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ABSTRACT

This thesis describes the determination of various characteristics
of the muon component of extensive air showers (EAS) using the magnet
spectrograph situated at the British Universities joint air shower
array at Haverah Park, near Harrogate.

After an introduction concerning the relevance of muon studies
to current problems in the studies of air showers (Chapter 1), the
air shower arrays and the magnet spectrograph are briefly described
and a summary given of the amlysis of the data from each (Chapters
2 and 3).

The lateral density distribution of muons of momentum above
1 GeV/c is determined (Chapter 4) for use in the nommalization of the
measured momentum spectrum of muons. The dependence of the number
of muons on shower size is found to be constant over a wide range
of size.

The momentum spectrum of mucns in air showers is determined as
a function of distance from the shower core. The variation of
spectrum with shower size and zenith angle is also investigated.
These measurements extend beyond previous experimental work (Chapter
5), and do not agree with theoretical predictions. All the features
can be accounted for by a careful treatment of air showers initiated
by primary particles of mass greater than ten (Chapter 6), provided

the multiplicity of pions follows an g0+ law for high energy.




(ii)

The avermge heights of origin of muons of various momenta are
determined by two different methods. It is further shown that the
muons originate at heights compatible with the modified model
(Chapter 7).

The implications of these observations are discussed in
Chapter 8 and, finally, experiments are suggested which might confirm

the proposed model.
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PREFACE

This thesis containsg an account of work done at Haverah Park by
the author, a research student in the Physics Department of the
University of Durham, under the supervision of Professor G.D.Rochester,
Fa Ra e

Extensive air showers are detected at Haverah Park by arrays of
Cherenkov detectors. The larger arrays are operated by workers from
Leeds University and measure the characteristics of rather large
showers.

The main experimental equipment used in the present work, the
magnet spectrograph, was designed and constructed by Professor G. D.
Rochester and Dr. K. E. Turver in 1964, and the two smaller EAS arrays
were built by Dr. K..E. Turver and Mr. A. B. Walton in 1965. These
workers were joined by Mr. K. J. Orford and the author in September,
1965.

Reports of the work were presented at the International Conferences
on Cosmic Rays held in London (1965) and Calgary (1967), and also in
the Proceedings of the Physical Society in 1967.

The author assisted Mr. A. B. Walton in the development of the
simplified method of EAS analysis described in Section 2-2.3, and
was entirely responsible for the work presented in Chapter 4. Together
with his colleagues the author shgr:d responsibility for the routin=

operation of the spectrograph and the treatment of the data.




(iv)

Mye Ko Je Orford derived the muon momentum spectrum as a function of
distance from the shower core. The checks on the EAS analysis
(5-3.1) and the anslysis of the momentum spectrun as a function of
shower size and zenith angle were carried out by the suthor.

Mr. A. B. Walton and Dr. K. E. Turver calculsbed the geomsgnetic
deflection of muons and their work was extended by the suthor. The

zlysls of the argnlar deviation of muons from the core dirsction
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CHAPTER 1

INTRODICTION TO EXTENSIVE AJR SHOWERS

1-1. Introduction

1-1.1 Cosmic Reys

The earth is continuously. exposed to radiation varying widely
in origin and in nature. That portion of this radiation called
'cosmic rays' is essentially particulate, the particles being atomic
nuclei. The primary cosmic rays interact strongly with the nuclei
of the atoms in the atmosphere. The study of these interactions
and the secondary cosmic rays to which they give rise can yield
information about the character of the interactions and the nature

and properties of the primary particles themselves.

1-1.2 Extensive air showers

The secondary particles from the interaction of a primary
particle may initiate further interactions by a cascade process which
continues until the energies.of the strongly interacting particles
are too low to initiate further interactions. If the primary
particle is of sufficient energy, the cascade of particles will
cont inue to sea lével and fom an '_extensive air shower' which may
contain millions of particles spread over an area of several square
kilometers.

The particles produced in the nuclear interactions comprise

pions, kaons and baryons. They are mainly confined to a region
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rather close to the axis of the shower, known as the core. These
particles have nuclear interaction lengths in air of about 100 gm
cm-2 and they may either initiate further nuclear interactions,
thus continuing the cascade, or decay to other types of particles,
which do not camtribute to the further development of the nuclear
cascade-

The charged pions and kaons decay to muons. Because of
relativistic time dilation the probability of pion or kaon decay is
greatest at low atmospheric densities, and thus the muons tend to
originate rather early in the nuclear cascade, and because of their
low probability for decay they mainly survive to the bottom of the
atmosphere. The muons suffer Coulomb scattering in the atmosphere
and are deflected by the geomagnetic field, but the probability
of catastrophic collision is very low and thus the muons, especially
those of high energy, retain information about their point of
production.:

Neutral pions have an extremely shart lifetime and, even when
moving with velocities close to 'ec', decay promptly into photons
which initiate electromagnetic cascades, whose development is
characterised by a 'radiation length' of 38 gm cm'2 in air.

As long as the nuclear-active particles aré sufficiently energetic
to initiate further interactions, the nuclear cascade injects energy

intc the electron-photon component of the shower via neutral pions.



1-2. Current problems in the study of E.A.S.

1-2.1 The primary spectrum

The energy spectrum of primary cosmic rays extends frem some few
GeV to a hitherto undetected upper limit larger than lOl9 eV. This
vast energy range cannot all be surveyed by one technique. At energies
of a few GeV the spectrum is well defined by the limitation of the
flux by the earth's magnetic field, while above this region the inter-
actions of the primary particles may be observed in nuclear emulsions
until, at energies above some lOlLL eV the flux of particles becomes
80 low that direct observation becomes almost impossible. The primary
energy spectrum may also be estimated by studying the secondary
~cosmic rays camparatively deep in the atmosphere. High energy
particles cause extensive air showers deep in the atmosphere. Given
a sufficient understanding of the processes involved in the evolution
of an air showér, its size can yield an estimate of the energy of
the initiating particle. Thus for energies above lOlbr eV, the energy
spectrum of cosmic rays may be deduced from the size spectrum of air
showers. This estimation is open to systematic errors resulting
from an incomplete knowledge of the processes involved in the shower,
but despite these difficulties a wide measure of agreement has been
reached on the form of the spectrum. Most estimates agree that for
showers at maximum development the primary energy in GeV is numerically
equal to twice the number of particles in the shower.

An alternative approach is to estimate the energy carried by the



shower at the observation level from the measured energy spectra of
the various components. The energy lost by the shower above the
observation level may be estimated from observations on the atmospheric
Cherenkov light emitted by the relativistic shower particles. For
example Zatsepin et al. (1964) deduced that a shower containing
5.5 x 10° particles at mountain altitudes corresponded to a primary
energy of (6 f %:?) x lO14 eV, but a major uncertainty in this
estimation was the lack of detailed knowledge of the muon energy
spectrum at energies above 20 GeV.

The primary spectrum shown in Figure 1.1 has been deduced fram
all available date (Greisen 1966a). Above lOlu eV the spectrum is a
reflection of the number spectrum of air showers. The change of slope
at a shower size corresponding to a primary energy of some 1015 eV
is now well established experimentally. The reversion of the energy
spectrum to a lower gradient at energies above about 5 x 1018 eV is
much legs well established and is currently being examined by several
groups.

The lower Inflexion has been explained as a result of a
failure in the contaimment of cosmic rays by the magnetic field of
the galaxy, occurring at a constant magnetic rigidity. Linsley (196k4)
suggests that the upper change of gradient may be due to the total
failure of the galactic containment leading to a predominance of
extra-galactic cosmic rays. Alternative explanations of the lower

'kink' have been proposed, such as a fundamental change in the




FIGURE 1.1

The integral spectrum of primary cosmic

rays (Greisen 1966a ).
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nuclear interactions at energies above 10156V (Nikolskii 1967).
The discovery of an isotropic universal black-body radiation
of temperature approximately 3K (e. g. Roll and Wilkinson 1967)
has placed all these explanations in doubt. Greisen (1966b) has
placed a rather firm estimate on the maximum energy which a cosmic
ray may possess, rendering the observation by Linsley of a flattening
of the energy spectrum and of one event of energy 1020 eV rather
surprising. Hillas (l967a,b) suggests that if current theories -om
the evolution of the universe are correct this black-body radiation
may also explain the irregularities in the primary energy spectrum.
The choice of which, if any, of these suggestions is correct
depends on the detalled observation of the characteristics of air
showers over the region of primary energy covering the 'kinks'.
Any information on the mass composition of the primary coasmic rays
at the relevant energies would be of great interest in this context,

as the predictions of the various models are rather different.

1-2.2 The primary composition

At energies below the air shower region the mass camposition
of the primary particles has been determined by many workers by
direct observation using nuclear emulsions (see Table 1.1, after
Ginzburg and Syrovatskii 1964). Observations of events of extreme
energies in emulsions indicate that the primary composition may be

N

largely unchanged fOr particles of enrgy up to 2 x ZLOl eV (McCusker
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TABLE 1.1

COMPOSITICN OF PRIMARY COSMIC RAYS

Group A Percentage of nuclei with !
a fixed energy per nucleon

’ ) o3 }
{ Q e 6. 3 !
i |
3 [}
g L 10 0.1k |
: M 14 0. 42
e
g H 31 C. 1k §-_
-

At greater energies definite conclusions cannot be drawn at the
present time. However, the current picture of the composition of
the primary beam is as follows. The composition remeins substantially
unchanged from that shown in the table to primary energies of about

2 x lOl5

eV. As the energy rises above this value the magnetic
contaimment of the cosmic rays within the galaxy breaks down and
first protons and then particles of progressively greater mass can
escape, until at about lO17 eV it is thought that even the heaviest
nuclei are not trapped in the galaxy. Beyond this energy the meta-

galactic cosmic rays predominate, giving a pure beam of protons.

These conclusions are rather tentative and the experimental



basis for them will now be examined. The constancy of the gradient
of the number spectrum of air showers to a size equivalent to a
primary energy of some lOl5 eV indicates that the composition must

be largely unchanged; whilst the change in gradient at such a size

is that expected on the hypothesis of a magnetic rigidity cut-off

in the primary coamic reys. This is supported by observations of

the density spectrum of air showers which exhibits a steepening at
large densities (Swinson and Prescott 1966). The variation with
altitude of the 'join point' of this spectrum is consistent with the
behaviour expected if the energy per nucleon available to the primary

e (Norman 1956, McCusker

1

particles terminates at about 2 x 10
et al., 1968).

Further evidence of the constancy of the camposition to energies

of lO15

eV 1s provided by an analysis of the fluctuations in the
intensity of atmospheric Cherenkov light associated with air showers
of primary energy less than lO15 eV, observed at mountain altitudes
by Zatsepin et al. (1964).

Showers with multiple cores have been studied experimentally and
theoretically by several groups (e.g. Bray et al., 1966, Matano et
al., 1967, Shibata et al., 1966, Thielheim and Karius 1966). The
theoretical studies suggest that such showers could be due to primary
particles of large atomic weight. The observation of an increasing

‘ proportion of showers with multi-core structure as the primary energy

15

increases beyond about 10°° eV (McCusker et al., 1968) may then b=z

S o




interpreted as evidence for the variation of camposition with energy
outlined above. However the experimental results show a véry wide
degree of discord, apparently dependent to a large extent upon the
method of detectione Thus it is not possible at present to deduce
unambiguous information from the work on this phenomenon.

From an amlysis of the fluctuations of the numbers of muons in
showers initiated by primary particles of energy greater than lO16 ev,
Hasegawa et al. (1962) find that an appreciable number of the primary
particles are heavy nuclei. It will be shown later in this thesis
(Chapter 6) that an interpretation of the results of the present
experiment indicates that the effective atomic mass of particles of

7

energy 2 x lOl eV is probably greater than 10O,

17

Turning now to primary energies greater than about 107 eV, two
groups have examined the fluctuations in the proportion of muons in
showers at meximum development (Linsley and Scarsi 1962a, Toyoda et
al., 1966) and conclude that the experimental data is incompatible
with that expected for the composition of Table 1.1, while it is
compatible with a pure beam of protons or particles of greater mass.
By a consideration of the fluctuations of the age parameter of the
showers, Linsley and Scarsi ruled out heavy particles, for which
these fluctuations should be much narrower than observed. It has
thus been concluded that at these great energies the primary coamic

rays are protons.

A comparison of the cosmic ray abundances of Table 1.1 with the



9

so-called 'cosmic abundances' (Suess and Urey 1956) indicates that
the cosmic rays are much richer in nuclgi heavier than helium.
Colgate (1966) predicts that supernovae should accelerate particles
to give an abundance similar to cosmic rays up to iron. Beyond
this element the abundances of the cosmic rays should be similar to
the 'cosmic abundances', a prediction confirmed by the measurements

of Fowler et al. (1967).

1-2.3 DNuclear interactions at air shower energies

The nuclear cascade plays an essential role in air showers,
but, due to the camplexity of the phenomenon, it is very difficult to
deduce the nature of the nuclear interactions from the characteristics
of air showers. However, a measure of agreement has been reached on
scme features of very high energy interactionse.

Estimates of the mean free path for nuclear - interaction of
protons in air give a value of about 80 gm em™ 2 (Matano et al., 196.4).
The distribution of transverse momentum and its mean value observed
for high energy hadrons (Hasegawa et al., 1966) is similar to that
found for pions in accelergtor experiments and also in cosmic ray
jets (Imaeda 1967 )e Occasionally very large values of transverse
momentum are observed, an observation perhaps connected with the
fact that the surviving nucleon can have great transverse momentum
(Akashi et al., 19A6). The inelasticity of the collisions of nuclefns
with air nuclei has been shown to be distributed from 0.2 to 0.9,

P ~ o~ =V T ' - A A=\ 11 . - s e P=y
with a mean value of 0.54 (Winn et al., 1965); the 1?8L&SElClty of
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collisions of pions with air nuclei appears much closer to unity.
The data available to date on high energy interactions suggest that
a fireball model with sane contribution to the pion pepulation from
baryon isobars is most likely.

Extrapolation of the infommation on nuclear interactions
available at lower energles to air shower energies is hazardous in
view of the vast energy range involved. Interactions in the region
of energy studied using accelerators or cosmic ray jets in emulsion
stacks give rise to most of the particles in an air shower, but
very high energy particles or those particles originating from the
first interactions of the cascade will be produced in ultra-high
energy intersctions and will thus be subject to the extrapolation

problems mentioned above.

1-3 The muon component of air showers

New data about the primary particles or nuclear -interactions can
only be inferred from the study of air showers by coamparison of
experimental data with the predictions of theories based upon many
uncertainly known parameters. The muons in air showers are closely
related tovﬁhe secondaries of the nuclear interactions, and, while
they constitute only a few per cent of all the particles in a
shower, they carry much of the energy of the shower and are relatively

[

several hundred metres from the cors. Muocns

- o o

numerous at distances o©
are easily distinguished from the electrons at these distances by
their superior penetrating power but nearer the core there is same

danger of confusion with the nuclear interacting component.




11

If the mass of the primary particles varies as suggested
above, one consequence will be a variation in the proportions of
muons in showers of various energies. Hillas (1966) suggests that
the densities of high energy muons may be very sensitive to the primary
mass. Such high energy muons will be secondary to particles produced
in thervary high energy interactions in the core of the shower. Thus
the muon camponent 1s potentially most informative of the characteristics
of the shower, the nature of the primsry and the nuclear cascade. These
facts have for some time stimulated studies, both experimental and
theoretical.

The theoretical studies have become comprehensive in recent

1

years and predict average lateral distributions for varying energy
threcsholds, energy spectra at various distances and heights of origin
of the muons. The fluctuations in these and other parameters have
also been estimated. To date, the experimental measurements have
been rather restricted, lateral distributions or energy spectra being
measured over restricted distance or energy ranges. These measure-
ments have succeeded in reaching sane agreement, but compérison{
with theoretical predictions shows discrepancies throughout the
regions of distance and energy expected to be influenced stronglly
by the nuclear cascade. As the distance.from the gore increases the
energy of the muons falling at this distance and originati
}n the atmosphere decreases (Hillas 1966), and thus at any distance
it

——— e 1

is possible to define energies above which the muon component
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should be related directly to the very early interactions of the
nuclear cascade. |

For the fullest use to be made of such coamparisons of measurements
on the muon component with theoretical suggestions, and hence with
the assumed natures of the nuclear interactions and the primary
particles, detailed information on the characteristics of muons of
different energies is needed over wide ranges of various shower
parameters. At Haverah Park showers of a wide range of size are
detected and in 1964 a magnet spectrograph was constructed there for
the primary purpose of measuring the momentum spe\;:t_ru.m of muons
between 1 and 100 GeV/c at distances varying from 10 m to 1000 m

v

from the cores of showers of size between 107 and 2 x lO8 particles.
In addition to this principal measurement several otherl aspects
of _t\.he muon canponent have been studied with this instrument. The
la_.te;ra.l distribution of muons with momentum greater than 1 GeV/c
has been d.etermili!e_d to distances such that it becomes sensitive to
the upper portion of the nuclear cascade. Again, the heights of

origin of muons detected at distances fram the core greater than 100 m

have been investigated for large showers by two different techniques.
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CHAPTER 2

THE DETECTION OF EXTENSIVE AIR SHOWERS AT HAVERAH PARK

2-1 The Extensive Air Shower Arrays

The air shower arrays at Haverah Park are assemblies of deep
diffused Cherenkov light detectors (Tennent 1967, a, b). The main
500 m array consists of four units of 34 m2 of detector, three of
which are placed symmetrically round a circle of 500 m radius
centred on the fourth unit. The two smaller arrays are of similar
geometry of spacing 50 m and 150 m resﬁectively, each having 4.5 m2
detector grea at the outer stations and utilizing 9 m2 of the centre
detector of the 500 m array as the central detector. A recent
development is a large array, consisting of six arrays (50 m and 150 m
spacings),'of similar geometry to that described above, distributed
about the circumference of a circle of radius 2 km centred on the
500 m array. The situation of these detectors is shown in Figure 2.1,
relative to the coordinate system used.

The individual detectors are of area-2.25 m2.and are 120 cm deep,
filled with clear wa£er and lined with white Darvic +to diffuse the
Chereqkov light, which is detected by a photomultiplier. These detectors
present large areas and depths to air showers fraom all'directions,
resulting in very small fluctuatigns in the detected signal. The
detectors are sensitive to both the penetrating and the soft components

of air showers; the dyoamic range of the response which can be recorded




FIGURE 2.1

The Haverah Park extensive ailr shower arrays.
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is very large. The pulse height of the Cherenkov output is calibrated
in terms of the output due to a single vertically incident relativistic
muon and is stated in terms of 'equivalent muons'. Whenever a three-
fold c.oincidence above the required trigger level occurs the amplitudes
and relative times of arrivsl of the responses from all the detectors
of the array are recorded photographically together with the solar time
of occurrence.

Over the period of operation of the muon experiment the 500 m
array has maintained an 85% efficiency, recording 43 showers per day,
mainly between lOlT eV and 1018 eV. The zenith angle distribution is
rather broad, but only showers with zenith angles less than MOO are
used in the muon studies. Such showers form 66% of all showers and
have a mean zenith angle of 250, rather similar to the mean angle of
220 found for the showers accompanying muons measured in the present
study. The azimuthal distribution of the showers is slightly
asymmetric as the array is tilted from the horizontal 20 towards the

northe.

242 The Analysis of air showers

The 500 m array is triggered whenever the centre detector and two
of the outer detectors record more than ten'equivalént muons'. A
criterion imposed on the data prior to full analysis, which has
recently been removed from the treatment, was that any two of the

- <1 H H L

detectors should have recorded more than 15 equivalent muons. Much of

B P L I POV S+ S

the niuon data of the present work has been recorded before this removal.
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The full analysis carried out by workers at Leeds University is highly
sophisticated and accurate, but this limitation prevented some 40% of
the showers with zenith angles less than hOO being amalysed. To enable
such events to be used in this experiment a simple analysis based on
the method of intersecting loci (Allan et al., 1960) has been developed
for these unanalysed events. A similar method has been applied to the

showers recorded by the two smaller arrays.

