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Abstract.

Early experimental work on the heights of origin of muons in
Extensive Air Showers, particularly-that of Earnshaw et al (1973) is
- described in detail and the relative merits of the experimental
techniques used are considered, As an extension of the work,an extensive
series of computer simulations was performed both as an aid to
interpretation of experimental data and to indicale measureable
paramelers for future experiments, Both the ternoral and spatial
characteristics were simulated and a large amount of data is presented
‘and compared where possible with available expérimental results,

Recent work using a different model for shower cascade development
is described and compared with the earlier simulationé.

A design for a new expe;imeﬁt which has evolved from this work
and is.now nearing completion is fully deécribed. The experiment
;onsists of two widely sepafated (250m), heavily shielded spatial angle’
detectors (employing neon flash tubes) with a particle track resolution
better than half a degree. Methods of data extraction and intgrpretation

are described and the likely modes of operation discussed,
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Preface.,

This thesis gives an account of work performed in Durham
and at the British Universities Air.Shower Array at Haverah Park
- during the period 1973 to June 1976,

Experimental work on the heights of origin of muons by
Barnshaw et al 1s descrihed in detail. A subsequent series of
rigourous computer simulations made by Dr. K. E, Turver and Mr. W.
-Sephcnson on the spatial and temporal properties of muons in
Extensive Air Showers, to aid in the interpretation of experimental
data and to act as a basis for the design of a-new_experiment are
described. More recently, new sim*‘atiqhs have been made emnloying the
same techniques as Stephensdn and Turver to investigate the effects
on the muon component's temporal and spatial properties when using a
differént model for the nucleon cascade.-Preliminary results of this
latter work are presented,

A new experiment (designed on the basis of the early simulation
data) to investigate the spatial properties of muons in large EAS is
now nearing completion and is described in detail together with an
outline of likely running conditions. The design and construction of the
new instrument has been the sole responsibility of the author together

with the analysis of the new simulation results,
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1.

Chaplter One.

Introduction

1-1 The Cosmic Rays at the Highest Energies,

The presence cf the cosmic radiation was first detected in
the year 1900 when C.T.R. Wilson observed that a thoroughly insulated
gold leaf elesctroscope slowly lost charge. This phenomenon was
originally ascribed to ionizing radiations emanating from rocks in
the earth's crust. When the experiments were repeated at sea no cihunge
in the rate of charge loss was observed which led to suggestions that
the radiation was exlra-terrestrial in origin. This was confirmed in
1912 when Hess and colleagues made several balloon-ascents and found
a éteady increase in the radiation with altitude (Hesg 1912) The
cosmic radiation (as it became knoﬁn) has been responsible for many
importﬁnt and exciting discoveries in both Nuclear Physics and Astronomy
.(for example, many of the naw well known fundamental particles were
first observed in cosmic rays} Subsequent research both above and at
the bottom of the atmosphere has shown the existence of a wide range
of radiation of energies ranging from soft X rays through to 1020eV
particles, Some of the most inlteresting particles are those of energy
greater than 1018eV which are possibly of extra-galactic origin but
the direct observation of which is difficult due to their scarcity

18y particles & 1m~%/3000 years). Fortunately

(rate of arrival of > 10
there exist techniques to study secondary radiation which offset the
above difficulties and make possible the indirect study of these

energetic primaries.,

1-2 The Extensive Air Shower,
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Up to an energy of'x 107 eV the primary flux is of sufficient
strength to permit direct observations to be made at high altitudes
(balloons or orbital ovservation platforms) with useful observation
periods being as short as a few dayé. Above this energy however,

. direct observation becomes increasingly difficult and at the higher
energies indirect methods must be employed,

When a highly energetic cosmic ray primary impinges on the
earth's atmosphere it is presented with approximately 1030gcm‘2 of
material to traverse before reaching sea level, Laboratory studies
have shown the proton to have an interaction length of approximately
80gcm‘2 in air (the mean free'path for a heavy‘nucleus is correspondingly
shorter). Thus a primary is likely tqlinteract catastrophically with
an air nucleus producing a shower of secondaries. Acceleralor and
other experimental data indicate that the secondaries are pions,
strangé particles and heavy mesons. With a sufficiently energetic
primary the secondaries car?y off sufficient energy to initiate further
interactions with air nuclei. This atmospheric cascade is repeated
until the secondaries decay, are no longer energetic enough to initiate
further interactions with air nuclei or ground level is reached. The
transverse momentum of the secondaries plus Coulomb scattering in the
atmosphere causes a laterally developing extensive shower of particles
covering many square kilometres at ground level (Extensive Air Showver
'[EAS]). A large array of detectors specifically designed to observe
these showers offsets the low primary flux rate and makes possible the
study of the most energetic cosmic rays.

