5. (B1:2)

This relationship is.the one. used by previous workers. This description,
however, can be seen to be anomalous from a consideration of the following
discussion.

Let us suppose that a random sample of particles, having a charge
ratio R' = N+/N-, with a standard deviation GLR' as given by equ. (Bl.2),
is selected from an infinite distribution of particles containing equal
numbers of positive and negative barticles. If“R" = N=/N+, then the
corresponding standard deviation in this inverse description isd;; =
Cﬁ(R"/h');.the charge ratio of the parent distribution remains un-
changed in such a change of descriptioh. As the deviation of the sample's
ratio from the parent ratio should be independent of the; particular
description used, then (1.0 - R")/CE"' and (R' - 1.0)/0&"-, which define
the deviation for each description, should be equal in magnitude.

Representing R'' and Oy'' in terms of R' and @', then
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(1.0 - R"")/eg'' — (1.0 - ' Rlz/o§' = R'(R'-1.0)/0;'.  (B1.3)

The deviation: for the two description clearly differ by the factor R',
This anomaly shows the inadequency of the charge ratio representa-
tion and arises from the asymmetry in the possible values that the charge
ratio can take. Similarly, these comments must apply to the_statistical
analysis using any asymmetric representation. The impertant consequence
of such a description, in the analysis of charge ratio data, is to give
excessive weighting to the smallest ratios encountered. Depending on
the values of the ratio itself, this effect is independent of the size
of the sample.
This anomaly may be avoided if the data is interpreted in terms
of the excess of one type of the sample over the other. The charge

excess 4 may be defined as

§ = (N, - N/(N, +N) (B1.4)
The standard deviation Of 1is as follows

0 = (N—*fb-,_—)z- : (N, 07)° +(N_a;_)2:l % (BL.5)
and forO'j_'_ = (Ni)'% reduces to

g - (ﬁfmz- : NS+ N_3] + (B1.6)

Clearly, the magnitude of d and C%E are unaltered by an exchange of

N+ with N_ as is required.
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APPENDIX B2

Error Propagation

Due to the nature of the production of single cosmic ray muons,
the Poissonian distribution lends itself to the description of the muon
sampling errors as quoted in the previous sectione. In certain cases,
however, modifications to this description are necessary as may be seen
from the following example of the local scattering of cosmic ray
muons arriving at sea level.

For the purposes of a Monte Carlo analysis of the effect of
Coulomb scattering of muons arriving at sea level prior to detection,
it was necessary to .construct a scattering modele Muons were assumed
to arrive at sea level in the fixed proportions as presented in table
B2.1. The individual muons from each zenith cell were randomly
scattered in turn according to the r.m.s. angle of scatter in the
zenith, criotal' The contributions to CE;tal were from scattering in
the structures of a local building and in the steel and barytes
screening of the Durham Horizontal Air Shower Array. A contribution
to C{Btal from atmospheric scattering was also included; this being
justified by a consideration of the fact that the majority of the muon
energy loss and Coulomb scattering, occur near sea level as a con-
sequence of the increasing atmospheric density with depth.

Using the fixed incident spectra 20 independent Monte Carlo
operations were performed. The number of scattered muons from all
cells, arriving in the zenith cell 82.5° - 850? are recorded in

table B2.2. together with the calculated charge excesses. Without
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THE 2.0 GeV MUON_SCATTERING MODEL
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Zenjth Angle Spectra
(degrees) N, N

Ttotal
(degrees)

- 88475 0e2 2.8
86425 ° 1.95 10.9
83.75 10,5 3055
81425 35425 66475
78475 87.15 128.6

7625 220.9 271.5

2.17
2.20
271
2439
2438

2.01

1.27
1.27

1.27

Gentributions 19 %,y
o—r \ o;i; .d-a-i;
0 176  1.80

0 1,79 1.82

1456 1e82  1.82
1.56 1,82  1.82
156 1.0 1.80
0.90 1e79 179




E?

19

30

26

22

26

19

29

Nl-

36

34
42
52
51
45

39

TABIE B2.2.

Charge Excess

"0- 463 []

-0. 1 43.

"'00161 [}

-O. 323.

-0.,133.

'Oo 404-

-0. 284 ]

=0e 5004

=0, 2331

-O. 345.

E

11

12

13

14

16

17

18

19

20

18

15

26

21

21

20

23

25

19

20

X
38
46
23
39
a7
50
42

48

37
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Charge Excess
-0¢357.
~0.508
'-0.061.
=0.300,
-0.382.,
=0. 429.
~0.292,
=0.3150
~0.387,

=0.298.
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scattering, the expected charge excess at a zenith angle of 83.750,
has a unique value of =~0.488 but on scattering of the fixed spectra,
a value of =0.311 with a standard deviation of 0,135 was returned.
The scattered sample typically contained 60 particles.

The above approach to the scattering problem does not allow for
the possibility of statistical variations of the incident spectra
which are expected to be of Poissonian forme The effect of imposing
Poissonian variations on the incident spectra used, would have been
to produce an increased spread in the deviations of the computed
scattered excesses about the mean value -0.311. For the present
casey the standard deviation, considering conly Poissonian fluctuations,
would be 0.142 and since the two above mentioned processes are only
weakly dependent, an overall standard deviation of 0.196 would be
expected, representing a 38% increase in the error aé expected from
the Poissonian fluctuations alones

Although the above effect has been included in the treatment of
the present spectrograph's data for those energles where scattering
was important, of further significance is its application to the
problem of analysing data obtained beyond the med.me of all spectrographs.
The limited resolution of spectrographs in high energy measurements
causes similsr increases in the number of "binomial channels" opened

by the uncertainty in muon momentum and charge determinationse.
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