22,1 The lateral distribution of Cherenkov response

To enable a shower to be analysed the lateral structure function
of the detector response must be established. While this can be done
for each shower, the individual best fit structure functions have béen
shown by Suri (1966) ~ to differ only by fluctuations from the mean
values. Thus a knowledge of the average structure function is
sufficient, this average ¥function being known in the region of distance
greater than 150 m from the core fram manyg previous.analyses of.500um
showers and at closer distances from the results from several smaller
arrays.

The average lateral distribution of the response of the.detectors
used at Haverah Park is shown in Figure 2.2, where the density of
Cherenkov response is related to shower size by

D = N j(r) (2.1)
phe normalization being made at distances from the core less than
20 m by Lillicrap (1963) by a comparison with densities recorded by

Gelger counters. For the purposes of shower analysis it is convenient



FIGURE 2.2

The lateral structure function of the response
of the Cherenkov detectors.

& = N (r)
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to represent this relation over a restricted range of distance by a
power law, as

j(x) = k2" (2.2)
This is a good representation for distances greater than 150 m from
the core of the shower, and at these distances the exponent in
relation 2.2 varies strongly with zenith angle and less strongly with
shower size (Tennent 1967,b).

For the distance and size range covered by the smaller arrays it
is convenient to adopt a two exponent form, the median exponent being
2.05 for distances less than 150 m and 2.75 for greater distances for
vertical showers. Only showers near the zenith need be considered
because of the restrictions on the zenith angles of showers set by

the acceptance of the spectrograph.

2-2.2 The Leeds analysis of showers detected by the 500 m array

A brief synopsis only of the full analysis of the showers detected
by the 500 m array is given since a more detailed account has been
published by Tennent (1967, a).

The direction of the axis of the shower and the radius of curvature
of the shower front at the array are found fram the relative times of
arrival of the pulses at the four stations. Using the average
exponent appropriate to the zenith angle of the shower the core position
and the constant K in equation 2.2 are optimized.

The estimation of the size of the shower presents many difficulties
as the arrays at Haverah Park sample the shower in a.quite different

fashion from any other arrays. In principle the size is determined by
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the nomalization constant K, which has besn determined under the
agssumption of a constant power law structure function between 100 and

1000 metres from the core- A quantity, E mey be defined as the

100°
energy lost by the shower on passing through 120 cm depth of water

between 100 and 1000 m from the core, that is,

1000 n
i = ] 'f"_ :l‘, - Cf 3 v G, Rt ticle
LlOO pKf 2% ¥ ar e /6'9 /r
100

o

B 00 can be related to primary ernergy either by a comparison of
rates or by detailed calculation of the development of the shower.
Such a calculation has been carried out for a primary proton of a
unigue ensrgy of 9 x 1016 eV, the primary energy being found for a
vertical shower to be 160 x ElOO (Baxter 1968). A comparison of rates
with the primary energy spectrum of Bradt et sl. (1966) would suggest
a factor of 140, varying somewhat with energy. Mors extensive
calculations will be of great importance in establishing the close
connection between E, ., and primary energy suggested by Suri (1966 )-
For purposes of comparing characteristicz of showers measured at
Haverah Park with results from srrays uging other detectors, a
conversion of ElOO to shower size (Ne) would be useful. Suri (1966 )
has compared rates of arrival of ghowerS'with those found by
Delvaille et al. (1962) and he finds:-

1.1%5
Ve @ Eioo

While this is true on average, the wide fluctuations expected in shower

size will be absent from E, ... Thus effects due to fluctuations will
PR VAV

largely be absent from any variation of a parameter with shower size

as used in this thesis.
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2-23 The Durham analysis of showers

The method used to analyse the showers recorded by the smaller
arrays and some of the showers detected by the 500 m array is based
on the method of intersecting loci. A detailed account of the
procedure is given by Walton (1966).

)

This method can be expressed analytically in very simple terms
by virtue of the power law structure function and the geametry of the
array. It can be shown that the core position determined by this
formulation of the method is liable to errors due to fluctuations
in the lowest observed density. However, such erroneous analyses
produce very poor fits between expected and observed densities and are
thus rejected.

The results of this method of analysis.for both the 500 m and
50 m arrays have been checked against the results of the more sophisti-
cated method. The showers triggering the 150 m array have only been
analysed by the simpler method, but comparison may be made for a§howers
which trigger both the 150 m array and one of the otherl‘two arrays
with the analysis of the densities recorded by the othér array. The
core location for individual showers can fluctuate randomly by about
t 20% from the results of the more accurate amalysis, but on average
the two methods agree. A comparison of the lateral distributions of
muons of momentum gyeater than 1 GeV/c for 500 m showers of size

T

between 10" and 2 x lOT particles which (a) have been accepted for

analysis under the criterion mentioned in section 2-2 or which

(b) have been rejected on this criterion confirms that the simple
{
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method agrees with the lLeeds analysis, on average.

The sizes of the showers detected by the small arrays have been
computed using relation 2.1 where j(r) has been normalized after
Lillicrap. The timing measurements have proved sufficiently
accurate only to distinguish vertical and non-vertical showers. For
these showers the cores often fall within 100 m of the array centre
and the displacement of the spectrograph from the centre of @he array
becames important. tThis;is allowed for ?n the analysi; of th?se

showers.

2-3 Errors in the analysis of showers

In the present work systematic ;nd random errors in air shower
analysis must be considered carefully. The randbm errors of core
location are important to the present work as it has been pointed out
by many workers that such errors could, if sufficiently.large, cause
systematic hardening of the momentum spectra of muons at various
distances from the core. The errors in the direction oflthe §hoyer

axis are most important in the study of the direction of motion of

the muons within the shower.

2-3.1 Systematic errors in core location

For a shower falling closer to a detector in the 500 m array than

gbout 200 m the straight line approximation to j(r) will force the

[}

computed core location away from this detector. The magnitude of
this effect varies from zero at 200 m from the hut to 20 m at 100 m.

Showers falling so near one of the outer huts are unlikely to be
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displaced along a line fram this hut to the central detector and thus
any systematic effect will be small compared to the distance of the
core to the centre of the array, which is more than 300 m from the
core for such showers. This effect occurs most frequently near the

L
central detector.

At distances from the core less than 150 m, the muon momentum
spectrum is_cﬁanging very slowly with distance and thus the spectrum
will be unaffected by this effect. The lateral distribution of muons
of momentum above 1 GeV/c derived using the 500 m array will, however,

be altered inside 200 m from the core and this effect has been

included in the analysis (Chapter 4).

2-3,2 The accuracy of core location

Baxter (1967) has carried out a very detailed amalysis of the
errors for Fhe 500 m array. A sample of artificial showers with
random core location, azimuth and shower size was generated. The
particle numbers contributing to the Cherenkov response from the muon
and electron-photon components we%e allowed to fluctuate in a
Poissonian fas@ion and the total Cherenkov response was then subject
to random 'errors in measurement'. Baxter concludes that for showers
at a zenith angle of 200, falling not further than 500 m from the

centre of the array and not closer than 150 m to any of @he detectors
. 4

the accuracy is ¥ 40 m. For showers falling further from the centre

of the array than 500 m the error is expected to be much larger fthan

thise.
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2-3.3 Core direction accuracy

Baxter includes in his analysis a timing uncertainty to allow for
Fhe sampling of particles in a.diffuse shower front by. a detector of
finite area. He estimates that the uncertainties in determining
zenith (©) and azimuth (¢) angles at zenith angles about 20° are:-
op = 2.2° o¢=7.5° (2.3)
These calculations, while intended only to be approximate estimates,

are in fact compatible with the observed errors in determining the

angular separation of the shower axis and muons.

2-l  Summary

It is seen that for showers detected by the 500 m array a very
sophisticated analysis provides rather accurate estimates of:ﬁhe core
location, the shower size and the direction of the axis. Thé errors
in the core location are too small to markedly affect the measured \
muon momentum spectra. In the case of the smaller arrays the core
location, and hence the shoqer size, can be determined to some

accuracy, whilst the zenith angle of the shower can only be used to

distinguish vertical or non-vertical cases.
: 7
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CHATTER 3

THE HAVERAH PARK MUON SPECTROGRAPH

3-1 The spectrograph

The magnet spectrograph used at Haverah Park to measure muons in
extensive air showers is broadly similar to those developed by the
Durham and Nottingham groups (e.g. Bull et al., 1965 a, Ashton and
Wolfendale, 1963 ) adapted to give a higher area and a wider angle
for efficient acceptance of a low flux of air showers. These
increases in acceptance necessarily lead to & reduction in the
resolving power of the ;nstrumenp. The spectrograph is shown in
Figure 3.1 and is fully‘described by Walton (1966).

Four trays of visual detectors are situated in pairs above and
below a solid iron magnet, enabling incident and emergent directions
to be determined for particles traversing the magnet. The instrument
is shielded by 5 cm of lead to reduce the contamination of the
spectrograph records by electrons. The spectrograph is situated
adjacent to the central detector of the 500 m array (at egordinates
x=-5mandy= 10 m), with the plane in which projected angles can
be measured oriented parallel to the line between detectors Al and A2

]
of this array.

3=1l.1 Description of the magnet

The solid iron magnet is in the form of a rectangular picture

[

rame of low carbon steel th the inside corners of the frame

rounded off to extend the region of uniform magnetic field. The area



FIGURE 3.1

The Haverah Park muon spectrograph. The dotted
lines across the magnet in the side view
indicate the extent of the usable volume of

magnetic field.
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presented to vertically incident particles is 1.8 m2. The magnet
comprises 60cm (74 gn cmfz) thickness of iron. The magnetising
field is produced by 325 turns of 14 s.w.g. wire on each arm of the
magnet, the windings being connected in series to give a total
resistance of 10.T7 ohmss A current of 13.9 amps passes through the
coils; giving an average field of 14.6 * 0.1 kilogauss. This field
is effectively constant over all the region used in the deflection
of particles, the uncertainties being largely due to the }ack of
uniformity in the thicknesses of the iron plates. The ripple on

the field is less than 0.2%.

3-1.2 The visual detectors

The visual detectors Jsed in the spectrograph are flash tubes
of internal diameter 1.6 cm filled to a pressure of 600 torr with
'98% commercial neon'. They are identical with the 'EAS tubes'
developed by Wolfendale and co-workers (Coxell 1961). As it i§
necessary to allow the alr shower arrays to complete their recérding
before the high voltage pulse is applied to the flash tubes, this
pulse is delayed by a passive delay of 20 microseconds. The images
of the flash tubes are recorded on a single frame of fast 35 mm film.

The tubes are located in six trays, three sbove andithree below
the magnet. Four of thesF trays (the 'momentum trays', Al, A3’ Bl’
B3) contain seven layers.of tubes each, arranged normal to the

front view of the spectrograph in Figure 3.1. This plane is defined

as the 'measuring plane' of the spectrograph as it forms the plane
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of the magnetic deflection of muons. Within each of these trays four
layers of tubes are located in accurately milled dural supports and
the lower three of these layers each serves to locate another layer
of tubes. The ?wo outer trays, Al and. Bl’ contain tubes of length
200 cm while thehinner trays, A, and B,, contain 120 cm tubes.

3

The other two trays (the 'direction trays', A, and BE) each

2
contain 400 tubes, 200 cm long, arranged in two double layers,
skewed at an angle of 5%0 to the normal to the measuring plene. This
arrangement,intended to facilitate the assessment of the distance of
a particle from the front of the spectrograph in the back-front
dirgction and assist in the correct connection of upper and lower
half-tracks in evenés where two or more muons pass through the apparatus
with small proJected separation, has been found to be of limited use-
fulness only.

The wall thickness of a flash tube is 1 mm and ﬁhe electrodes
placed between each double layer of tubes are ma@e of.2h gauge
aluminium sheet. Thus the amount of matter presented to a particle
by the. visual detectors is about 25 gm cm_2; by canmparison with the
magnet, the trays giye rise to a negligible degree of Coulomb scatterings.

The polar angle of light emitted by the pubes is very narrow,
decreasing for longer tubes (Coxell et al., 1961). Thus it is important
tha@ the light path length is as long as possible to decrease the angle

Y

subtended by the extreme corners of the trays at the camera, enebling

light from tubes in theFe portions of the spectrograph to be recorded.
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The light path is in fact 40 ft. long, giving an angle of nearly 6°
and hence leading to some fall in the igtensity of the images of
thes% flash tubes on the recording film. This effect must be taken

into account in determining the acceptance function of the instrument.

3-1.% The acceptance function of the spectrograph

Muons have a probability of traversing all four momentum trays
of flash tubes and Fhe sensitive volume of .the magnet which depends
on their incident direction and @heir deflection in the magnet. h
This variation in probability, the acceptance of the spectrograph,
has been determined as a function ofithe incident direction both N
the measuring plane (WO) and normal ﬁo this plane (¢O) and the
deflection in the measuring plane (Ay).

The acceptance function, A(WO, AY), in the measuring plane and
the acceptance in the back-front plane, B(¢o), are shown in Figure 3.2.
B(¢O) has been evaluated neglecting any.deflection in the back-front
plane. The effects of this simplification have been estimated to
include a 5% rise in muon densities at 1 GeV/c, a 1% rise at 10 GeV/c
’and no change at 100 GeV/cs The functions A(wo, AY) and B(OO) may
be combined to give the probability of acceptance of a muon incident
with any zenith and azimuth angles (6,¢) and having deflection of
absolute value AY. The variation of this probability with 6 and ¢
for one valqe of deflection is shown in Figure 3.2.

As mentioned in section 3-1.2, the [intensity of light from the

neon flash tubes depends on the angle to their axis at which they are



FIGURE 3.2

The acceptance function of the spectrograph

in the measuring plane and the back-front
plane (A and B).

The probability of acceptance of muons of zero
deflection as a function of zenith and azimuth

angles.




At AY) B(¢,)
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viewed. As a consequence of this the efficiency of the visual
detectors is expected to fall towards the corners of the trays. This
effect has been examined in the two momentum trays above the magnet

; | .

and the mean number of tubes observed in a track crossing a tray falls
from!five at the centre to three at the corners of the trays. TherF
is only a small probability that a track will pass through inefficient
regions in both of these trays and a careful check is made on the
slightest suspicion that a track may be present. Thus any effect on
the spectrum will be reduced considerably, and there is a very
marginal effect even under the assumption that the chance of §electing

a track is proportional to the number of flashed tubes constituting

it.

3-1.4 Spectrograph measurements

The flash tube trays contain neon flash tubes mounted in two
distinct fashions. About 60% of all the tubes are located in
accurately machined grooves in dural supports, enabling their positions
to be determined to within 0.2 mm. The rest of the tubes lie on these
tubes and are thus less accurately located, due to variations in the
diameters of the lower tubes. Measurements have been made of the
horizontal positions of certain key. flash tubes in each tray referred
to a vertical plane defined by four plumb lines at one side of the
magnet, and the vertical positions of the trays.

The tube alignment procedure and the absence of any tilting of

the spectrograph over the period of operation may be checked by an
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examination of the distribution of incident directions of muons- No
asymmetry in this distribution has been found, giving confidence on

these two points.

3-2 The treatment of the data

3-2.1 The selection procedure

The spectrograph is triggered whenever an air shower 1s recorded
and the neon flash tubes are photographed on a single frame of 35 mm
film. The film is subsequently scanned visually for tracks above and
below the magnet which appear likely to intersect. The selected
frames are then re=projected and the flash tube images marked on a
scale drawing of the spectrograph. A further visual examination of
these drawn events 1s carried out to eliminate those events in which
the 'half-tracks' above and below the magnet will obviously not
intersect, and those in which the particle traverses the sides of the
sensitive volume of the magnet. Any doubtful 'events' are passed on
to the next stage of the analysis. A typical drawn event containing
one useful muon and a muon which has partially passed through the

magnet is shown in Figure 3.3.

3-2.2 The simulation of the particle trajectory

The selected events are 'simulated' on an 8/10 scale drawing of
the two arms of the spectrograph. The tubes which have flashed are
marked and the most probable trajectory for the particle is estimated,

making allowance for the variation in flashing probability with the



FIGURE 3.3

A drawn-out event, showing a typical low

deflection muon.
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position of the track across the tube diameter. Whilst this method
of simulation is necessarily somewhat subjective, an attempt to
replace it by more objective computer based methods has not met with
great success (Maslin, G.C., private comnunication), because of two
basic difficulties.

(l) Comparisons of hand and computer simuiations of the same
events show that the two methods are not in serious discord for
momenta below about %-of the m.d.m., when the computer finds a
Gaussian fit to the pcsitions of the flashed tubes. But for higher
momenta the results are critically affected by the variation across
the tube diameter of the probability of flsshing assumed in the
computer analysis. This probability function must be established with
the same precision as the spectrum under analysis. A further difficulty
is that the probability function implicitly used in the hand simulation
is non-analytic, in that a non-flashed tube is ignored if the weight
of evidence from the flashed tubes '‘dictates & line passing through it.

(2) In the case of air shower events the accompaniment to the
muon may be large, and is clearly correlated to both muon energy and
distance from the shower core. The couputer is therefore at present
unable to analyse the complex pictures obtained in a time cammensurate

with analysis by a skilled observer.

5-2.3 The determination of the angles of the track

The drawings of the spectrograph arms used in the simulation

process have measuring levels set 28 inches apart, outside the two
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flash tube trays. The coordinates of the best estimates of the two
half-tracks may be read on these scales to * 0.05 inches. These
coordinates &re then analysed by a computer programme which calculates
the incident angle and deflection of the muon, its electric charge
and tests whether the intersection of the two half-tracks could take
place within the limits of the magnetic cross-section. The errors in
determining the angles of the two half-tracks cause the intersection
point to be uncertain. If the uncertainty in the height of inter-
section of a high energy muon (deflection less than 20) corresponding
to one standard deviation of these errors extends within the magnet
volume, the track is accepted. Muons which pass through the

sides of the magnet cross-section are rejected.

3-3% bpectrograph noise

A knovwledge of the error in the measured deflection of a muon
due to the inherent errors of the tack-Titting procedure is vital to
the determination of the momentur spectrum of the muons from the
deflections. The 'noise' has been determined by several different
methods which are treated in detail by Walton (1966). Here only a

sumary will be presented, together with details of recent improvements.-

3-3.1 The repeated assessments of angle

From a consideration of the accuracy with which half-tracks can
be simulated a value of the error in the deflection of (0.256 % O.Ol"{)O
was found.

As a check upon this procedure 2L tracks, sach of deflection



30

less than lo, were simulated five times; without the knowledge of
the operative. The high average momentum of these particles will .
minimise scattering in the trays. From these messurements, the
standard deviation of the error in the deflection was found to be

(0.25 = 0.03)°.

3~3.2 Muons which traverse the magnet hole

For events recorded in air showers 67 muons passing through the
magnet hole were selected, using information from the direction
trays to reject muons likely to have struck the magnet iron. These
muons were simulated and the resultant distribution in deflection

o . . . . . 2 e s
was fitted by = Gaussian distribution, using & X minimization

procedure. The value of the noise so detemined was (0.%325 % 0-053)On

5-%.2 'The interpretation of Qym

The computer programme by which the angles of the two half-tracks
are calculated also gives the linear separation of the two half-tracks
when extrapolated to the mid-plane of the magnet, a quantity signified
as Aym. For high energy muons this separation should reflect the
spectrograph noise.

For muons of deflection less than 0.720 the distribution of Aym
can be fitted for Aym less than 12 mm by a Gaussian curve of standard
deviation 6 mm- However, muons of low momenta scattered to small
deflections typically have large values of L‘\ym, and thus the

observed numbers of particles at L\ym greaster than 12 mmavre greater
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than the numbers predicted by this Geussian curve. The standard
T st oy P . : s s - o
deviation of © mn leads to zn estimate of simulation error of 0.32,

when allowar is mede for the scattering of high energy particles.