Many different techniques are used to detect and study large
showers, Té date they have all relied on sampling various paraﬁeters

of the seéondary particles (relative arrival times, pulse profiles,



particle numbers/density, etc.) at widely spaced detectors and
subsegvently using computer analysis to feconstruct the shower in
detail, Most of the world's alr shower arrays use scintillation
detectors (employing either liquid or plastic scintillator) as primaxy
. detectors. The British Universities Air Shower Array at Haverah Park
however is unique in that an unusual and economic detection technique
is employed btased on the Cerenkov radiation emitted by the charged
particles as they traverse 1'2m of clear wgter. The low cost of the
method enables very large detector areas (34m?) to be employed.,

During recent years several different techniques have been
suggested uhich may offer attractive alternatiﬁe methods for the
detection of the largest showers. They are:-

| a) Radio Frequency Emission. subsequent to thé pioneer work
of Jelley et al (1965) studies weré made, particularly by Allan and
co-workers at Haverah Park, of the radio emission from EAS as a function
.of various shower parameteré. The initial hopes that the method would
compete favourably with convential arrays (particularly with respect
to the detection of large distant showers) seem unlikely and most
work on this topic has been terminated with the recognition of the
poor signal to noise ratio.

b) Night Sky Optical Gerenkov Emission. In contrast to the
radio work studies of the night sky Optical Eerenkov radiation are
‘rapidly assuming increasing importance following considerétion of the
early work of Galbraith and Jelley (1953). Offering a simple, reliable,
accurate and portable means of air shower study, Cerenkov light
measurements contain valuable detail of the ﬁAS development and make
possible meésurements at any site thus allowing cross calibration of

the world's fixed particle deteector arrays.



c) Atmospheric Scintillation. Greisen (1966a)suggested using
the atmosphere as a scintillation medium to record the passage of very
large distant air showers and to track their development., A sophisticated
experiment to study the phenomenon is currently under development and
. 1s fully described by Bergeson et al (1975). The success of this

experiment may suggest an exciting future for EAS studies.

1-3 The Longitudinal Development of Large Air Showers.

At ground level a shower consists of many millions of secordcry
particles moving in substantially the same direction as the primary
particle. The particles in the region of the core are mainly electrons
propagated by the electron puoton cascade. The muén component comprises
onl& a few percent of the total of chérged particles ét small core
distances but, at the large distanées normally considered in many
extensive air showers they repfesent a significant proportion of the
iotal and they dominate other components in the shower periphery.

Although the size of the secondary component of a shower at
varying atmospheric depths has yet to be measured directly equivalent
data have been obtained by crcss relating results from the various
high altitude experiments. This is of great importance as the mean
height of maximum cascade develoPment and individual fluctuations
reflect the rate of shower development, nature of thg primary particle
‘and details of high energy interactions. The longitudinal development
of showers arising from primary protons or light nucleil should
fluctuate greatly (mainly due to the long mean freé path of the primary)
with the maximum shower size remaining constant but the depth of
maximum varying considerably., In contrast, heavy nucleus primaries

with a reduced mean free path for interaction with an air nucleus may




cause a small decrease in the depth of maximum but will lack large

scale fluctuations.

1-3.1 The Electron Photon Cascade.

The electron component arises from the decay of uncharged pions
from the hadron cascade to photons with subsequent pair production.
The electron-positron pairs so prcduced then radiate bremsstrahlung
photons leading to more pair production and a self perpétuating cascade
off electrons, positrons and photons.

Early experimental investigation of the electron photon cascade

)

of the electron shower was directly

®

quickly showed that the siz
related to the primary energy., Difficulties arose in that accurate
measurement of shower size is difficuit due to the 10& particle
densities at the greater distances.from the shower core giving rise to
the neéessity for large detector areas. Recently this problem has been
bvercome by measuring a groﬁnd parameter in showers which is depend@yt
on the primary energy but which shows small fluctuations and may be

well measured (Hillas et al [1971]). )

1-3.2 The Muon Component.

The muon component of EAS arises from the decay of charged pions
in the upper parts of the shower., The transverse momentum of the
‘parent pions is transferred to the daughter muons causing the shower
to spread laterally and the muons to dominate the outer regions,

Due to their small interaction cross section and long life,
many of the muons survive to sea level., Scattering due to Coulomb
effects and interactions with the geomagnetic field is modest and well

understood; thus study of the muon component yields much information




about shower development. In the past, work has been mainly concerned
with tihe definitive measurement of the average momentum spectrun,
arrival times etc., but current developmenis are tending towards a
study of the muon components' origiﬁ and development in individual

" showers,

1-4 The Primary Composition and Energy Spectrum of the

Cosmic Radiation,

At energies where direct observatlon is possible the primary
mass spectrum has been investigated by emulsion stacks flown in
balloons and data from orbital satellites., Up to about 1013eV it has
been possible to identify the primarieé confirming the presence of
protons and heavier nuclei although the relative abundances rcmain
undetermined at these energies,

'In the air shower region of the energy spectrum the chemical
composition of the primaries is still largely unknown and the
identification of the mass spectrum in these regions is one of the
major quests of curreﬁt research. In the forseeable future it is
ﬁnlikely that much direct or detailed data will become available on
the primary composition, but it may well be possible to determine the
ratic of prctons to heavy nuclel at these energies. A review of the
available data in the energy range 1010 - 1019€V has been made by
‘Sreckantan (1972) which demonstrates the present inconclusive position.