3~3. 4 The ‘no-field' tracks

Many previous workers have analysed the deflections of muons
by th= magnet in the absence of any magnetic field to estimate the
track-fitting errors in their experiments. The total width of the
observed distributicn of deflections is compounded quadratically of
Coulomb scattering in the nmognet iron and the errors in track
locaticn. The method is not very reliable becauge the contribution
of the errors to the totzl width is not large.

The spesctrograph was triggersd on unaccomparnied muons prior to
switching on the magnetic field and the snalysis of the data gives
an estimats of the simulation error in asgreement with the results of

the other methods.

Z.h  The Parformasnce of the spectrograph

For wuons incident with a distribution of zenith angles similar
to that observed at Haversh Park, the mean energy required to
penetrate the magnet and the lead shielding is 940 MeV (Sternheimer
1959). Muons of energy less than sbout 1.1 GeV are, however,
prevented by the magnetic field from emerging from the volume of the
magnet. Thus ths lowest detectable momentum is about 1.1 GeV/c.

The signal to noise ratio defined as the ratic of the magnsiic

deflection of a muon to the r.m.s. angle of Coulomb scattering for



52

this muon is approximately three. An indication of the range of
momentum measurable by the Ssp=ctrograph is given by the maximum
detectable momentum (e dam. ) which may be defined as the momentum
for which a vertically incident muon is magnetically deflected by an
amount equal to the noise of the instrument. The noise is a
canbination of the scattering in the magnet iron and the errors in
measurement of the incident and emergent angles. Since the noise of

the instrument is about 0.30, the m.d.m. is about 60 GeV/c.



53

THE LATERAT, DENSITY DISTRIBUTION OF MUONS
(p.21GeV/c ) BY AN ABSORPTION TECHNIQUE

B
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The treatment of ths magn >bions of the muons only yields
the shspes of the wmomentum spectrs at various distances from the core-
Nomalizatictr of these shspes Lo a known absolutz density at some
fived nomentun would enzble the muon dengities for various momenta to
be derived; such densities being then directly comparable with
theoretically przdictsd values.

For this reason an analysis has bean made of the number of muons

traversing the rlash tube (ray B3, immediately under the maghet iron.

2]
L

. . . . , o .
he showers szamined had zenith angles less than 407, as this angle

iz approximately the limit beyondé which particles camnot usefully pass

through the spectiograph, and also because the variation in depth of
stmosphere penetrarad by sghuwers of such a range of zenith angle is

rather restrizted- The method of analysis follows that described by

Allan et al. (1966).

h.2 The sengitive area of the detector

The use of the same instrument to measure densities and momentum
spectra offers great advantages,as the threshold energy for muon

number dsterminsticn

=
w

closely similar to that imposed on the momentum

measuranents. Muons which have traversed only a portion of the thickness
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of the magnet dus o the inclinsation snd position of their tracks
must not be included. Aress of the flash tube tray 83, which could
he trevere=d bty sn undsfleactad muon which had passed through a depth
of iron i: ihe projsetad plane st i=sast equal to the vertical
thickress of the wmagnel,wars found geomstrically for four projected

O

. . o} X =0y .
incidant dirsctions (5, 15 , 257, 357), the centres of the four

e
i
b=t
=
[

of inecident diraction ussed in the analysis. The arsas of

,_..
=
a
140
o

portions of the trzys wers then corrected to give the areas
perpandicular o the incident direction of the shower projected into
the measuring plene of the spectrograph.

fl

These arsas, shown in the second column of Table 4.1,must be

correctad Tor two affechs, details of which are given below. The

finsl column of Table L.1 shows the zreas corrected for these two

be2.1 The back-front correction

The corrections for this effect differ from the back-front
gecceptance corpections for the derivation of momentum sgpectra as
there is no necessity in the analysis of densities for the muong to
pass through the magnetizsd volume of the iron. A study of Figure
5.1 will show that in the back-front plane the magnet overhangs

tray E3 sufficiently to reduce the necessary correction to cos (¢o)ﬂ

m

ut

1& ilncident directions in both the measuring plane (wo) and

the back-front plane (¢O) corresponding to each point of a matrix
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TABLE L.1

i R e g1

ARFAS FOR DENSITY DETEEMINATION

Incident  Uncorrected Back-front Acceptance Final —]
direction __ . (n2 Y correction factor factor areas (m~)
aress (n”)

5° 1.692 0. 886 0.989 1. 482
15° 1. Ll 0.911 1.000 1.313
25" 1.163 0.9%2 1..000 1.08%
35" 0.907 0. 976 1..000 0.885

of zenith angle and azimuth (spaced by 50 in zenith and 10° in azimuth )
wera computed. Those points of the matrix with 1]:0 within one of the
cells uszd vera grouped together and the mean correction to the area
appropriate to this cell was found from the corresponding valiues of ¢O..
Each point was weighted according to the observed zenith angle distri-
bution of air showsis, azimuthal symmeiry being assumed. Each of the
cells of incident directionr was trezted in this way, giving the

results in Table U. 1.

L-2.2 The acceptance correction

The magnetic field will deflect psrticles both into and out of the
areas defined above. For the four incident directions this acceptance
was investigated as a function of deflection, using an analogue method.

To be accepted a track must enter the tray B, within the areas defined

>

for the value of wo in question. EBxcept for large deflections at the
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lowest value of 11!0 the probability of detection did not change with
deflection. To obtain an average correction factor the probsbilities
for various daflsctions must be weighted in accordance with the
chonce of such & deflection occurring. This latter probability was
found bty unfolding the scceptance used in measurements of deflection
(section 3-1.3) from the observed deflection spectra. Using the
defiection spectrum observed in all th events recorded in showers
triggering the 500 m array there is only a 1% change in the area

for the 'Lowcas- q.ro-,

The variation of the deflection spectrum with distance from the
shower core, which will lead to a decrease in this correction for
distances less than sbout 300 m and an increase above this distance,
has been neglected. Alsc 1t is possible for muons included in the

density measurements to penstrate none or a part only of the
'magnatized volume', when the deflections in the measuring plane
will be less than for muonsg panetrating the full depth of the Tield.
The correction given above will decrease for these muons. Averaged
over all incident directions this is a very small effect indeed and

thus these small errors in this treatment may be neglected.

4-3. The analysis of the data

r\-L

Spectregraph records for showers with zenith angles less than

C . vt
40~ were examined and the mean projected incident angle of the

particles observed in the upper part of the spectrograph was estimated.

In those events in which the flash tubes above the magnet were
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saturated,the angle of incidence was determined by the angle of the
alectrons ab the side of the magnet in the lower half of the
gpectrograpl.. The number of muons passing through the arsa appropriate
to this wean sngle was then determined. This caused little

difficulty axcept in vhose cases whers an interactior occurs in the

m
o'
5
[}
=+
[N
I»]
27
»

iron producing > vigual detectors below the magnet. In

u

such cases., if the picturs is otherwise unambiguous and if the burst
sppears unlikely to obscure aunother muon, the data for the event is
recordsd with one muon attributed to the burst. In some few cases
the event cannot be interpreted, due either fo obscuration by & burst
or to & very greal density of penetrating particles: such occurrences
are noted,
This procedure is subjective to sane degree, but the majority
of events are quite unambiguous, leaving only a small fraction where
ohserver bias may sffect the results- Two checks suggest that this
bias iz acceptable. Three aeparate batches of data of equivalent
size were read st wildely separated times and the mean number of muons
observed per frame was found to be the same for all threg batches.
On two occasions the same data was scanned by two independent observers
to check this subjectivity and in both cases no difference was found.
It is of interest to note the rate of detection of muons by the

spectrograph. ‘able 4 2 shows the mean numbers of muons seen in the

spectrograph in showers triggered Ly each of the arrays.
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TABLE 4.2

SUMMARY OF MUON NUMBER DATA

Number of showers Mean muon  TFraction of
Arxay frames with i
analysed number no nuons !
50 640 1.1 50% '
150 b35 1.5 33%
500 2371 Lok Lh

The accunulated data for many showers have been subdivided into
intervals of size and distance. Those intervals containing
indecipherable events of the kinds mentioned above have not been
used, in order to avoid wrongly estimating the muon densities. Four
egtimates of the muon density (Au) are available in esach of these

nterval

'_l

; one fram each of the four cells of incident direction
\

used. If each of these estimates ig weighted sccording to the

4]

nuber of events included in it, we can write

a, = :‘A (j /A >? (41)

Z n

where Ai is the arez appropriate to the i th cell of incident

direction, and pi is the total numher of muons obhserved in that area

in ns showers. The errors quoted are standard errors on the mean of
a Poisson distribution and for very small sanples ave replaced by the

Poisson fiducial limits (Regener 1951).



FIGURE L, 1
A comparison of an observed distribution
of numbers of muons and that predicted

assuming Poisson statistics.




Frequency

1x107¢N<2x107

150<r<200M
— Observed
30r |--. ---predicted
201
10r
0 A ! 1 1 L ==
0 2 4 6 8

Number of muons



The assumption that the numbers of muons are distributed according
to Poisson statistics has been examined for all those intervals of size
and Adilstancs wnich contain more than 100 showsrs. In all cases the
frequency distrituotion of the nunbers of muons is consistent with
Foisson distributior of mean =2qual to that determined using equation
4.1l. A typical comparison of dboserved events with the predicted

distribution is shown in Figure . 1.

b-li, The lateral density distribution of muonsg

Data have been obtained from all thres arrays, the different size

-
3

w

nd distance ranges covered by the different arrays overlspping to
some extent, thus providing checks of t,h consistency of "1;he results
derived from each of the arrasys. The results aie sumarized in
Figures 4.2 to 4 U and only ths most important features will be
discussed,

o

The function £ (1) describing the lateral distxibution of muons

3}
of momentunm greater than 1 G e/’/ c sbout the shower core does not vary
with shower size. This function appears, to a sufficiently close
gpproximation, to be identical in shape to that deduced by Greisen

(1960) for muons of energy above 1 GeV:-

£, {r, 21 GeV/c) «a 2O D1+ r/520)”‘2‘

(L. 2)
The lateral distributions for three different intervals of shower size
for data from the 500 m array are shown in Figure 4.2, compared with

the sbove function normalized to fit the data. Similar agreement at



FIGURE 4.2

The lateral distribution of muons of
momentum greater than 1 GeV/ ¢ in three

different ranges of shower size.
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FIGURE 4.3
The variation with shower size of the muon density
above 1 GeV/c at 300 m from the shower core.
The straight line which is the best fit to the

data 1is shown.
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the relevant distances 1s found for all other intervals of shower size,
within the statistical limitations of the datz.

For the data from each of the arrays the varistion of muon density
with shower size can be estimated by plotting the density at some
distance in the middle of the range covered by the array as a function
of shower size. The distances chosen for the three arrays are 30 m,
100 m, and 300 m, for thes 50 m, 150 m and 500 m arrays respectively.
These relations are sll similar within the errors to a powsr law of
exponent about 0.8. If the lateral structure function is assumed
constant and unchanging with shower size, normalization of this
function to fit the data in each of the intervals of size, using a
least squares fitting procedure, znables the densities of muons at
300 m from the core for showers of‘the average sizes of the various

intervals to be estimated. The variation with size of the muon

n

density at 300 m from the cors is shown in Figure L4.3. The fractionsl
errors on the mean densitiez at 300 m have been found as the standard
errors of the distribution of the rat:io of observed density to that
predicted by the normalized fp(r). It can be seen that no significant
departure from the relation

. 7840. 05
A (300m, > 1 GeV/c) @ i 7840. 05

" (4.3)

8

; . L
is observable, over a range of size from 8.75 x 10 to 2.6 x 10
particles. The errors on the exponent are those involved in fitting

a straight line to experimental data using a least squares procedure.



' SNY3 PUB ATS1RINDOE PIANSBSUW USDQ SABY SISMOYS 211 Jn 3TIue
YITUSZ a4y Lerie w O0¢ 29Ul JO 988D SYr U °SJI0JID SNOTJIHS 01 pPeaT

20T pTNOUS UOIIBMICJUT JC ¥o¥T STUZ snyl pus deois AToA fJsismoy

fo12 SIOMOTS TTBWS 8seyl1 JO SUOTINATIVSTP [3ur UYITUSZ 24y ° i Ueld
o

SSIT JO I31B2J8 3JIoM sJIaMoUs U JO SOTSur UiTu=z ay) JSUISUYM JO

UOTABOTPUT UB opTAcdd 01 91=inaoz ATIUSTOTIINS ATUO SIaM SIUBWOINSEIW

%u1w1¢'eqq sfexie ISTTBWS M1 8Y1 Lg popioodd $I3ROYS JOJ

°T3ue UYQTUSZ QTA ALTFUSP UONW JO UCTGELIBA SUJ T “=f

“S3I0D BYF WOIT W OOTT 02 W O UDJII SSoUr}STP

pue SOI X g°g pur LOT % Gl g USsMioq SOZTE J2MOUS Jo 9FUBI ® J0F
1

(1) g,a_nggﬂwﬂjcu_o_a (9SI’>§T'T T 0'02 = (9/A9D T < ‘Nfx) "o
= N

Go0FgL 0 N
feTNULIOI 2y Ag passodadxe =¢ uswd ooﬂ Uyl €857 oT9Uu® YITUSZ JO SJIAMOYS

I03 a/Aao T 4N0QE SACQE UMIUSWOW JO SUONW JO SSTATSUSP S
“g1®p 313 JO UoTyejuUsssIdas aTgrUOSEII
. er ame g o . _ S , i AT
' 2 0% US®S 9¢ Aew 37 *PRzTTBWIOU ATQB3ITNS g UOT}ENbS wolg (1) I
Jo wroI 21 Jo ST p2190Td sAInd sUf  csJ0XIs PJIEPURLS POYGETIO0SSE
YITA S9TATSUSP Usawm po1ydram suyjq Fureq siurod Sys ‘4 2anBrd
UT UMOYS ST shelle 931U} =} WOIJ SSTITSUSP Uonw Jo UOTINGTIISTP
TRIS2E] STU °*Aarxs it O0¢ U3 £g pa103uop SIsMOUS 8U) JO SZTS uerpsu

¢ ~r ey e te atrr em e o n . .

U3 LOL X g ST po3109[3s 9218 3y *spwl =q 01 () F JO wrIoJ 3y} JO
o9 59RJINDIOE SJOW B STURLUS 01 IZ[S UOUMOD B 07 PITSs =q Usd 92Is JO

STEAIIIUT SNOTIBA SU) WOII SRIFISUSP 2yl ‘¢ uoTrersa Burs(

T



http://uoTq.-nqTjq.8TP

FIGURE 4.k

The lateral distribution of muons of
momentum greater than 1 GeV/c.in a shower

of size 2 x 107.
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subdivision of the data to examine the variation with zenith angle of

the lateral distribution is possible.
§

The data were divided into two sets, one for zenith angles above

4 £ 5, 1 n“o s 4. 1 . -~ -
and the other for Lhose below 20 . The densities at a given distance,
normaelized to a size of 2 x lOT, for the larger zenith angle events
were found to be systematically 25% higher than for the lower angles,
although the densities were not separated by more than one standard
error. The lateral distributionscould both be fitted quite well
over the distance rangs svailable to study by the form of fu(r) given in

1

equation L. 2.

For the total 500 m date for showers of zenith angle less than

o . s . N . o .
Lo, it may be remarked that for all the intervals of shower size
T . . N )
above 2 x 10, the mean zenith angle remains constant at about 21 .
The mean zenith angle incresases for the two intervals at smaller
) , O . . . . . ) . 1) T o
size, being 25 for the interval of mean size 1.4 x 10 and 31 for
. . 6 : L
that of mean 8.0 x 10°. Fron the above conclusions on the variation
of muon density with zenith angle it appears that this will cause a
slight flattening of the plot of the muon density at 200 m from the
[

core against shower size in this region of size. The measured
exponent of the variation of Ap with N for the 500 m data is 0. 75,
and vhen corrected for this effect this becames O.T7. The appropriate
points plotted in Figure 4.3 have not been corrected for this

effect.
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4-5 Discussion of the results

At 21l distances from the core the latsral distribution of muons
of energy above sabout 1 Gev is in good agreement with other measurements
(Clark et al., 1958, Abrosimov et al., 1960, etc. ). However, the
densities of muons found in the present work for a shower of given
size are 5% greater than those given for a shower of similar size

by the formula of Greisen {1560), which is bhased upon the results of

Clarke A comparison of the latersl d,isizrkibutioxi Toumd in the present
experiment with that measured at Haversh Park by Allan et &l. (196‘7)
for muons of energy greater than 0.35 GeV shows that the densities
found in that experiment for distances greater than 250 m from the
shower axis are comsistently about 30% higher than those found in
the present work- This can be understood as a result of the
difference in the threshold muon energies in the experiments. Due
to the changing momentum spectrum of the muons as the distance from
the core increases, this excess is expected to increase for larger
distances. However, the present dengities, while tending in the
right direction, are insufficiently accurate to quantify this trend
at 'i.;he necessarily large distances.

The observed Incresase with zer_l_ith angle of muon densities at a
fixed dist_'cmce in a shower of given size is the same as t1'1at
determined by Allan ev al. The increase in muon densities as the
zenith angle increases can be ascribed to & lateral spreading of the

muons as they traverse greater distances before observation, and also
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to an increass in the snergy of the primary particle initiating a
shower of fixed size at sea level, due to the absorption of the
electromagnetic component of the shower in the extira thickness of
g'tmosphere at largerzenith angles.

Under the assumption of a constant lateral distribution function
the density of muons at a fixed distance has been taken as typifying
tha number of muons in a shower. If w: write the relation between

the number of muons (NH) and. shower size (N) as

n (>ple & (1.5)

a comparison of the value of @& derived in the present work shows

it to be in good agreement w_ith. other experimentsl data (e-g. Allan
et al., 1967, Linsley et al., 1962b, Clark et al., 1958)- The lateral
districution function has been seen to be independent of shower size
and thus can be used to normalize the muon momentum spectras to give
absolute densities for given disﬁance and shower size. For muons of
large threshold energy the value of O in ths relation 4 5 is not well
established and thus caution is necessary in such scaling. For muons
of energy greater than 5 GeV and 10 GeV, Khrenov (1962) found a
value of @ of 0.85. TFor very high energies the only experimental
evidence (Barrett et al., 1952, Chatterjee et al-, 1966) seems to
indicate that @ may be much lower. An interpretation of Barrett's
data by Greisen (1_960) indicates that & may be O.7 over the region
of shower size of interest in the p.resent‘ worke. In the following

chapter evidence will be presented which suggests that for muons of



!

alue of @ is spproximately =qual to

wxperiment For muons above 1 C-e"J/ Ce
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CHAPTER 5

THE MOMENTUM SPECTRUM OF MUONSG IN EAS

5-1 The Selection and Trestment of the data

o

In s previous chaepter (section.jwc) the treatment of the
spectrograph records wae briefly summarized. This procedure will

now be examine in view of the possibility of introducing biases.

5-1.1 bSelection biases

The film record of one run of 450 events has heen carefully
drewn in its entirety to check this procedure. An ordinary visual
scan noted T3 potentially useful events, whereas 78 were selected
from the drawn records of the whole film.- Of the extra five events,
only one was accepted as a muon, the other four being rejected for
various reasons. It is of interest to note that this ons event did
not fall in the corners of the flash tube trays where the light
intensity falls off.. While the sample of events is insufficient to

detect any momentun bias dus to this =ifect t can be concluded
J

that the scanning of the films is quite efficient.

5-1s2 The effect of simulstion quanta

The simulation prscedure is limited at sach measuring level to
gscale divisions of 0.05 inches. As the levels are set 28 inches
: . , o . . .
apart, the angular increments vary from 0.102 for vertically incident

particles to 0.0750 at an incident angle of 300 and 0.06° at 46°.

The effect of these 'quanta' will be very amall at large d=flection,
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and 8t low deflection the maximum effect has been shown to be a 1%

=

raising of

-

he integral spectrum at 60 GeV/c (Orford, private

3 3 AY
comunication ).

5-1.3 The rat

14

of recording of single muons

The flash tubss retein a layer efficiency grester than 50% for
about 50 microseconds after the passage of & charged particle. Thus
age of an lonizing psriicle during this

time prior to the applicztion of the EHT pulse. Wolfendale (1963)

o

cives the vartical intensity of the pensirsting componznt  of cosmic
g ¥ E : T

e

43}

- -2 -l -1 . . . q s
rays as0.83% x 10 "ocm “sec “sterad — and from this value the probability

of a particle striking the magnet ars

, . _ -2 . . .
the flash tubss is about 0.45 x 10 per exposure. Such 3 rate is

sengitive time of

©
]
e
o]
o]
(e
[
N
m

confirmed by the observalion of two possibly scceptsble events in a
film of L4id randomly triggered spectrograph events. This rate will

b

1

an overestimate of the filux of true unassocisted events as these
particles must then satiefy all the criterie imposed on the observed

MUOI1S. .

5-1.4 Final classification

o
5
v
Iy
<
[0}
O
ol
0]
<
[{]
ju]
%
«
1Y)
|
m
/]

utjected to a final scrutiny and are only
accepted subject to several criteria. These are detailed below, with
g discussion of the possible biases introduced by each criterion.

Thres criteria are rigidly enforced.

(l) The two half-tracka abhove and bel ow th

i

within the megnet cross-section. Muons of low deflection are accepted



if the intersection lies within the limits set by the measuring errors
(Section 3-2.3). Low ensrgy muons scattered to small deflections

and largs latsral separsilons may bs rsjectad on this criterion, but

defined by the acceplsnce functior. At lzast hself of the depth of
traverszed by the particle, which must not

: ma.ghat volume. No hias is introducsad

full allowancs is made for i, in the anslysis.
14 the defl on must be within the

acceptance function (Section 3-1.3)e The cut-off in
daflection is of no conssquencs as the predicted deflection speetrs

are similarly cat-off, but if the momsntum spactrum varies strongly

=
.
=
~
{l
=
&4
=
(8]
[
[¢}]
o
4]
o8
=
(.1

s might be intxoduced by the limit iwmposed on

=

incident sngle as showers with largs z=spnith angles arz accspizsd

praferentialily for small values of incident

;\'l

g 1la.
The potentially useful mucris ars sxaminsd on the hasis of
further, less stringent criteria, viz:-
{4) Ths track must not be confused by neighbouring tracks. This will
cause g bias against dense specirogrsph records and thus will affect
the m=an size and distances attached to & spectrum. Confusion is
most likely tc arise for low energy (large deflection) muons.
(5) The particle must have & path length within non-flashed tubes

less than 2 tubs diameters in =&ch srm of the spectrograph. As a
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re-gscan of the film ig carried cut in sny dubious cases, this should
not. lead to the rsjection of s event dus to the erronsous
omizzion of z tubs in drswing. The high snergy muons should be

l=

iy

st affected =2s ths snergy loss rises with energy and the probability

of producing =z krock-on =lsciron capsbls of flsshing a2 tube also

rises with enargy.
(6) The particle must have ths ssme genevel direction of incidence

O . a N - . .
( 207) =z Lhe rest of the zhower perticle:z recorded by ths spactrograph.

ot

Thus sss0Cis

[

&4 muons within th gngle will be included in the

~

the shower will be

LJ

spectra; and shower muons

(n
H
-~
e
(e}
jnyg
o
g
[Ale}
]
4}
o
-t
o}

axciuded. It csn be shown that such shower muons must have low

energles; this source of losz will be offset by the single muons

- examination of a final

paal
L]
o+
3
~

The tracks are checksd for arrors a:

(7) A muon of low daflection is axpected to have a value of Aym less
than 12 mm (Sechion 3-3.3)s If sach = muon has a grester valus of
Ay the event 1is chacked for any evider

purious association of

I
e}
I
o
=
Ui

half-tracks. If no such evidence is present the event 1s accepted as
mart of the expected tail of the distribution due to scattered low

energy muons. Experisnce shows thet the probaebility of a spurious

m
Before le=aving thls congideration of the validity of the muon
\
dzta it should be noted that, if = muon 1s observed with two posszible

half-trecks in onz srm of the spectrograph, the mean of the angles is

taken if this dess not marksdly affect the deflection. Such events
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will. more commonly bs acceptad if they are low energy muons, but

et the losses of iow

m

any excegs thus introduczd will tend to off

energy muons dus to confusion of tiscks.

»

5-2 The derivation of the momsntum spechtyum of muon

The conversion of an observed spectrum of deflections into the

momentun spectrum of muong at 2 given distance from ths

th
o
g
o
3
(@]
Q
I_s
o

is not strsightforwsrd becauss of ths scattsring in the magnet. The

shapes of the spectrum is only known approximately firom pravious
analyses and thus methods based on the optimisation of some parameter
in a previously known spectrumn are not of great usefulnsss. Iterative
methods starting fron au arbitrary Trial spectrum and giving a2 unigue
solution ars preferable.

Two digtinct approachas to this problem have been used, one of
which is an adaptation of that ussd by the workers at Durham and
Nottingham {(e.g- Rull et al., 1965k ). This method. which sterts with
an assumed momsntum spectrum, pr=dicts & delflsction spectrum which
mway then be campared with the obsszived spectrume This inductive
method has baen devaloped extensively for use with the momentum spectfa
found in air showers by Orford (private communicstion). The second.,
daductive, method, devsloped for use with the present spectrograph by
Walton (19603 involves ths evaluation of the probability distributions

of momenttum appropriste to the incident angless and deflections of the
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For each muwon thers is svailable the incident direction and

daeflection inthe measuring plans (\VO, Aw) and fron the associsted air

shower direction ths lncident direction in the back-front plane of
the spectrograph (@D) is also known. Ignoring Coulomb scattering the

defle=ction can be related to manenium by the formula dsrive 1],
defleact lated t by the formula dsr d by Bull

L\'I
—
oe

]

et al (1965=

cf L .2 [1r2 Ly (f’—'—)
o = £ K(1 +€?/K%) sec ¢

exp{ (e/K)A¥ } (zin ¥, + (€/K)cosv, )-(simyo + (e/K’)cosnyo)

where £ is thse

n

thickness of the magne® in an, € is the specific energy
) ) - -1 A . . v
loss in .MeV cm — of a muon of momentum p (Ashton and Wolfendale, 1963),

4
H
3

K is thres hundred tim=s the magnetic ux density and \]_I_L , given by

o

is the eangle of emergence from the magnet of the particle.

A wuon of momentum p suffers Coulomb scattering in the iron magnet

and the r.m.s. angle of thir scatitering about the magnetic deflection

is
I )
% = 2 p(p-e’s) (5-2)

Here E_ is a constant (21 MeV), s 1s the thickness of iron in radiation

>4

Q2 L4 . 2 5 H s
lengths and € 1is the ensrgy loss of a muon of momentum p per radia-

On the basis of thess two relations the momentum spectrum
appropriate to & ssmple of muons c¢an ba derived. The two methods of

derivation of the spectrum sre discussed below.
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5«21 The derivation of a defl=crion gpectrum from an assumesd
momen Lum spectrum

The zssumzd momentum spsctrum, S(pj dp, is evaliusted for values
of momentum corr=sponding o ths centres of the cells of deflection.
The cortriturions to =ach of the daflection intervals from these

momanta sre

th

T weighting according to S(D) dp;

the interval of deflzction of

xpectaed number of

n

nedian velue Aj From momsntum Py iz W(Aﬁ;.Pi},i

(5.3)

e derivation of the factors W is carried out as Follows.

=
i3
m

PRy i n

distrivution of incidsnt directions (wo, ¢O) charscteristic of the

muons composing the spectrum a given distance Trom

the cors varises only slightly with distance. Thus the average

characteristics of showers accompanying the messured muons in svents

{]

triggered by the 500 m array sre ussd for all the intervals of
distance. If the distributions are Ml(wo) and Me(GO), they can be

correctsd for the acesptance furction of thes spectrograph X (pi,wo,¢ )

to give the distribution M(Wo, ¢O} for muons of momentum Ps H

Mk, @) = x(py, Vo, @) Mo(y ) My(e )

o) 2' 70
Using the median values of the cells of the distribution Ml and,
(\1!0)k and (¢o)£’ we c¢an use the relation 5.1 to find the deflec-

£ a maon of momertum p, 4ue to the magnetic fleld. How a

i
.ﬁw ), and (¢ )l suffers Coulomb scattering in the
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magnet given by equation 5.2. The totel scabiering is compounded of

thig scattering and the error in track location (Up) ‘-

(Us)f k, & Uez (5-4)
Jesi, |

Using this; the probability G(ijj,k,z} of & muon of Py incident with

v)

(wo)k and (0“)2 sppesring with dsflaction Aj can be evalusted, and
I

.

the weighting factors found from

(¥

[

Y e Y !
w(A_j, p,) =5 E, M, (k, 2) G{i,3,k,£)

Using relation 5.3 the sssumed wmomentum spsctrum, of arbitrary

shape, is converted to & deflection spectrum which can be compsred

with the observed distribution. differences betwaen tha observed
and predicted deflection specira are caused both by the finite

numbers of muons and by the inapproprisieness to the data of the

assumed momentum spectrum. The effect of the numbefs of muons will be

seen in the errors placed upon the spectrum, and the differences due
to the assumad spectiun can be utilized to alfer the assumed momentum
spectrum to a shaps clozse to that appropriate to the data. The

ratios Rj cf the observ=d to predicted numbers of particles in each

deflection interval ars used to give a new form of S(pi)dpi
s’ Yap, = R. W ; S(: ]
(p,ldp, Z, R, WA, p) 8(p,)dp,

Because of the non-unique relation between observed deflections and
muon momentum, this procedure is itsrative. Unique convergence

has been demonstrated by using widely differing trisl spectra to
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4=

derive the same final momenium spactrum (Oxford private communication e

H5=2.2 The darivation of the momentum spectrum from ths observed
deflections

P

For individusl particles dstected by the spsctrog

=

vaph values are

determined for the incident angle in the measuring plan=s, the deflection

=

of the muon by the magnet in this plans, and, in combination with the

air showsr directions, the incidsnt angle in the back-front plane.

. - s AT _ < L - -
For each event® the magn=tic dz=flsction (Awm ) appropriste to a selected
momentum P, can be found using relation 5.1. The nrobsbility

to the observed

'J(.
o
Q
]
[us
g
3
¢
o))

G(p,sy &) of a muon of momsntum p; being

deflection, Ay, where

A = LY - A‘l!m ’

can be found from equation 5.4 Such

m

, probability distribution
assumes that the muon has squal & priori probability of possessing
any manentum, which is not the cass. Corrections for the momentum

spectrum S(p)dp, and

&)
e
&
iy
i
S ]
'l‘
(=)

ctancs of the specirograrph
X (o, WO_. ¢O)_, must be made, giving the final probability of a muon

of momeritum Py having deflection AV &

¢(p,s A) S(p,)a
P J(pl. A) q(pi)dpl
' o
\ . ./
x(ay, ¥, o ) G(p,, &) S(p,)ap,

where a is the lowest momentum accepted by the spectrograph and b is
arbitrarily set at twice the upper limit of the results quoted

(b = 200 GeV/c).
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The distributions appropriate teo a nuuber of particles ar

M

sumied to give the differential momenium spectrum corresponding

to the sample of events. The spectrum thus deduced is corrected for
the loss of low mamerntum particles due to the probability of such
particles being scattered beyond the lLimits of \J/O at 300 and

AV at 16° , but no corrscticn is made for ths absorption of particles
of momesrmtum less than 1.5 Ge“‘»’/ c in the iron. The spactrum below
this point is found using the pravious methods of analysis by a
systematic relaxation of the shzpe of S(p)dp below 1.5 Ge'\/‘/c.

Tnis method is iteratilve in naturs, the length of the ifteration
procedure being dependsnt upon th2 closeness of the assumed form of
S{p )dp to thst sppropriste to the data. The unigueness of the
spectrum derived by this procedure has bsen checked by tests commenc-

ng with widely differsnt trial spectra. One such test is described
in sec¢tion B=3.3.

5-2.3 A comparison of the two methods of deriving a
momentum spectrum

The treatment of an assumed momentum spectrum to predict s
spectrum of deflections to be compared with the obsarved data is to
e px"‘lnrrad for numerically large samples of datas in that the values
of \Vo and Ay need not be trested individually. The cells of deflec-
tion have hesen chosen so thst muons at distances of about 300 m

from the core of an air shower have roughliy equal numbers in =ach of

fifteen cells. The cell of smallast deflection covers the rangs o°



o O 72 and. has been split into two an Q. 36 , giving sixteen cells

in

[$u]

11, to enable more information o bz derived for momsnts near
the m.d.m. A limitetilon on this method of analysis is that the

weighting factors bave only bssn canputed for the normal population

of \yo and vbo, appropriste to data subdivided by distance from the
core.
The second melthod of salysis iz much nmors gthy and is better

for small samples (bLut s2e section 5-3.3) or for data which has abnormal

oy

distributions of ¥ and ¢to. Such a case is the spectrum as a
function of zsnith angle. For thegs cases the low anergy correction
discussed above cammot ha carried out, as the weighting factors will

be insppropriate.

Treatment of the ssme sample of data by both methods indicat

]
o}

that they are quite compatible (Waltonm, 1966 ).

-2.4 Biages in the spectra
S

Several sources of zrror in the momentum spectrum of muons
derived at Haverah Fark hsve besn discussed (section 5-1) and
nmerical. estimates of the effect of these given whersver possivle.
Two other effects must be considered:~

(1) The spectrogisph is shielded by 5 cm of lead to reduce comtamins-
tion of the flash tube records by the electromasgnetic component.

Muons penetrating the magnet will have lost some 100 Mev in this

lead, so that tiie observed momentum spectrum will be displaced b
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0.1 GeV/c towmrds higher momenin.

In considering muon anerg

g

losa, no allowsnce has been mads for
the loss of s large amount of energy in one collision. Such &

process is mor= likely a1t high snsrgiss and thus the zpectra deduced

5]
bt
I..l.

will be slightly undersstimated ai large womenta  (Orford, private

. . A
comuunication).
The overall biass in ths spschtouw 51 any distancs will result in

a3 slight steepening of ths frusz spscirum.

5-~% The momentun specirum of muon:s &s
distance from the core

w

funciéion of the

The records from the spectrogrsph from May 1965 to Msy 1967 have

[e2
9]
@
[}
V]
a]
©
,—J
Q‘
cL
e
<
'_J
i)
}—‘
oy
=)
)
n
iy
.
=
\T’J‘
¥
o
d

muons from showers triggering

the 500 m z2rray. Shorter runs have besn made by trizgering the
spectrograph on the two smaller arrays:; 1762 muons have besn analysed.
fram triggers on the 50 m array and 8L muons from ths 150 m array.

In a previous amalysis (Esr

1., 1967a) the results from the

50 m array wers used to derive spectra for four mean distances from
20 m to 100 m from the cors. These spectra differed only very
slightly from each other and so in the presssnt anslysis the data from
each of the small arrays have been coanbined to form more significant
spectrs placed at typical distances Por the individual sirrays. For
the 500 m array the range in distance covers a much wider variation
in muon momentum spectrum and thereforz the data have besn sub-
divided into six ranges of distance. The various distance ranges

for vhich the monentum spsctra have besn derived ars shown in Teble 5.1,
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FIGURE 5.1

Distributions of shower size and zenith angle

for a typical interval of distance.
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with the median distances S[ECTIUM.

TABLE 5.1

DISTANCE INTERVALS

|
b

Arrsy  BRange of distance Median distsnce Medisn size
| (m) (m) (No. of Particles)

50 m 10-70 (about) 50 I ox 107
150 m 20-210 (about) 100 2 x 100
o 1.00-200 155 1.53 x 107
200-250 255 2.26 x 107
500 m  250-350 200 2.80 x 10"
350-450 380 2,91 x 107
150-600 520 k55 x 107
> 600 700 9.51 x 107

Typical distributions of shower size and zenith angle fo

i 3
9
;
)
0
<
0
=

distance interval are shown in Figure 5.1.

[t

The data in earch of thes

{

> renges. sxcspt the interval fuithest
from the core of 500 m showers, have been treated by using a spectral
shaps to predict a deflection spectrum. The fit of the predicted
distri’bution cof deflections to that observed is shown in Figure 5.2

for & typical. cases The szole remaining interval has besn anslysed




FIGURE 5.2

A typical observed distribution of deflection
and the distribution predicted using the

momentum spectrum derived for this data.
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by treatment of the individusl dsflesclions, because of the paucity of
the dats. Both procedurss yisld the differantial shape of the momentum
spectrun appropriste to the dats, which may be integrated fram 1 GeV/ c
to & momentum (500 C}e'v'/lc‘)., whiich is sufficiently high for the integral
intensity of muons sbove it to bs nsgiigible campared to the integral

-

intensity st the upper momentun for which 3 value iz guoted iz this

worke The differsntisl spsctrum can bs
integral intensitiss of muoscs sbovs various momenta. The spasctrum is

" momantum above

noxmalized sc that the in
1 GeV/c is equal to the density Found by the absorption measursment,

T -

for & shower of size 2 ¥ 10' pavticles at a distance from the core

aqual to the mediarof the

The errors placed un

the Poisson fiducizl limits on the dats in each cell

of deflsction allowing for ih= srror on the lateral distribution of
muons above 1 GeV/c. The =% -ue limits of the shape of the spectrum

. of the data in

m

will correspond to the upp=s snd lower fluctustion
the two cells of deflection at the opposite ends of the distribution.
These cells ars allowed to rluctuate by the Poisson fiducial limits

and the fluctustions of the intermedizte cells are determined from the

m

sppropriats Poigson fiducisl limits by percentile interpolation,

; A o aal C - . _
The normslizetion to & cormon size ol 2 x 10 particies mentionad

Q

A

sbove involves the assumption that the muon densities sbove any
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canriot be analysed.

all showers =znd may ba ns

derived by inductive method of

in the

300 m and

ranges ., cent oG om

fewsr muoiis

hetween the spectrs

within the

2rrOrs

corfimmipg 1wt

average; Lhat
events are nct in error. Susle - reors

showers associsted with muor: i

1 N
ou

comprises less

aralysis
soriss have tssn conpared for two di
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ethod,apparently fell tetween 1

Those which have bean
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& simple
rie.logue method of intersect-

out of LT events oae,which

50 m
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tregraph, dependicg on Tunction

For th: 380 m sprctium four dubicus avenits, spparently nearer

v ]

200 m from the oo were Found ocut of a botal of 20 events. Each of

the zimple analysies and furthsr,

low on the Filn record of the aizr

Thyr peithod o

show=z is kaown Lo ko overy

to the smalizzi density observsd and thus fluctustions
lead to very large s=rrors.  The mowentun

the first Lwo categoriss msnLionsd

=
o]
(M
.
1
.
3]
—
e
~
-
ot
Ayl
—
——
—
-+
-

not thouzh
dul;ious svenvz are 1in =rror.

(c) The numbers of fimshed tubes

Trne teotzsl numbsr of [lashsd tubss obssrved in 2 record of a

gpecirograph may e correlated with the shower
size and the distarcs of “re= rcore from th= spzctrograph. The numbzars

show= g &snd the dsts sub-

dividzd by cize and distence from the corsyand il was found that the
distributions of these numbzrs were restricted to values ot grsater
than twice the mesn of the distributions. This restrictio:r was the
same for ths individual flaszh tubs trays and fTor all the trayvs summad.

Thus the number of Tlashed tube

observed in the spectrograph may

be used to tlace upper limits on distencs from the core snd shower

Ul
_
=
.
n
Av)
]
(@]
m
s
"\1
n
o
i
)
-
XN
s
-
‘o
)
iy
5]
~
c
o]
il
-
'_J
mn

3ize although no physical signific

rambar,.
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The evants with daflscrion less 1han 0. 727 in the 300 m and
330 m spzotya have haen examined wiih thiz criferion in mind, and

ct.run lvas

only ons =vsrt L each Iy

sppropriate

to the reirvent vand of dletance. sred from

I

the snalysss using thes anslogus method Lo be much ¢loszr o the
core than originally estimated.

From the sbove it was concludsd thsat the spectra

380 m =2ach contained one fasr particle spuriously placed st these

digtances. Thes=2 avents wars rot included in the dei'leciion specirs

used to

anartum spact
of muon mansntum, and srronzous everts have only beasrn rejected for

muorniz of low deflaction, it iz =xpected ihsat

[

he lower =

L.imat=Se

(d) The ssieclion of showsrs oy the spectrogrspn

Showers containing muons of low deflection (less than 1.L42
hatwesn 250 m zod 4S50m From i * shower core, detzcted by the spectro-

graph may be compared with all showsrs, in this distance range and

S,
W
o
Q
<
I
=~
‘,
-
9
2
m
3
e
&

Parke As the two samples

similar mean sizes
and zenith anglas, the sbructurs function sxponents in the two
ca.ses should e ths sams if therese is no causal rels n btetwesn

musn densities and iz sxponsnt. The distributions of vest it

unction exponent for the two classes are very similar,
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ihe m=zan values baing -

‘Muor. showars’ mean =xponent = 3.0L & 0.3k
All snownrs mean exponent = 3.13 % 0.15

From thie conparicon it may bs concluded thst showers containing

Tast muons are not Tlatter than typicel showers recorded st Haverah
ark
(¢) The varistion of shower parzmeters with deflection

If ths air shower dats cause sny biases in the momentum spectrum
of the wmuons, this fact will be reflected in the variation of the
various shower paramavners with nuon deflection.

The variziion with daflection of shower size, zenith and szimuth
angles and radius of curvature of the showsy Tronut has been examined
for the 30C m and 380 m data. No significant variation has been

found, implying that, sb l=ast in first order, the muon deflection

AW
[\

spactrs 2re Independent of these paramsters.

5-3.2 Muon momentum Spechra

The derivation of ths absolute differential and integral spectra

has been discussed above, and the checks carried out upon the data

o

mMsure s

m

ignation of avents to the correct interval of distance
from the core.

The absolute differentisl momentum spectra for the various
distances fer a shower of size 2 x .‘J_O'T particles are shown in Fiéure

5.3 anrd the corresponding integral spectra in Figure 5.4. It must
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be remembered that the gpectis shown st 50 m and 100 m from the core

ar= ir fach normslized from much smaller showers. These integral

derigitiss the lstersl distributions of muons above various

fixed momenls Lo be draws (Pigurs 5.5).  Thes

iy

have heen extrapolated
g8 shown and the toial numbsrs of muons of momentun greater than
7 Ee

various thresholds in a showsr of 2 x 10 pariticles can be found by

e ’L"X:l U_.‘.lll"’r e

(> p) = (T.3200.80) x 107 (p + 2)- 2201 (5.5)

. ] . 6 .
The total number of muons in the shower is (1.8%0,2) x 10 and fram

shower of size 2 x is
e ,\+ C’s6 T -
l!.‘-,r_ = (1.-. R \.): 101 qev
\, - e /
Herice the mes onentwn of the muons in auch a shower is

GeV,/ C

These conclusions, which ars hassd upon the differentisl momentum
spectrs of the muons measursd in this experiment, rely upon normaliza-
tion to a common sizz. As observed above, whilst not unfounded at

low ensrgiss, this nomalization of the muon densitiss from the
f=] 2

gmaller zrrays may bresk down zt high momenta. Shown in Figure 5.5



FIGURE 5.3

The differential momentum spectra of muons at
various distances from the core of a shower

of size 2 x lOT.
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FIGURE 5.4

The integral momentum spectra of muons at various

distances from the core of a shower of size

2 x 10'.
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FIGURE 5.5

The lateral distributions of muons of mamentum
above various threshold values for a shower of
size 2 x lOT, The broken lines indicate extra-

polation outside the region of measurement.

The key indicates the threshold momenta.
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FIGURE 5.6

- i vt e e

The integral moawentum spectrum of all muons in

T

a shower of size 2 x 10 . The various points

refer to:

(1) Present data

(2) Khrenov (1962) p = 5 and 10 GeV/c

(3) Barnavell et al., (1965)

(ha) Chatterjee et al., (1966) scaled using @ = O.L47
(4b) Chatterjee et al., (1966) scaled using a = 0. 78
(5) Bemnett and Greisen (1961)

(6) Greisen (1940)
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ir this region of the showers, of which 70 sve within the imposed
limits of \IJC and AY. Half of thess useful muons occour in showers

which have Lsen Tully analysed by the Leeds group: the other

gir showersz bavre bLezn

zlysed by a more simple procedurs. Due

-
(o]
o
jm
fu)
m
o
(]
—
<,
m
=
g
[

v
el
I

v osmall sample it was thought more useful to attempt to

rtum spectrum gppropriate o thase muons using the

dir=ct mzthod of sstimating the man=mtum specirum from the
of the muons.

ial spectrum that spectrum dstermined for

> core was useds. The insppropristeness of

{1

this spectrum was =vidart 1n the difference of the spectrun derived
| , it

wpel that that gppropriate to the dats- In this
case the itsrstive steps moved the spscizum up towsrds that previously
found.

The Tform of differentisl momentum spectirum most appropriate to
the data was not of the simple monotonle nature observed for the

raest of the distsnce init=srvsls sxamined. If the differential densities
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hzpe of the differential momentum

G0 wm, ilhe shape of tinls expecied spectrum sgreed well



with that obgerved for momerium telow or equal to 2 GeV/c and above

or equal to 10 Ge-V/cﬂ B=twaen these two Limits the spectrum observed

A

was a1 belouw that t2d. Such an =ffect could be 1eal or it

could ba cavead by

fluctuation in the observed
eflaction sp=zchiun.

The latter cause 1ls thought to be more probable, the iterative
procedurs prolucing a manentum Spectrun which will follow the
ohssrvad d=flactions without smoothing the fluctuations 2t ll. To
check this hypothesis the nwo portions of the spactrum vhich agreed
with extrapolation were smoothiy connected and ths momsntum spectrum

go produced was procezsed to dzrive the appropriate deflection

gpectrume. Within the staliztical uncertaintiss of the data this

D..

eflaction spectrum was ool inconsistent with that observed. T

\Jl

Integral spectrum derived from this differential spectrum is plotted

of dzduction of a mopentum spectrum from the
ohservsd deflzctions has besn shown to be an iterstive procedure

with & unigue rzsult; however, fron the above it msy be seen that

ior smsll saumples of dats the method is very liable to fluctustion.

n
[
o}

Whilst in saome cases it could be the only applicable method, care
must be sxercised in the interpretation of the results of this

procedure.



-  The spactrum as a funciion of shower size

nd zenith angle

The vaviaiion of ¢ he wowertom gpectrum of muons with distance

1,

from ths hiovar cops discussed above, and the svidence for

sny variatics with tne other BAS pzrametsis will now be presented.

In this ztudy the s=cond method describad ahove for the derivaetion

4]

[ea

of 2 mo

be ussd, as ths distributions of arrivael

tothose found for s nomal sample

covreciionz ve the derived

S5-ie.1 The varistion with zenith sagle

1 iu was nored that no varisticn of mesn zenith
angle with daflectior was observed, suggesting that the observed

deflactior. gpsctrum is

J)

not ztrongly dependent upon zenith angle. The

distributions of dsflsction for ths sams interval of distance and

o)

%

v
1

Trrow tands of

[»3
o
-t
,:1.

lue o the vsriation
of the distribution of incident angle with zenith anglse, the
momenrtum spectrum may well vsry with zenith angle.

The most populous spectrun, at 300 m, was divided into two bands

i o P

of zenith angle at 20 sand the monentum spectra dgrived for thecse

very similar in shape for momenta above
about § Ge V/ﬂ; although they weve sonswhst affected by statistical

fluctustions. Below 5 GeV¥/ec the spectrun for the mors inclined
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Sella 2 The verigtion with shower 2ize

o
i

The distribution of for showsrs ©21ling within a

from the specirogrsph is quite narrow,

shout 4 x 10°. In examining a varistion

can only bs retained if only two
intarvals of fize ars ug=td. Showers Fzlling between 200 m and 4150 m
they were divided into two bands
for the two regions of
the ususl distance intervals, but the results
dus to statistical fluctus-
interval the numbers of particles

wvere normelized to the same figure and the

n and argle of incidsunce summed

s ars shown in




Distributions of deflection and incident direction

for muons between 200 m and 450 m from the core

of showers greater than and less than 3 x 107.
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tut ansufticisntly so Lo affzsct bthes momsrtum spectra derived fraom

fhe A=ll=eciion gpmciysn, which sre zimilsr within the statistical

Iwomay s ©- concliud=d thai the mom=nitum spectrum of muons

46es RO vary with showsr size, over tha rather

Yiminad panos

P

mowFiium gpeciyum of jmuons in

ayxtersive six» showsrs At Hoversh Park has wsnged further in momentum

=
P

znd diztance from the corz than ary pravious studias. is useful,

howswveay,. Lo compayvs with those

i Fiztre 5.0 the dzpsitize of muors of momentum greater than

thres ihreshold valve s af various distences from the core determined

Ly Krr=rov (1082) ard

i3
g
"J;

absorption aveli et al. (1965)

vnl ddz=t ributiong d=duced from the momentum

sYe camparsd winh the 1ai
gpeutiras measured &t Haversh Fark. The poinits are scaled to a size
O', uszing & valus of @ of G.85 for the results of Khrenov,
this being the valus hs messured, and using 0.78 in the case of
Barnavell =t al., whe quoie no varistion. Iz all czses the densities

recorded furchest from che cors arse lowsr than 1s suggested by the

showers falling outside

vhers «—ove location will be very poor, often leading to
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FIGURE 5.8

Comparison of the data of Khrenov (1962) and
Barnaveli et al. (1965) with the lateral
distributions derived from the present
experiment. . A1l data scaled to shower

7

size of 2 x 10 particles.
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FIGURE 5.9
Comparisons of the integral momentum spectra
of Bemnett and Greisen (1961) with those
derived from the present study. All dals

scaled to shower size of 2 x lO7 particles.
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CHAPTER 6

THEORETICAL PREDICTIONS OF CHARACTERISTICS

OF MUONS IN AIR SHOWERS

6-1l. Introduction

The present experiment has determined the lateral distribution
in air showers of muons of momenta greater than 1 GeV/c over a range
of distance from 10 m to 1100 m from the core and the variation with
distance from the core of the momentum spectrum of muons between
1 GeV/c and 100 GeV/c. It has been shown that the present experimental
results are supported by most previous experiments wherever these
experiments can be compared. It is hoped by comparisons of the
measured densities of muons with theoretical predictions based upon
assumptions on the nature of the nuclear cascade to test the validity
of these assumptions and thus derive information on the nuclear
interactions at great energies and the nature of the primary

particles initiating the air showers.

6-2. Theories of the muon component of air showers

Several groups have calculated the characteristics of the muon
component of air showers. Some of these (Lal 1967, Cowsik 1966 )
have concentrated their attention upon the longitudinal development
of the shower and hence predict only the total momentum spectrum

of all the muons in a shower of fixed primary energy. Their results




™

are in substantial agreement with the more detailed calculations to
be described later and thus will not be described here in detail.

It is of interest to note that these workers suggest that the number
of muons above several hundred GeV varies with shower size in a
manner nearer to that given by the present work than that given

by Chatterjee et ale(1966).

Turning to theoretical studies of the lateral distributions of
muons in air showers, Hillas (1966) and de Beer et al.(1966, 1967),
using models which are similar to each other;, have predicted the
densities of muons above fixed momenta in & shower. The detailed
characteristics of these models are summarized in Table 6.1. An
important feature which may be mentioned is the treatment of the
first interactions of the primary particle and the interactions of
the early generations of pions. Hillas fixed the height of the
first interaction at an atmospheric depth of 100 gm cmug, subsequent
interactions taking place at 100 gm cm“2 intervals. De Beer et al.
selected the point of interaction of the primary particle using a
Monte-Carlo method. The pion cascade was sampled, for six pion
energies, at six levels in the atmosphere, spaced 180 gnm cm_2 apart
and commencing 30 gm cm_2 below the first interaction point. This
matrix of pion energy and depth was interpolated using a 3rd order
polynomial fit to find the characteristics of any interaction of a
particular energy. While Hillas considered only primary nucleons,

de Beer et al.considered both primary protons and nuclei of mass 20;




TABLE 6.1

76

CHARACTERISTICS OF AIR SHOWER MOIELS

Distribution of
energy and Py

(2x10% Gev)

CKP
p, = 0.k GeV/e

(3x10° GeV)

Bristol data
5t = 0.35 GeV/c

Parameter of model de Beer et al. Hillas Orford & Turver
(2)
Primary energy 6 x 10° gev 10° Gev 10° - 3x10%Gev  (2x10°)
Primary mass 1, 20 1 1 - 56 (> 10)
Fragmentation ) _
fraction see text - 0.1 - 0.5 (0.22)
K
nucleons 0.5 0.5 0.3 - 0.7 (0.5)
-2 .2 -2
nucleons 80 gm cm 100 gm cm 70 - 90gm cm (80)
A 312 -2
nucleus (A) see text - 205/ (0. 6+A3) gm cm
secondaries a0 =0 aF 0 (see text)
Kﬂ 1.0 1.0 1.0
A 120 gn em™2 100 gm em™2 120 gm cn™2
n (1) 0.25, 0.5 0.50 0.1 - 1.0 (0.5)

(3x10° GeV)

CKP
ﬁt = 0.4-0.6 GeV/c (0.5)

(1) The values gquoted under 'ns' are the exponents of the relation n, ajEﬁabowe

values of E quoted.

Below these energies the exponent is 0.25.

(2) Wide ranges of meny parameters have been used by Orford and Turver to

investigate the effect of these variations.

appropriate are shown in parentheses.

The values finally used as mogt

The wide range of primary energy used was

necessary to explaein the data recorded in showers of a wide range of size.
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ghowers initisted by a nucleus of mass A and energy E being considered
as & superposition of A showers, each initiated by a proton of energy
E/A.

A rather different approach is represented by the careful Monte-
Carlo calculstions of the nuclear cascade in small air showers by Bradt
and Rappaport (1967), and McCusker et al (1968). These calculations,
which yield some information on the muon component, are limited to
rather low primary energies because of the vast increases in computing
time for larger energies. Similar considerations restrict these studies
to particles of energy above 50 GeV/c. Thus the-interactions yielding
the largest part of the muons studied by the present experiment are
not considered and the ranges of momentum and distance covered are

very restricted.

6-2.1 Predictions and comparisons with present work

Hilles presents the unnormalized integral momentum spectra at
various distances from the core of & shower of 2 x lOT particles. Three
of these spectra are shown in Figure 6.1, compared with the spectra
measured at distances near to those for the galculated spectra. The
predicted spectra have been nérmalized to the observed densities at a
momentum of 1 GeV/c.

De Beer et al. give lateral distributions for muons of momentum

1, 1C and 100 GcV/c in a shower of sizc 10 particles.

-

These are shown in Figure 6.2, normalized to a shower of size 2 x 10



FIGURE 5. i}
Comparison of integral momentum spectra at three
distances from the core of a shower of size

2 x 107 witn the predictions of Hillas (1966).
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PIGURE 6.2
Comparison of lateral distributions of muons above
three threshold momenta in a shower of size

7

2 x 10" with the distributions predicted by

de Beer et al (1967).
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using @ = 0. 78, The experimental points plotted are those derived from
the present spsctrs.

From these two comparisons it can be seen that whilst at low
energies and modsrate distances from the core thess theories predict
densities quite close to the observed data, this agreement is not
found st larger momenta and distances. It can be seen that,as the
distance from the core increases, the momentum at which this divergence
occurs decresses.

Turning to the study of the densities of muons of momenta above
1 GeV/c, the dependence on the shower size of the total number of muons
may be expected to reflect any variation with energ& of the composition
of the primary cosmic rays, as an air shower initiated by a heavy
nucleus of given energy should contain more muons of fixed energy than
one initiated by a proton of similar energy. Adcock et al: (1968) have
predicted the changes in the dependence of +total muon number on the
shower gize expected on the galactic modulation model. These changes
are largely consequent upon fluctuations of showsr size. The fluctua-
tions in the observed size parameter in the present experimeqt, ElOO’
are expected to be much less than those in the conventional shower
size and so the variastions predicted by Adcock et al.may not be relevant
to the present data. In fact no significant variation of & has been

8

L
observed over a range of shower size fram 8 x 10 to 3 x 107,
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-2.2 Discussion of the conpsrisons of theoretical
preéiction with experimental data

A7 the Interswiional Conference on Cosmic Rays held at Calgary in
1967 Esrnshew =t al.(1967c) presented momentum spectrs based upon the
dats. used in the present anslysis, and noted discrepancies similar to
those shown shove in canparison with theoretical predictions. Since that

time the most searching re-scrutiny of the data using the criteria

described in Chapter 5, while bringing to light some few dubious events,
has falled to rev=al any sources of error sufficient to account for
these anomalous dsnsitiss. Despite the removal of these dubious events
from the body of dsta. the momentwm spectra presented in this thesis
are very similar to those given at Calgary. For example, the 300 m
spectrum presented ai Calgary contained 559 particles, of which 43 had
deflections lesg than OHTEO. Seven of these low deflection muons
have been removed =g dubious, causing the integral density of muons
of momentum greater than 100 GeV/c to be reduced by a Ffactor of two
compared with that previcusly derived.

The models uged in the theoretical analyses have been examined to
reveal any inaccuracies wvhich may be inherent in these treatments.
The anomalously high muon densities observed could be caused by either
a change in the distribution of transverse momentum used, giving an
increased mean ps OT an increasé in the effective height of origin
cf the muons falling in the relevant regions of momentum and distsnce.

An analysis of the augelar deviations of muons from the core led to
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an explanation of these anomalous muon intensities involving large
transverse momentum (Earnshaw et al.1967b). The calculation of the
distributions of the angular deviations used in this preliminary analysis
wa.g rather simple, the di?ectiops of motion of all the muons in a shower
being considered. A recént theoretical trestment of the angular
deviations of muons cbserved at a fixed distance from the cors suggests
that the observed directions of motion can be asccounted for withco  the
necessity of invoking large transverse momentum. A full account of

these new calculations will be presented in Chapter 7.

6-3. A new model of the muon component

A new model of the muon component of air showers has been evolved
by Orford snd Turver (1968). This calculation was initiated to account
for the muon deunsities at a momentum of 100 GeV/c and at distances from
the core grsster than 100 m. Preliminary calculations showed that
muons in this reglon of momentum and distance originate in the first
few intersctions, and,in particular, that it is necessary to examine
the cascade above an altitude of 10 km accurately. To check that
the model parameters necessary to give the observed muon densities at
a momentum of 100 GeV/c &o not distor£-the rest of the shower, the
calculations must be continued to sea level approximately. This

approximate treatment must mean that at distances less than 100 m and
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coversd by the first part of the calculations. An altitude of 10 km
is equivalent to a depth of 260 gm cmw2 for a vertical shower and hence

v {
the deteilasd cslculations must cover the first three nuclear interaction

The method used in this upper portion of the ahnospherg is that of
successive collisionse It is found, taking thé cascade to phe third
secondary intersction, that practically the total muon densities at a
momentum of 100 GeV/c can be accounted for. The numerical values of the
various parsmeters used are shown in Table 6.1. Below 10 kn fixed
interaction levels are used, the nuclear interaction mean free paths
for the various types of particle being shown in Teble 6.1. Throughout,
full account has been taken of the decay of pions and ﬁhe energy loss

snd decay of muons.

Both pion and kaon secondaries have been considered; the muon
intensities being somewhat larger for_the latter case. The K/n ratio
hes been taken as 0% in most of the calculations, yielding undgrm
egtimates of the muon densities; some work has been done for a value
of 25% to investigate the charge ratio.

6-3.1 Comparisons of the predictions of the model
with experimental data !

As indicated above, wide ranges of many parameters have been used
in the theoretical approach. It has be$n found that the momentum

spectra of muons at large distances from the core depend very strongly
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FIGURE 6.3
Comparigson of the differentisl momentum spectra of
muons at three distances from the core of a shower
of size 2 x .'LOT with the predictions for s shower
initiated by a primary nucleus (energy 2 x 108 GeV)
having mass 20 when the multiplicity varies as

Eo'5 for energies above 3 x lO3 GeV.
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FIGURE 6.4
A camparison of the lateral distribution of muons
of momentum greater than 1 GeV/c with the
distributions predicted for primary nuclei of

masses 20 and 1.




o
(N

I
<

|

l

_

1 |

1

(@) Y N ™

(z-W) (/9 1 <d

) Aususp Lonu 607

1000

100
Lateral distance (M)



82

upont ths rate tion of the energy of the particles of the
nuclssr czzcads in the satmospheres This rate is related closely

e primary perticle (A) and the multiplicity of

P

to both th: mess of
pions formed in the nuciear interactions (ns).

Aftzr a consideration of & wide range of possibilities, if. is
concluded ty Orford and Turver (1968) that the most likely values
of the two parameters are & mass grester than 10 (taken as 20) and a

)O 2 por energy (E) less than

multiplicity which varizs as (E
3 x ].05 GeV ard as (E)°7 for greater energies. With a primery nucleus
of total ensrgy 2 x 10 GV, these values give an adequate representa-

tion of perimentally (Figure 6.3 ).

The veristion of the muon momentwn spectrum with zenith angle has
baen examined experimentally at 300 m from the corses The changing
spactre have mesn momsnits which can be compared with the predictions

of this model:

0 <8 <20° 20 < 6 < ho°
experiment 5. 43 GeV/c 8.02 GeV/c
theory 5. 41 GeV/c 7-39 GeV/c

This agresment sugges

=

that the calculated shower behaves reglistically

m

s the Z._‘llﬂl angle varies.
Integration of thz differentisl spectra at different distance
from the cors yields ths lateral distribution of muons of momentum

sbove 1 GeV/c. In Figure 6.L the experimental densities are compared

UQ

with thoss sxpscted in % showsr init ed hy a primary particle of mass
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20 hawving ensrgy 2 x 108 GeV. Also shown are the densities for a
proton initiated shower of similar energy normalized st distances
about 300 me In both cases the multiplicity varied as EO"5 for large
gnergies. The densities predicted for distances less then about

100 m sre much higher than those ocbserved, as the model used cannot
adequately describe this region. At a distance of sbout 1 km, the

diffsrence between the two predicted distributions becomnes appreciable,

&
7

ths obssrved densities lying closer to the densities prsdicted for
the case of the heavy primary particle.

The lack of agreement betwsen the predicted variation of depsnhdence
of muon numbsr on the showsr size and the observed dependence has been

ascribed to azn sbsence of fluctuation in E:LO Thus it was thought

o
useful to predict the expected muon densities at 300 m from the core

of showers of sizas equal to the means of the bands of size used in

the anslysis of the muon densities (Chapter 4) to examine the possibility
of checking the variation of primsry mass with energy. For each band

of shower size the mean size (N) and the distance (r) characteristic

of the recorded showers were determined. By a consideration of the
varistion of ths mass composition of the primary particles withJ shower
size (Brsy et al.l966) an effective mass (A) can be ascribsd to the
shower siz-el. The energy (E) of a nucleon giving a shower at sea

level contsining N/A particles was found from the ga.lcula.tions of

de Beer et al. (1966) for the model (model III) closest to that used in

th sent theoretical work, primary energy being correlated to shower

[

]

pI:
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FIGURE 6.5
A comparison of the densities of muons of momentum
greater than 1 GeV/c at 300 m from the cores of
showers of various sizes with the values predicted
for a modulated primary mass camposition.

The points without error bars are the predicted

values.
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size for primery protons of fixed ersrgy. Muon densities at a distance
y from the cor= of 5 shower initiated by a primary particle of wmass A
and =nergy £ » A wers calculated and then scaled to 300 m from the

cora using ths shaps of Greisen's (1960) lateral distribution. The
denszities so determined were larger by = factor of about two than those

observed for 300 m showers. This is attributed to the conversion of

showsr size to primsry ensrgy for psrticles of fixed ensrgy: WhilS§

the arrsys st Haversh Fark measure a quantity, ElGO’ thought to be
clogely connescted Lo primary snergy, a conversion of E to shower

100

izz by = comparison of rates (Chapter 2) mus t necessarily result in

n

the showsr size attributed to 3 shower being the size equivalent to

the primary snergy for showsrs of fixed size. Although de Beer et al.
{ixead

do not plot z relation betwesn energy and shower size for model IIL

they do givs th= two csses of fixed energy and fixed size for a rather

diffesrant model. Assuming that the two cases are similarly related

For the two modslz, the difference b

ct

hese two caseg is sufficient

[0

Lween
to sxplsin the discrepancy between the densities predicted and those
ohsarved. Thes predicted densities have been normalized to fit the
observations in the region of size covered by the 500 m array. In
Figure 6.5 ths predictions arxe shown compazred with the oboevved
L _ 6 . L
dengit.ies. For shower sizes above 2 x 10 particles the agreement is

very good, but below this size the predicted densities are larger than

those cbsarvad. Thes: latter cases are those for which the distance r

=

we.s leas thaen 100 m. A full i of the muon

-

nvestigation of the variatioc

numbers with shower gize must swait refinement of the model to treat
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FIGURE 6.6

Distributions of height of origin of muons, predicted

using the 'best' values of primary mass and

multiplicity.

(a) Variation in the distribution with muon momentum
for a fixed distance. The dotted lines indicate
the contributions to the distributions from the
upper portion of the calculated cascade.

(b) Variation in the distribution with distance for
a fixed muon momentum. The dotted lines
represent the distributions suggested by Hilias
(1966) for muons, of about 3 GeV/c momentum,

200 m and 600 m from the core. These distributions

have been normalized at heights about 700 gm em” 2,
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FIGURE 6.7
The dependence of the height distribution for
fixed muon mamentum and distance on the values
of primary mass and multiplicity (A, ns). The
contributions fram the first three interactions

are dotted in.
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0.
and E > for

R

ey ] . ) 0.2
pilotted for £ of 1 :nd 20,and n_ proportional to [ 2
I ; s -

GaV. Some considerable variation in the

distriburions iz =svident; the possibility of experimentally distinguish-

ing betwssr. them will be discuzsed in the following chapter.

6=k, Conclusions

=¢ densitiss of muons above various threshold energies are

geen ©C he incompaiible with the simple theories of the muon component.
Thay can, howsvar, be adsquately accounted for by the predictions of a
more rigorous traztment of the uppsr portion of the cascade together
with sn approximste vraatmsnt of the lower part, if the mass of the
primsry perticlss initiating the aix showers 1s greater than 10 and if

i ) s 0.
the muitiplicity of pions varies with energy as E 2 shove an ene rey

umptions hzve been shown not to distort ths

of the shower from those observed. This model,

togethay wiith various other combinztions of the primry mass and

0]

multiplicity, has been used to predict distributions of heights of

origin of wuons of various momenta at various distances from the core.
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CHAPTER 7

TS

IS OF ORIGIN OF MUONS IN FAS

T-1.  Imtroduction

The heighis of origin of the muons present in sir showers are of
great interest in that thess heights reflect the devel opment of the
nuclear cagcades. If the particle initiating the shower is of large mass,
the particle will intersct higher in the atmosphere than is the cess for
a proton primsry of similar energy, dus to a reduction in the nuclear
interasction lengthe. 'Fhus the muons, espscially those of high energy, in

such a shower should originate higher in the atmosphers. TFurther it is

hopad that s koowladee of ths production haight distribution of wmuons

of & given ensrgy will znable sn estimation of the characteristices of
the nuclesr cascads to be mwsde from a different standpoint to that taken
in the study of tns laiersl distributions of the muons.

While sanz egiimatss of the average height of production of all the
muons in & showsr oo of muons at a given digtsnce from the core hsve
beern mads previously, s dzfect comnon to all these measurements is a
lack of knowledge of the energy of the muons. From the above considera-

tions such a

= would greatly enhance the value of any determina-
tion of the heights of crigin

Two quite differant methods of estimation of the heights of origin .
of muons have been used Tor the 500 m data in the present experiment

namely,
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(1) the geomagnetic distortion of the lateral distributions of
muons (following & suggestion by Somogyi (1966)),

(2) +the directions of motion of muons within a shower, due to the
transverse momentum imparted to the parent particles on production.
Each of these approaches has been used to determine the average height
of production for muons of given momentum and to test various assumed
distributions of heights of production predicted using the model of

Orford and Turver (1968).

T-2. The geomagnetic deflection of muons

As an air shower develops the geomagnetic field displaces particles
of opposite electric charge in opposed directions, depending on the angle
of the shower with respect to the field. The muons, having a long
undisturbed path length in the field, display large deflections. The
electromagnetic component, on the other hand, spends half the time as
uncharged photons and the other half equally as positive and negative
electrons, and thus shows a much smaller effect when observed at sea
level, the main contribution coming from the last radiation length of
the atmosphere, where the energy of the particles is lowest (Orsn 1959,
Cocconi 1961).

In showers incident from the north and falling to the west of the
spectrograph the observed density of positive muons will be enhanced
as they are displaced towards the spectrograph. The geomagnetic

displacements and the resultant expected charge ratiocsmay be calculated
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for muons of various momenis originating st fixed heights in showers
incident frow various directions. These calculated charge ratios mey
then be comparad with those obgerved. This method relies upon a
knowlsdge of the undistorted charge ratio of the muons in air showers,
which has been established by Orford et al. (l967) as indistinguishable
from unity in the range of momentum and distance considered hers. The
charge ratios observed for showers falling between 100 m and 600 m of
the spectrograph for the bands of momentum used ars shown in Teble T.2;
they do not vary much for smaller bands of distance within this large
band.

Preliminary results on the deduction of heights of origin using

the geomagnetic effect were presentzd by Orford et al. (1967 ).

T=2+.1 The derivation of mean heights of production

The deflection (d:.v.‘) of a muon originating at s fixed level in the
atmosphers in a shower arriving from & given direction may be found by
the method outlined in Appandix B snd the mean distance (r) of the
spectrograph from the axis of the shower determined from the observed
events for the bands of momentun considered (Appendix A). The
deflections were camputed for momenta corresponding to the means of
these bands.

Using the observed lateral distribution of muons of momenta within

J

these bands &s a sufficient approximation to that which would be
observed in the absence of any geomagnetic field, the densitiesz of

muons at (r £ dr) may be found, corresponding to the densities at the
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spectrograph of nmuonsg of oppositc electric charge in & shower falling
at a distance ». This lsads directly to an estimate of the expected
charge ratio of mucns originating at a prescribed height in 2 showsr
incidsent from the fixed dirsction. Ase an illustration,ths charges ratiocs
expected for muons of various momenta originating at various heights ars
shown in Teble 7.1 for showers falling to the west of the spectrograph

and incident with the c¢bserved distribution of azimuth =2nd zenith zngles

o - - : .
up to 407, the charge ratios of showers with zernith angles

n

o . o . R , s
20" incident from the southern hemisphere being reversed and added t.o

the total effect. A comparison of the observed charge ratics with
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origin of the muons to be deduced. This averags height of crigin
corresponds to the mean altitude of production rather than the mesn
atmospheric depth.

For the bands with mean momentum less than 10 GeV/c, the use of
the mean manentun of the bands has bean shown to entail & slight under-
estimation of the expected charge ratio for a given height of origin

compared with that computed using the distributions of momeantua. An

D

exact figure for this effect is not easy to arrive at, but it may b

sald that the effect increases with increasing height, being less than

a 2% increase in the ratios computed for heights of origin of
-2 o . - :

40O gn ecm” © and less than a 5% increase for TOO gm cn . This error

in the analysis has been neglected in the present work.

-
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TABLE 7.1
EXPECTED CHARGE RATIOS (see text)

p GeV/e height gnm em 2
250 | 400 | 550 | 700 | 900
1.61 i=06 1..22 | 1.4k 1.96 _ “-m
3,25 1.0 | 1.10| 1.19 | 142
6.61 1.02 1.0k | 1.10 l.21 | 1.88
14, 93 1.00 | 1..03 | 1.06 | 1.12 | 1.40
45, 0 1,00 | 1.00 | 1.01 | 1.03 | 1.16

T-2.2 The mean heights of origin

From the fourfold nature of the array all but the largest showers
will be detected preferentially in three areas, each lying between two
of the outer huts (Suri 1966). A consideration of the directions of
the coordinate system used at Haverah Park (Figure 2.1) shows that
one such lobe may be characterized by Xin and the other two may be
defined as'X+Y+ and X+Y- respectively. For each of these areas there
are incident directions which lead to a distortion of the charge ratio
of muons at the spectrograph, and thus regions of a space G(X,Y,8,¢)
may be defined in which marked charge ratios are expected. Intervals
of X and Y are as specified above, zenith angle being broken down
into two cells above and below 200 (the angle of dip at Haverah Park
being 21.50), and azimuth being subdivided by 450 intervals centred

about the eight principal points of the compass. The statistical

|
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welght of each cell of G is rather low and thus it is useful to group
the observations together whenever possible.

For showers falling in the X region from all directions
(region 1 of G), the y component of dr (dy) cancels and only the
x component (dx) need be considered. Positive muons in showers falling
from all directions are deflected in the same sense,except those falling
with zenith angles greater than the angle of dip and arriving from the
gsouthern hemisphere. The expected charge ratios for these showers ars
opposed to those for the rest and thus may be inverted in both observa-
tion and prediction and added to the other cells of zenith angle and
azimuth to enhance the statisticsl weight. The mean dx is determined
for all the cells of G falling in region 1 and the densities of positive
and negative muons at the spectrograph in the average shower determined.
The radius vector from the spectrograph to the average point of impact
of these showers is directed along the x axis. The expected clarge
ratios are found for the various heights of origin and compared with
the experimentally observed value.

For the regions X+Y+ and X+Y-, showers incident from the east and
west suffer dy only, positive muons from the two directions being
deflected in opposite directions. The region X+Y+ showg a charge
distortion for showers incident from the east in thes same sense asg
the region X+Y“ for showers from the west, and vice versa. Suitably
combined ith experimentsal

data suitably combined to derive the heights of origin (region 2 of G).



2l

=se bwo lobes, however, the radius vector from the

(1l

the avarag:

point of impact of the core is oriented at

[

607 to the » am1lsz, and thus the pradictsd deflections must be projected

-

onto thiz é&irecticon to find the sxpscted dansitiesz of muons.

Muons in showers incidant in theze two lobes from the north-ssst and

north-west have effective beth dx &

=3

d &y, giving dr orientsd zlong or

normal to ths zadius vector of the sverags point of impact of the

showers from tha spsctrograph. Only those regions of & which give dr
along r have been used to estimate the heighbts of origin (_eg1on % of

G)e Other incident directions or combinations of directions have less

clear.cut effects or lesz significant numbsrz of particles and thus have

Thus for each momentun band threes estimatez of ths aversge height

of origin have bezn found, each carrying a weight dependsnt upon the

y

o
o
[0]

rumbzr of particles observzd. Thsss

a

ights of origin are shown in
Tabls 7.2 for the individual regions of G and in Figure 7.1 they are

a

hesea

ct

plotted a¢ the weighted mean valuss with thes standard errors o
mezns indicated. The horizontal srror bars give an indication of the
spread in the bands of momentum ussed.

For muons of mean momentum Y5 GeV/c, the two significant observed
charge ratios ars very large indeed, and the calculated deflections
for heights of origin as high as 900 gm c¢n ye insufficient to
explain them. The third ratio, of unity, is of much amaller weight

than ths other %two. It is thought from this intsrprstation of the dste
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TABLE 7.2

AVERALE HEIGHTS OF ORTGIN FOR MUONS OF VARIOUS MOMENTA

P T Charze ratio Region NToW h Charge
_ undistorLed by o e e distortion by
Gev/e " esrth's Field of G observed gn cn carth's field
1.61 320 1.02 % 0.08 1 122 108 275 1.3%% + 0.105
2 65 43 520)
3 8§ 25 600
3.25 280 1.03% £ 0.07 1 188 155 500 1. 200 & 0,085
2 9k 78 420
3 22 2l A00
6.61 270 1.06 % 0,11 1 Th 6L 600 1.293% + 0,139
z 51 21 T20
3 i0 14 570
14,93 2ho .00 % 0,16 z 35 30 710 1. 205 & 0. 204
2 1h 11 750
3 3 L 680
45.0 225 5,96 % 0.16 i 33 22 | ~ 1000 1. 750 % 0,222
2 20 T | ~ 1000
2 3 3 1< 250

that muons of thsse ensrgies at the distancess involved originate very

high indsed in the atmosphere, but,as no firm estimat

]

of haight can be
made, only = lower limit of the mean height is plotted in Figure T.1

for this momentun. The theoretical considerstions of the pravious

-

chapter suggast that muons of this momentum falling at 300 m from the

~
. s ~c : —
core originate sbove about 930 gn cm . The aversge height of origin

would be rather lower than this for muons at 225 m Trom the core.




FIGURE T.1
Weighted mean heights of origin of mucns of various
momenta derived using the geomagnetic deflection
of muons (X). Mean heights of origin derived from
the angular deviations of muons from the shower
directions (0). The lower limit plotted at a mean
muon momentum of 45 GeV/c is derived using the
geanagnetic effect. The solid line shown represents
the mean heights of origin of muons at 300 m from

the core.
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The weighted mean height of origin of all the muons observed is

n

- et - 3 - 1 . ~
547 & 51 gm cm , Ffor muons falling at an average distance of 270 m

. : 7
from the core of & shower of average size 2 x 10°.

The above mean values of height of origin may be compared with
those expected on theoretical groundsg it is also possible to calculate
the mean charge digtortion over the regions of G used above for a given

height distribution and to campare this with the total observed charge

-

ratio, 28 mors meaningful errors can be attached to this latter quantity.
Section 7-5 eontains an account of this work. The mean heights of origin
(in km) predicted using the Orford and Turver (1968) model,for & shower
initiated by & crimsry particle of mass 20 when the multiplicity of
pions varies as EO' 5, are shown in Figure 7.1 compared with the

measured values. At large momenta the agreement with observation is
satlsfactory, bult for lowsr valuss the predicted heights are rather
lower than those observed. Tha differences between the predicted and

observed heights of origin will be discussed later.

7-3 Angular deviations of muons from the core direction

A muon observed in an air shower is the product of the decay of an
unstable particle produced in a nuclear interaction in the core, and

thus originates from a height (h) with some value of transverse

\ NP o i ~ v 3 1
J» For a muon whose parent hagd longitudin nomentum ©

momentum (p

ot

in the l2b system, this transverse momentum givesg rise to an angular
deviation from the core (§) where

ten 2= /o (7.1)




FIGURE 7.2
Typical angular deviations from the core caused
by the several factors, as a function of momentum

for two heights of origin. See text for key.
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and due to this sngular deviation the muon will be displaced laterally
from the cors by & distance r given by

tan 8 = r/h (T-2)
Hillas (1966) has confirmed theoretically the experimental demonstration
by Eaxl (1959) that the value of r determined by the opening angle of
production is not on average very different from that actually observed,
as effects such as geomagnetic deflection and Coulamb scattsring are
relatively small. Thus, in the absence of any complicating factors,
observations of @ and r are sufficient to determine h. From the msasured
direction of ths muon in the measuring plane of the spectrograph and the
incident direction of the shower axis projected into this plane, a value
of £ the angular devistion of the muon from the core, similarly
projected, can be determined. Any subsequent references to angles will
imply such projsction unless otherwise stated. Using the appropristely
projected valus of distance from the core, r, the height of origin of
the muon may be =sstimated (Appendix C).

However, there are several effects which alter the direction of
motion of the muon after production, including the decay of the parent
particle, Coulomb scattering both in the air and in the lead shielding
of the spectrograph, and the geamagnetic deflection of the muon. A
Turther Tfactor which affects the measured anguliar deviation of muons
from the core direction is the error in determining this deviation. The
magnitudesof these effects,relative to the opening angle of production,

as a function of momentum are shown for two different heights of origin




or

ls]

in Fignre T.2. The Coulomb scattering in the air (GA) snd. lead. (qpb)
are shown oz ihe .lie 2o 8ngles of the multiple scattering process
(Roszsi 1952), the dzcay angle (x - u) is plotted as the median angle of
emission of muons from pion decay (Salmeron 1965), the geomagnetic
effect (G - M) is estimated for a vertical shower and the opening angle
of production (Pt) correspond S to the mean of the distribution of

transverse momentun suggested by Cocconi et al. (1961), hareafter

referred to as the CKP distribution:-

P,

. : T

Prob (p.) =-3 exp (- p./p,)d p,
D
‘0

The mean of this distribution is O. k4 GeV/c, equal to 2 Py The =rrors
in mes.surement (qN) are estimated below (section T-3.2) snd may be seen
to contribute most of the angular spread for muon moments above about

5 GeV/c,

These srrors can be shown to be too small to mask altogether the
expected angular deviations due to opening angles. Comparisons of the
distributions of observed values of deviation for events with r
(projected) of opposite sign and for mean muon momentum 6.61 GeV/c
show that the two distributions are indeed displaced as expected
(Figure 7-3)e Similar distributions for sll other bands of momentum
show the same effect.

Due to the errors in measurement of angles, the height h derived

o
T Ll i s o A ia ot tha tae hedight Af Avwdiodin (W :
Oy TIilis o,ppruach is not the true height of origin (_u. ) but is

scattered about it. Errors in core distance have been shown Lo produce
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FIGURE 7.3
Distribution of angular deviation for muons of
momentun 6.6 GeV/c for showers falling with negative

values of r(A) and positive values of r(B).

FIGURE 7.4
Distribution of reciprocal of the height derived

from the events in the distributions of Figure T.3.
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a much smsller effsct (section T-3.4). As h is inversely related to R,

a distribution of 1/h is expected to reflect the errors in 2 This

effect may te ssen in Figure T.U4, where such a distribution is shown

for the same muons ss thosa shown in the distributions of figure Te B
Values of J/h greater than 1.5 kmml have besn omitted from this graph for
simplicity. Whilst such histograms can be drawn for all bands of
momentum subdivided by air shower parameters, the estimates of the average
height derived from the median values of 1/h must be overestimates of

the true values. This approach, although attractive becsuse of its
simplicity, is thus only of limited usefulnesse.

T=-3.1 The derivation of heights of origin from the
angular deviations

With a knowledge of the standard deviation of the distribution of
measuring errors and the Coulamb scattering in the air and lead, and
ignoring the other secondary =ffects, the probability G(h,h") that,
for a given svent with known r, any height h" will be scattered to give
the observed value of h can be determined using relation 7.2 to
determine the relevant angles. This probability assumes that any
height of origin is equally probable a priori and thus a distribution
of height , F(h) dh, must be assumed to weight the probabilities, as

P(h") 4 h" = G(h, h") F(n") 4 1"
where P(h") @ h" is the unnormalized probability of this event originate
ing at height h" and being observed at an angle corresponding to h. It

is known that the parent particle must have left the core of the shower
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at 5 positive haight and thus the nommalized probability is

P (hil) d n"

Pr (W) A n" = H
f P(n") 4 n"
0

vhere ¥ is 2 height greater than the maximum height expectsd to
contributs to the meson cascade, 60 km being used in the presgent
analysis. Fr(h") d h" has been evaluated for heights betwezn 0.5 km
and 60 km and by summing this distribution over several observed
particles, a probability distribution in height of origin appropriate
to these particles is found. The procedure is iterative in naturs,
the length of the iteration procesgs being dictated by the closeness
of the initially assumed distribution of heights to that appropriate
to the data. It has besn found that by taking

F(h")dn"= 1
for all h", 20 itsrative cycles are sufficient to ensure that the final
form Pr(h") 4 L" has reached a stable form. The uniqueness of the
procedure has been tested by using other forms of F(h") d h", which
yield similar forms of Pr(h") 4 h" after rather more iterations.

Due to the large angular errors involved, the form of Pr(h®) d h"
is not expected to reflect accurately the distribution of heights of
origin of particles in the showers, especially at large heights. However,
) & h" it is possible to estimate the mean height of
production (h*) somevhat more accurately than is possible from the

distributionsof 1/h considered. sbove. The vslue obtained can only be
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regarded as an upper limit to the actual mean height of origin. The
mean height will be subject to wide errors due to any fluctuations in
Pr(h") a4 h", espscially at extreme values of h", and to reduce the

effect of these fluctuations, Pr(h") d h" was integrated over 100 g,m.cm'2
bands of the atmosphere starting at the tops. Fach of the intensities so
derived was ascribed to the mid-point of the corresponding band and from
these spol heights the mean height was found. As this mean height is
along the projected core direction it must be corrected for the average
inclinstion of the core (Appendix C).

T-2.2 The determination of the errors in the
angular deviations

To carry out the analysis outlined above, the measuring errors must
be well accounted fore These errors are independent of the muon momentum,
in contrast to &ll other effects contributing to the angular deviations,
which vary inversely as the momentum (Figure 7.2)s An examination
of the distribution of deviations for muons of mean momentum .45 GeV/c
suggests that the standard deviation of the distribution of projected
measuring errors (GN) may be about 2.70. From Figure 7.2 even the
opening angle of production is seen to be small compared to this for
muons of this energy. The distributions of angular deviations expected
for various values of GN have been calculated and the value asppropriaste
to the observed data determined using a X2 fitting procedure. This
calculation is of the genersl form presented in Appendix D, but here

only the result is of importance:=

oy = (265 % 0.30)°
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anomalous events were rasndomly ordered and no indication was given of
the differszice between the two types of event.

Of 69 control events, only one showed a marked change in angular
deviation. In this cage the azimuthal angle was most unfavourably placed,
a change of 10° in this srigle sbout a valus of E‘TOO leading to a very
considerably altered angular deviation. However, in s sample of 68
ananalous events, 16 showed changes of several degrees in angular
devistion, zufficient o move tha events to the nomzl body of the
distribution. Thus the anomslous events appsar to be a different class
of events from the control sample. The remaining events may be ascribed
to five possible cauges:

(1) Wrongly classified muons, which in fact are chance correlations of
flash tubes;

(2) Unsssociated events falling within the memory of the flash tubes,
(3) Pluctuations in shower d=tection giving rise to errors in direction
of core (but see Baxtsr 1967),

(k) A possible further population of errors in shower anslysis.

(5) Genuine events.

It is thought, that everits due to the first two causes have been
reduced to s minimum by the checks described in section 5-l1.4. When
these checks were iniltiated it was thought that any events not attributable
to non-Gaussian errors in measurement would be indicative of the presence
of particles with transverse momentum higher than predicted by the CKP

distribution used in the caleulations (Earnshaw et al. 1967h). Thus
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Turther and more detailed cmlculations were undertsken asnd it will be
shown lztsr (saction Tufj) that these calculations indicate that the
majority of the events surviving the ailr shower chscks are probably in

the fifth cstzgory.

T-3« 4 The mean heights of origin

The data were subdivided by momentum and the three lowest bands of
manentun further subdivided by distance from the core; ss shown in
Table T7.3. The band of mean momentum 1h.9 GeV/ ¢ was not subdivided by
digtence, being insufficiently populous. Tha highest momentum region
was not used, as the data on the angular deviatiomsfor these svents had
already been used to detzrmins UN.

For each of these intervals of momentum and distance, the mesn
height of origin was estimated by the method given above. The errors
involved in this Jdetermination of the mean heights were estimated by
computing the mean heights appropriate to the upper and lower limits of
the errors on the value of OI\T useds The mean heights and the associated
errors of determinstion are shown in Table T.3. As stated above, these
mean heights can only be regarded as upper limits to the true values,
diverging from thess values due to the lack of resolution within the
errors of measurement of the angular deviations. As these errors have
a standard deviation of 2. 650, the lower boundary of this region of poor
resolution may be estimated, depending on the value of projected distsnce
from the core useds For a typical distance of 200 m, this lower bound
will be sbout 4.3 km, and nence any mean heights round to be grestly in

excess of such a value are definitely upper limits.
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TABLE 7.3
MEAN HEIGHTS OF ORIGIN (km)

r (m)

p(GeV/c) 150 225 300 380 50
+ Ol . Ol 0,1

I + ; + S - 6, b )
1,61 5.5 . O,.C d-b = O~2 ,-r-8 - 052 P, O - OnE o] . 0, I%
+ 06| o . . + 0.3 S () o s e -
325 T2 _ 0.5 Gos k Oub | 6.1 ° 0.2 6.1 ao | 5 * 0,2

ok 0.9 q ot 0.6
Y ~
65 61 lbq 7 - 1_.. O k‘e d - O. 5
14.93 - 1550 & 1.2
) .o, R 0.6 R A O T
l - ]_\) ‘J.E\.' - C), )-l- 598 - 0.2
- I

The variation of mean height with distsnce has been exsmined for sll
the muons in the thizse lowest bands of momentum snd for distances from
the core greater than and less than 250 m, for comparison with the
results of other experiments. These mean heights are dhown in the
bottom row of Table 7.3, and it can be seen that no great variation is
cbservable. Howevar, the mean heights are in good agrssment with that
determined over the whole range of distance and momentum using the
geanagnetic metheds

To compare the mean heights of origin for muons of variouz momaris

adned using the geomagnetic effect, the rasults



For thoss intervals of momentwn which have besn subdivided by distance
have besn rozoowblosd, ziving the variation of mean haight of production
as a functicn of muon momsritwn shown in Figure 7.1 in comparison with:

the geomagnstic roxulbs.  For small heights the two wmethods are in
satlsfectory agrsement, but thsy do not agree sc well for greater heighis,

the angular devistions suggestings greater height than is rivad [rom

the geomagnetic distortion of the lateral distributions of muons.

A possible sourcs of error in the derivation of thess mean he

lies in the srrors iu the distsnce of the cors from the spsctrograph

projected into the mezasuring plane (r)s These ervors will clsarly Ls
of the same crder ss the ervors in cors location (section 2-3.2) , &nd

—
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allowing for projection may be egtimated at £ %0 me. When
order of 200 m, sud, sn srror will be of no consequence compsrsd with
the srror involved in the angulsr deviations. However, when v is of

such & valus thst it is

srkedly altered by such errors, the values of
height obitsined will be affected by the errvors in r. To test the effect
of the inclusion of eventts with such valueg of r, the sample of svents
with mean momentum 1%.9 GeV/c has been reprocessed with those events
for which r is less than 100 m removed. This sample, with this socurce
of error effectively removed, has a Pr(h") d h" identical in shape

with that for all the dats. The mean height is quite unaffected. Thus

it is concluded thiat the errors in r are negligible in their effect,

P
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7-l.  Discussion

The average heights of origin of muons of various moanente falling
at distances batween 100m end 600 m from the core of showers of about
2 x lO'T particles have been determined by two independent methods.
Despite some shortcomings in one of these methods, ths results of the
two are in fair agreement; in particular, the mean heights of production
derived for muons of momentum greater then 1 CeV/c are closely similare

Previous worksrs have measured the mean height of origin of muons
abovse some fixed encrgy, using sevaral different techniques. The
results are shown in Table 7.} A method frequently employed hss besn
the use of timing measurements to establish a value of the radiuvs of
curvabure of the shower front. fThis radius of curvature hss besn taken
to be an estimate of the height of production of the muons in the shower.
A distribution of the reciprocal of this radius extends to negative
values, due Lo measuring errocs (e2.ge Suri 1966),and it is suggested
that the results obtained using this method may be upper limits to the
true values, for reasons similar to those outlined in section 7-3..l.
Whilst Bassi et als (1955) have shown that close to the core of an air
shower the electrons precede the muons, this situation is revsrsed at
greater distances (Baxter et al. 1966), and thus measurements on the
first é.etectable signal st these distances probably refer to muons.

At Haverah Park such measurements have been carried out by Suri

(1966), giving results in broad sgreement with the present experimante

|._.|

s o e o Y oAl s 5 o - .
Linsley and Scarsi (1962¢), while timing the arrival of muons, found some
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variation in heighil of production with core disztance, but concluded that
the data was =1] consigtant with e mean depth of production of

320 &£ 70 am em . o value confirmed by their messuremsnts on the first

detectahls sigr=l. ‘Mhis value is rather higher than iz Tound in the
presant work, but Linsley anéd Scarsl at Volesno Ranch were st an

altitude of 180C m, comparsed to 220 m at Haverash Park. Algo, they wers
on averzgs further firm the core then in the present csse.  Bernstt &t al.

(1962) found. an avex radius of curvature of 3.3 km, timing on the

first detectabls szigpal and meking sons zllowance for errors of
mes.suremsnte.

Bexter (1957) working at Haverah Park has studied the time delsys of
muons relative Lo the first detectable signsl, giving results in fair
agresment. with the other measurements at Haverah Park, especially in
view of the lack of pogitive identificstion of the psrticles as muons
and the inclusion of muong of energy below 1 GeV.

Bather nsaraey the core of sowewhat smsller showers, an snalysis
by Firkowski (1967, 1968 private communication) of the barometric
attenuation of muons in air showers suggeslts 3 rather large height of
origin for muons of ensrgy above 1 GeV. De Beer et al (1962) find a
very high mean height of production for muons above sbout 3 GeV/c at
distances greater than sbout 400 m from the core.

The average heights of origin of muons measursd by several differant
methods at Haversh Park are seen to be in reasonable agreement.

Measurements sl obtiw e arvrs

the present valuss.
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TABLE . b

COMPARTISON OF HEIGHTS OF ORIGIN

108

Author

Distance (m)

Mean Heights

150 = 200 42 ¥m
Suri (1966) 200 - 600 5.8 km
600 - 800 8.5 km
1400 ho T 8'? Jm
Baxter (1967) :— 2:5
600 bt ¥ 22
Linsley & Scarsi | 200 - 1100 320 # 70 gm cm™> (depth)
(1962c)
Bennett et al. ~ 500 3«3 km
(1962)
de Beer et al. > 400 220 gm em™® (depth)
(1962)
Firkowski 80 8.5 * 5'5 Y
(1968) - L5
-2
547 £ 51 gm cm
Present 100 - 600 {

57 % 1.0 km
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FIGURE T.5

The angular deviations from the core of muons in
certain regions of momentum and distance for three
different modelgs The number of muons in each
cell of angular deviation for a given model

(A, ns) is plotted as the ratio of this aumber

to the number for (20, 0.50).

DS Suain g tiE el
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TABLE 7.k

NUMBERS OF MUONS IN MOMENTUM AND DISTANCE REGIONS

w{m) p (GeV/c)

1.61 3.25 6,61 14 93
155 188 231 109 62
300 229 255 82 36
520 97 T2 27 10

from the core appear rather sensitive to the assumed nature of the
cascade. A consideration of the numbers of muons observed in thase
regions of mamentum and distance (Table 7.4) shows that the only
sensgitive rsgion with an adequate population is that with mamentum of
2029 GeV/c at a distance equal to 300 m.

The pradictions for this region appropriate to the four various
assumptions are plotted in Figure T.6 as the ratio of the number of
particless predicted to those observed experimentally. The fit of
prediction to observation can be seen to be improved slightly by
increasing the mass of the primary particle and similarly by a more
rapid variation of multiplicity with primary energy. As & consequence,
the model which comes nearest to fiftting the muon
of those tested, that which most nearly fits the angular devistions.
2

A consideration of the value of X for each of thase predictions

(Figure 7-7) shows that, whilst thistrend can be measured, there is



FIGURE 7.6
Comparisons of the observed distribution of angular
deviation for muons of momentum 3.25 GeV/c at
300 m from the core with the distributions
predicted for various cases. The ratio of the
predicted number§ of particles to those observed is

plotted against angular deviation.
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not a very large probability that the distribution of angular deviations

Yo 5
for A of 20 avd n_ & EO°0

“ is identical to that observed

(Probability = 0.01)s The number of degrees of fresdom was kept
constant for each comparison at & given momentum snd distance, so that
the X® velue is a direct indication of the probability.

To check both the selection of this region of momentum and
distance as the most sensitive and the conclusions of the abovs paragragh,
. the variation of X2 for all the regions of momentum and distance with
the various sssumptions has been investigated, and is shown in Figure
TeTo For all mamenta at 155 m from the core, no separation of the
assumptions is possible experimentally,; whereas at 300 m there is some
difference observable, especially at a momentum of 3.25 GeV/c. At a
distance of 520 m from the core differences are again observed. The
distribubions for muons of mean momentum 14.9 GeV/ ¢ gre well fitted
by the predictions, the fit improving as the distance from the core
increases.

To improve the statistical significance of these predictions, the
data from the three bands of distance considered have been added together
in both prediction and observation. The variation of %2 with momentum
for each of the four sets of assumptions is shown in Figure T.7. The
distributions calculated for the 'best' model are the best fits to the

data, but the only momentum displaying significant differences is

3. 25 GeV/ co It may he noted that,for the muons of mean momentum

1

with model.

4.0 G-e\!_,/ c, the multiplicity law dominates the variation of X2




FIGURE 7.7
The variation of X% (the goodness of fit of predicted
to observed distributions of angular deviation) with
momentum for four different cases. The points for
'all r' refer to a summation of the data at the

three distances displayed individually.
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To investigate the cause of the comparatively poor fit of the
prediction based on the preferred set of assumptions noted above, the
effect of the linear interpolation used to bridge the gap between the
height distributions given by the calculations for the regions of
atmosphere above and below 10 km must be considered. This linear
interpolation is expected to be most nearly correct when one of the
contributions from the two regions is much smaller than the other, but
if they are similar this assumption could be in error. For muons of
mamentum 6.61 GeV/c and distance 300 m from the core the contributions
to the muon density from above and below 10 km are, for the 'best'
model., of the same order of magnitude. There are sufficient muons
present in the sample of data to test any variations in height
distribution. In addition to the linear interpolation, two different
cases, which appear to limit the range of realistic interpolation, have
been tested. The upper limit gives a distribution of angular
deviation whicih is sanewhat closer to that observed (X2 = 10.9) than
that given by the linear interpolation (X% = 14.5). However, the
probability corresponding to this value of X? is still not very high.

Thus some of the discrepancy between the observed distributions

and those predicted for A of 20 and n_ @ g0

may be removed by a

careful treatment of the region between the two parts of the

atmosphere considered. However, the total difference will not be

removed in this fashion. It will be recalled that the calculations based

upon these parameters did not predict muon intensities exactly similar

to those observed, but rather gave under-estimates. The predicted
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densities, for muons of large momentum, could be raised by an increase

in the numbers of mnons oiriglinating high in the atmosphere. This

effect would bte projuced by an increase in the mass of the primsry
particle leading o an early degradation of the energy of the nuclear
cascade, or an Increass in the transverse momentum of the pions at lsrge
energies, or a contribution to the muon flux from the production and

decay of kaons. The effects of the mass are concentrated in the first
interaction of the primary particle, whereas the other factoirs would
continue to affect the cascade deeper in the atmosphere. The multiplicity

of pions is limited for dyh eamlcal reasons to a varistion which is not

7

much faster than Eo'f, It appears from the study of the angular
deviations from the cors that at lower momenta the muons must again
originate higher in the atwosphere than is presently predicted (see also
Figure 7.1.), due probably to a combination of the factors cited above.

It is of interest tc note that all the muons of large deviation
which survived the checks dstailed in section 7-3%.3 have been accounted
for by this theoreticel treatment.

T=5.2 The use of height distributions to predict the
charge distortion of muons

The distributions of height of origin predicted for muons of various

of - |
00 m from th

momenta fglling at chie core have beean tested further by using

‘\N

them to predict the charge distortion expected due to the geomagnetic

field (section (-2).
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FIGURE 7.8
Ratio of observed charge ratio to that predicted
on the basis of theoretical distributions of

heights of origin. Four cases are shown.
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For sach of the three regions of the space G discussed in that
section the distorted charge ratios for muons of fixed momentum were
determined for heights spaced 100 gm cm_ma apart, commencing from
100 gm cmug. The charge ratios were weighted in accordance with the
height. distribution to be tested and the averasge charge ratio determined
for each region. Using these charge ratios the expected numbers of
muons of each sign were found from the numbers of muons obssrved in each
region, and hence the overall charge distortion (with negative exczsses
reversed)of muons falling in these regions of G was determined. This
predicted charge ratio was then compared with that found experimentslly,
these values being shown in the last column of Table T.2.

For the height distributions in question the ratios of predicted to
observed charge distortion are shown in Figure 7.8 as a function of
momentum. Here;too, the mass of the primary particle sppears only to
affect the predictions in second order compared with the variation of
multiplicity with energy. With the present numbers of muons, the effects

predictzd for particles of mass 1 or 20 with n_ « EO'5
D

are adequate
representations of the deta, without being exact fits. The departures
of the predictions from observation are such that an increase in the

mean heights of origin would improve the agreement (see also Figure Tol).

T-5+3 Conclusions
The distributions of heights of origin of muons have been sxszminsd
using two effects. The sensitivity of the angular deviations of muons

fron the core direction to the assumed nature of the nuclear cascadas
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seen establishedyand the data recorded in the present experiment
have baen s2s:n Lo be adsquate to distinguish between the different
possibilitiss wiih soms degrse of reliability in a rather restricted
region of momerntum and distance.

From these studies it is possible to select the variation of
multiplicity with energy as the most important factor considered
governing the height distributions for muons of rather low energy, ths
masg of the primary psrticle being of lesser importsuce. The height

distributions of muons in a shower initiated by a primary perticle of

s s . 0.5 .
mass 20 when the multiplicity varies as B 0 for energy greater than
3 x lO5 GeV sre nearest to those appropriste to the observed data.

However, these predicted distributions are not in exact agreement with
observation. These conclusions are supported by the tests of the
height distributions using the distortion of the charge ratios of muons
by the gzomagnetic field.

It must bs rzmembered that parametsrs of the model, such as
multiplicity, have not been permitted to fluctuate. Such fluctuations
must exist and could lead to an increase in the effective height of
production of muons, depending upon the variation of height with these

parameters.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

At great energies the only source of information upon the nature
of nuclear intersctions is the observation of various characteristics
of air showers. The muon coamponent especially seems likely to yield
significant information upon these interactions and also upon the nature
of the primary particles initiating the showerss Previous experiments
have determined the broad features of the muons and the present
experiment has measured the momentum spectrum of muons as a function
of distance from the shower core and the height of origin of muons of
various momenta. The directions of motion of muons within a shower
have also been investigated.

By comparisons of these measured data with theoretical predictions,
based upon various assumptions of the nature of the primary particles
and of the nuclear interactions,information about the first few

interactions in these very energetic events has been derived.

8-1¢ The lateral distributions of muons

In Chapter 6 of this thesis the lateral density distributions of
muons above various threshold momenta were seen to be in disagreement
with the predictions of rather simplified models of the nuclear cascade:;
wherever the muons originated in the early portions of the casgcade. A
rigorous treatment of the cascade in the atmosphere above 10 km,
combined with a treatment similar to the simple models below this

height, predicts muon densities comparable with those measured
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experimentally in the regions of energy and distance which previously
gave rise to discrepancy (Orford and Turver 1968).

Using this treatment, the effects of various values of the mass of
the primary particles snd other parameters upon the muon densities have
been investigateds It has been concluded that the typical 500 m showsrs
are initiated by particles of energy 2 x 1017 eV, having effective mass
graater than 10 (taken as 20) whilst the multiplicity of pions in
nucleasyr intersctions rises as EO'25 for energies below 3 x lO3 GeV,
but thereafter varies as EO°5. Neither of these conclusions is exact,
in that some variation of the parameters is possible within the errors

of the measured data. The values given are, however, lower limits of

the mass and multiplicity.

shown to be in satisfactory agreement with the predictions of this
medel. In particulsr the predicted densities of muons of momentum
greater than 1 GeV/c at great distances from the core were shown to be
sensitive to the mass of the primary particle. The measured densities
are closer to those predicted for a heavy primary than for the case of

a, proton primary.

8-2. The heights of origin of muons

The average heights of origin of muons of various mamenta have
been ascertained by two independent methods, the results of which are
in good agreement. The muons of very high energy, present in show:rs

with densities which are much higher than those predicted on simple
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theories (such as Hillas-l966),have been shown to originate considesrably
higher in the atmosphere than these theories would allow. This fact
reduces the requirement for the large transverse momentum attributed

to particles decaying to give these muons by de Beer et al.(l967).

The population of muons with large angular deviations from the core
which led Earnshaw et al. (1967b) to assume the presence of particles
of high transverse momentum has been reduced considerably by a careful
check of air shower arrival directions. The deviations have been shown
to depend on the assumed height distribution much more strongly than
upon transverse momentume. The surviving large devistions have been
accounted for by a more careful treatment using normal values of
transverse momentume.

The distributions of angular deviations for certain regions of
momentum and distance have been shown to be sensitive to the nature of
the nuclear cascade assumed in predicting distributions of heights of
origin. For the numbers of muons presently accumulated with the
spectrograph, there is only one such region of energy and distance
for which the data are sufficiently significant to differentiate between
the different assumptions used. The effect on the predicted distribu-
tions of height (and hence of angular deviation) of the mass of the
primary particle is less than the effect of the variation of multiplicity
with energy. The values of mass and multiplicity to give densities
comparable with those observed experimentally are insufficient to give
height distributions exmctly compatible with the distributions in the

observed showers. The predicted distributions give a mean height which
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is too low. This mean height is affected by various parameters of the
nuclear cascade, and it seems possible that values of these parameters
which give muon densities equal to those observed at high momenta may
also give height distributions close to those observed.

The geamagnetic charge distortion has also been used as a basis
for checking the distributions of heights of origin predicted by the
theoretical approach. The results are somewhat less sensitive to the
nature of the nuclear cascade assumed, but the observed results are
closest to those predicted for a primary particle of mass 20 and pion
multiplicity varying as Eo's. Changes in the height distribution as
suggested above would increase the agreement between prediction and
observation.

The changes in the parameters of the model suggested by this study
of the distributions of heights of origin will result in an increase
in the effective height of production of the muons of mean momentum
45 GeV/c, giving closer agreement with the height of origin deduced

from the measured charge distortion for these muons.

8-3, Conclusions

The present experimental work has been shown to be in agreement
with the predictions of a theoretical model using conventional values
for parameters such as the trahsverse momentum of particles
produced in nuclear interactions.. The multiplicity of pions produced
in nuclear interactions must vary as EO'5 for energies greater than

17

3 x lO5 GeV, and the mass of the particles (of energy 2 x 10~ ' &V)
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initiating the showers must be greater than 10.
Thus the mass spectrum of primary cosmic rays at an energy about
2 x .'I_OlT eV i3z rather narrow compared to that observed in nuclesr

Loy (Table 1.1)s Linsley and Scarsi

emulsions at energies about 10
(1962a,), studying the fluctuations of the muon numbers in shqwers of
primary energy greater than 1017 eV, concluded that the mass spectrum of
the particles initiating the showers was rather narrow, being probably
a pure beam of protons. However, in a later report Linsley (1964) said
'"The evidence (for proton primaries) comes from the shower-size
distribution for events with fixed total number of muons. The

T

distribution we presented at Kyoto for primaries 2 .1.0l eV is rather
narrow and is inconsistent with a primary composition similar to the
one at lower energiese This requires that the mass spectrum of primaries
with total energy P’lOlT eV must be relatively narrow. This means that
either protons predcominate, or that most of the primaries are nuclei in
the iron group. Another test, based on the distribution at another
depth, below the shower maximum, favours the first alternative although
the second is not excluded.’ Thus the present conclusion is not thought
to confict with the work at Volcano Ranch.

The contrast of the rather narrow mass spectrum of the primary
particles at an energy of 2 x lOlT eV with that observed up to primary

15

energies of 2 x 1077 eV suggests some change must take place in the
acceleration or transportation mechanisms affecting the cosmic rays

between these energies. It is not possible on the present evidence to
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differentiate between the several possibilities, which include
(a) a failure of the galsctic magnetic containment at a megnetic
rigidity of 2 x lO15 eV,(b) a break in the spectrum of cosmic ray
sources, and (c) the interaction of the universal blackmbody micro-
waves with cosmic rays in an evolving universe (Hillas l967a,b). It
may become possible to differentiate between these possibilities with

a8 knowledge of the effective mass of primary cosmic rays of energy both

17 eV. Experiments at

above and below the present energy of 2 x 10
Haverah Park described in the next section should enable these masses

to be determined.

8.4, Future work

The present report is based upon the data gathered over two years
of operation, up to May 1967. Since that time much data has accumulated
on 500 m triggers and the addition of this to the present data will be
of some use in the study of muon densities.

Future developments will include a considerable refinement of the
analysis of very distant or very large showers as a consequence of
the operation of the 2 km array. Preliminary results from this arrsy
(Earnshaw R.A., et al. 1967, Andrews et al. 1968). indicate that large
showers, initiated by particles of great energy, give a large response
in all the detectors, corresponding to a constant structure function
exponent from 300 m to 3 km from the core. In Chapter 6 it was seen
that for vertical 500 m showers at distances from the core greater than

.

about 1 km it is practicable to distinguish experimentally between




FIGURE 8.1
The lateral distributions of muons of momentum
greater than 1 GeV/c for primary particles of
energy 5 x 10:L8 eV and mass 1 and 20. Also shown
as a function of distance is the ratio of the

density for a heavy primary to that for a proton.
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heavy primary particles and protons using the density of muons of
moments above 1 GeV/c. A similar comparison is shown in Figure 8.1
for showers incident at a zenith angle of 200, initiated by protons
and particles of mass 20 of energy 5 x 1018 eV per nucleus. An
investigation of the lateral distribution of muons in large showers at
distances greater than 2 km from the axis may lead to the determination
of the mass composition of the particles initiating the showers. To
distinguish betweern the two cases at these great distances it would be
necessary to employ large areas of muon detectors. One possibility
would be to use very large area flash tube trays, shielded by about 20 cm
of lead to give & sufficiently large muon threshold energy for the flux
of muons to be easily calculable. However, at these very large distances
from the core, nearly all the particles present are muons and any
electrons or photons are of very low energy. Thus the response of
the Cherenkov detectors of the air shower arrays must be principally
due to the muon component,and it may be possible to use the lateral
distribution of this response in place of the lateral distribution of
muons. The validity of this use of the Cherenkov detectors far from
the core may be checked by a comparison, at these distances, of the
density of 'equivalent muons' recorded in the central 500 m Cherenkov
detector and the density of muons observed in the large area shielded
liquid scintillator which is adjacent to this detector.

Another development is an increase in the areas at each of the outer

150 m array detectorse This array will be run in parallel with the 500 m
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array, seven pulse hzights being recorded whenever either array is
triggered. This should lead to the analysis of 500 m showers which now
fall too close to the central detector for accurate analysis and also
to a great improvemenl in the core location for showers detected by
both the 500 m and the 150 m srrays. This should enable the momentwun
spectrum of muons in 150 m showers to be subdivided by distance to quite
large distances, snabling a more accurate examination of the dependence
of the spectrymon size to be carried out. At distsnces characteristic
of the 150 m arrsy, a substantial increase in the med.m. of the
spectrograph would enabls the expected dependence on the early interac-
tions of the nuclear cascade of the very high energy muon densities at
these distances to be established. The primary energies of the particles
initiating the 150 m showers will be rather below 2 x .lO17 eV, and thus
an estimate of the effective mass of these particles will be of great
interest.

The conclusions rzached sbout the distributions of height of origin
were limited by the amount of dats available. The anticipated two-fold
increase in the numbher of muons should serve to increase the precision
of the results and will enable further comparisons of angular deviations
to be made, giving increased weight to the conclusions. It has been
seen that the present calculated distributions of height of origin
apparently undgfestimate the contributions to the muon densities from
great heights; various factors which would reduce this discrepancy wers

cited above. If the predictions of the amended calculations are not in
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agresment with the statistically improved data, a close inspection of
the dats for any sources of bias must preosde any further modifications
of the theoreticzl approach.

These incyeases in the data should enable the variation of the mean
height of origin with distance from the core to be ascertained, using the
geamagnetic distortion of the lateral distributions of muons. The same
effect, used with the dats from the modified 150 m array, will ensble the
variation of heights of origin with shower size to be investigsted.

Occasionally in the spectrograph records a particle making a very
large angle with the general shower direction is observed. Some of the
particles constitute the expectaed flux of unsssociated muons and ths
remainder have been shown to come from the direction of the core
(Earnshaw et al. 196Th). They have been gearched for, and tentatively
identified as delayed psnetrating particles (Blake et al. 1967). From
the results onr the angulsr deviations of muons, it can be seen that
muons originating very low in the showsr with transverse momentum of
the same order as their longitudinal momentum in the ldb system should
be observed at great angles to the rest of the shower particles.
Bjornboe et al. (1968) have concluded that such delayed particles are
not heavy (e.g. quarks), nor can they be muons of energy greater
than 2 GeV. Further observations on this phenomenon could be of

great interest.
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APPENDIX £

— e e et o

SUBDIVISION OF THE DATA BY MOMENTUM

When dealing with effects which are functions of momentum and
examining the dependence upon other parameters or évaluating ﬂle
variation with monentum it is convenient to treat limited bands of
momentum. Because of the scattering of muons by the magnet iron
it is not possible to correlate directly deflection with momentum.
However a momentum wmay be ascribed to each particle to which the
deflection would correspond in the absence of any scattering (pure
magnetic momentum), and subdivision on the basis of this estimate is
possible.

Th¢ data have been subdivided for all purposes into five bands
with limits showm in column one of Table A.1l. The data within each
band have been amlysed to derive -a momentum spectr@ corresponding
40 these deflection:s (seétion 5.2.2), yielding the true momentum
spreadhcorresponding to these bands of pure'magnetic momentum. From

these spectra the mean true momentum for each band has been found

using ' 1000
. , P s{p) dp
I) ==
1000

S(p) dp
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TABLE A.1
Limits of pure -
magnetic momentum P
(Gev/c) (Gev/e)
+ 0.28
1-3 1.61 ...0.26
+ 0.80
3-8 3.25 _ 9.85
+ 2.3
8 - 15 6.61 _ 0.p
+ 4.6
15 - 30 1k4. 93 - 3.0
+ 22.8
> 30 45.0 - 19.3

and upper and lower limite placed on this mean momentum correspond-
ing to momenta including 40% of the areas above and below the mean
value, with the results shown in Table A 1.

The trial spectrum was closely similar to that appropriate to
the total data recorded by the 500 m a.r.ra;y, but it is expected that
as the distance from.the core varies a.nd the mamentum spectrum
varies, so the mean momentum for a given band will vary. This
variation of p has beei; examined and found to be within the errors .
quoted on f) for the tot"g,l 500 m case. Thus the stated values of

mean momentum have been used.
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APPENDIX B

THE DEFLECTION OF MUONS BY THE GEOMAGNETIC FIELD

The geomagnetis deflection of muons observed with momentum P,
GeV/c produced at an altitude Z Km above sea level in an air shower
of zenith angle 6 and azimuth ¢ can be derived as follows.

The mean momentum of the muons between production and observation
is

p= p_ gégi {é - exp(- z/7.5)}/cos 8 GeV/c

Let a be the angle between the shower axis (and assumed muon

direction) and the magnetic field (angle of dip = i ), given by
cos a4 = cos 1 cos® ~ sin 1 sin O cos ¢
Writing p in eV/c, these muons will have radii of curvature
(R) in the earth's magnetic field (H gauss) of

R = p/300 H sin a cm

Thus the angle (8) through which the muon is bent is

and hence the linsar deflection of the muon normmal to the lines of

force is

dr =R sin &

k
[

§
N
n
(]
(]
0
]
1=
RN

with x and y components

€r
S

.{ fx == (dr cos

dy = Y (dr sin ¢),

-~
[¢]
o}
0
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where X = + 1 for a positive muon if shower does not arrive
'under’ the lines of force

Y

+ 1 for a positive muon.

In this calculation it is assumed that the increasing deflection
of a muon as it loses energy may be successfully averaged by using
the mean momentum of the muon. This has been checked by dividing
the atmos;phere into 100 gm cm-2 bands and treating each of these as
describedlabove and summating these bands over the path length in
question. The distances through which the muons are deflected are
slightly smaller in this case than those calculated by the above
formulation, leading to a reduction in the charge ratios predicted.
This has not been allowed for in this thesis as it will be offset

to scme extent by the effect discussed in section T7-2.1.
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APPENDIX C

THE DERIVATTON OF THE HEIGHT OF PROIUCTION. OF. A MUON
FROM ITS ANGULAR DEVIATION FROM THE CORE

The projectud incident angle of the shower core (wp) is found

from 8, ¢ by

tan 1{:1\ = tan 0 cos(¢ + 34.5)

i

and by rotation of the axes used, the distance along the ground from
the core of the shower to the spectrograph is projected into the
measuring plane (AC in Figure C.1).

Referring o Figure C.1 the height of production may be found

as follows:-

Let AC = x
GC = r
OC = h

o si
GF = AG sin wo wvhere Q = ¢ - \llo
51in(90 - Q) P
2 2
. F . W (r x%) sin ¥

Y = + 1 if ¢Iﬁ and y¥_ are of opposite signs

~~=
N
|

= .« | if \L(D and \l:o are of the same sign

h = CF/tan (R)




Yo-¥p
Muon
EAS
F_G
¥o
C A
¥p
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Now this value of h must be corrected for core inclination:-

L4

h® = h cos (\jlp)
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APPENDIX D

THE PREDICTION OF THE DISTRIBUTION .QF. AJ\GULAR
DEVIATIONS OF MUONS FROM THE CORE DIRECTION

A muon is assumed to lose energy at a constant rate of 2.235 MeV
gm-lcm'2 and thus at a height £ gm cm™2 & muon observed with momentum

p has momentum

L4

p’= p+ 0.1+ £ x 0.00225 GeV/c .
It is assumed that this muon is the decay product of a pion

which decayed promptly on formation and thus has an average momentum

p, = 132 p’. GeV/e

the median angle of the decay process being
0 = 2.1 degrees -
The muon trajectory is bent by the geomagnetic field (H) and
an average value (%) is used for this, evaluated for the case of a
vertically incident shower

500 x H x sin 250
(p +p°)/2

x 57.29 degrees.

The decay and geomagnetic angles of deviation are taken as
delta functions and thus the projected angular deviations of the muon

from the core can be changed by an amount V¥ where

Y = 6% ¢

The total width (o) of the Gaussian scattering distribution is
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composed of measuring errors (UN) and Coulomb scattering in the air

(qA) and lead shielding (cpb) as

o =\/(UN2 +oA"’ +<JI}?2 )
Because of this scattering, muons may be scattered to within the

16o limit imposed on the data. Thus spatial opening angles of
production between - 500 and 500 are considered. For a-fixed height

and a band of distance those values of opening angle () which will

not fall within the band are rejected and for those which are accepted

b, = p sin Q GeV/c

and the probability of this Py occurring is evaluated using the CKP
distribution -
g(@) = £(p,) = Pt_ exp (- p/p.) ap
t 5 t' Yo t
Py
where P, = 0.2 GeV/c.
This is now projected into the measuring plane of the spectro-
graph, allowance made for V¥, and the probability distribution of

projected angular deviation is scattered by a Gaussian distribution

of standard deviation 0. This scattered distribution is normalized

O &} ; r

to unit area between | - 16 and 16 and folded about zero to give
the final distribution of the absolute values of the angular deviation
fromn the core. Due to the method of calculation the first cell of

angular deviation is only half as wide as the other cells, and thus
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in any camparisons it is only given half the weight of the

others.
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