The shape of the primary energy sﬁectrum has posed a problem
over many regions and-current data indicates a slope equivalent to an
exponent of 2°2 in the integral energy spectrum for energies between
1016ev and 1019eV. In contradiction to earlier indications a

flattening in the spectrum is again suggested at higher energies.
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Greisen (1966b) suggested the existence of a cut~off at the highest
energl.s (>1019ev) arising from the interaction betweeﬁ high energy
protons and the low energy photons of the 3°K background radiation.
Extragalactic protons with a path 1éngth greater than the characteristic
- distance for the p -~ y interaction should be removed from the primary
flux, investigation to date has been hampered by the scarcity of such
high energy primaries although no evidence for a cut-off has yet been

observed,

1-5 The Stage III Muén Experiment at Haverah Park.

In the work of Earnshaw et al (1973), révieged in detail in
Ch;pter Two, attempts were made to inyéstigate the heights of origin
of muons by two different methods, firstly by investigating the muon
charge ratio distortion due to interactions of the muons with the
geomaghetic field and secondly by means of a direct trigonometric
method. The experimental limitations imposed by the small sensitive
area of the Haverah Paxrk Spectrograph restricted the work to obtaining
mean heights of origin for muons in a number of showers. The
trigonometric method proved to be superior in both experimental
simplicity and in the quality of the results which were in good
agreement with the model simulation data. Consequently, a series of
in depth computer simulations were commenced to pursue the matter
.further and éct as a design study for a new experiment to measure the
height of origin of muons in individual showers.

The simulations were made for vertical showers initiated by
1017 ana 1018eV proton primaries with varying heights of maximum.

The computa%ions followed the development of the shower muons in a

small segment of the shower until they either decayed, reached sea

.



level or struck a hypothetical array of detectors at varying core
distances, These detectors were assumed to be track delineating
and particle timing devices of high precision beneath varying

thicknesses of absorber. The simulations allowed fully for the

~ problem of 'sampling' the sparse muon flux with detectors of finite

area. The results confirmed the sensitivity of the muon heights of
origin to cascade development and confirmed the viability of the
experiment as a possible indicator of the atomic mass number of the
rrimaries. |

Two large area muon detectors at the Haverah Park Array are

now nearing completion and should become fully operational by September

1976. Designed on the basie of the simulation resﬁlts the detectors
are capable of high accuracy track deiineation (<0-5°) and of
recording at least 15 - 30 muons in 1018eV chowers at core distances

in excess of 300m.



Chapter Two.

The Muon Component. and Shower Cascade Develdpment.

2-1 Introduction.

Muons were one of the earliest and most studied components of
air showers as, due to their long lifetime, low interaction cross
section and small Geomagnetic effects they carry information from
all parts of a shower. Muons may_be expecﬁed to reveal much information
about the shower cascade development. In this context several atterpts
have been made during the last 15 years to study the muon's spatial
angles with respect to each other and the shower core dlrection (de
Beer et al [1962,1970], Earnshaw et al [1968]).

. Somogyi (1966) suggested and Offord et al (1968) showed that it
was practical to estimate the muon-heights of origin from the charge
distortion of the ratio induced by the Tarth's magnetic field.
khristiansen (1957), Clark et al (1958), Oren (1959) and Kamiya et
al (1962) estimated the interactions of muons with the Geomagnetic
'field in relation to the possible broadening of the muon lateral
distribution, rather than in studies of the heights of origin. The
. experiments to date have only confirmed the general properties of
muons' origin in EAS and have been restricted by several factors
including a lack of precision in EAS and muon data, poor statistics
‘and over-~simplified analysis methods;

The situation was further considered by Earnshaw et al (1973)
who obtained improved data and used a more refined analysis technique
to obtain the mean values for height of origin for muons of various
momenta recorded at different core distances. In view of the relevance

of this work to the new experiment a detailed review is given in this
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chapter.,

2-2 Experimental Method Employed by Farnshaw et al,

All measurements were made at Haverah Park Air Shower Array
. using the Mk II Magnet Spectrograph which has been described by Machin
(1973) and Pickersgill (1973). The Spectrograph flash tubes were
triggered on command from the main shower array whenever it detectgd
a shower initiated by a primary of energy about 10176V, The quantities
| o measured for each muon were charge, momentum, and arrival directiorn:.
Muons in the momentum band 1-30 GeV/c and at core distance 150-600m

....... L. ] P
were studied,

2-3 The Mean Heights of Origin of Muons Derived Experimentally

from Investizating the Charge Ratio Distortion Resulting

from Interactions with the Geomagnetic Field,

Superimposed on all individual particle studies is a deflection
due to Coulomb Scattering, allowance for which must be made in all
cases where the arrival direction of particles is important. If large
. numbers of particles are considered deflections due to geomacgnetic
effects are superimposed on all their paths regardless of Coulomb
Scattering and if angular deviation due to the latter is small the
geomagnetic deflection in the bulk of muons is directly related to
‘their heights of origin. This can be measured by study of the distortion
in charge ratio brought about by lateral shifts in opposing directions

of oppositely charged particles.

2-3.1 Theoretical Considerations.

(a) Muon deflections in the geomagnetic field.

-
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The deflection in the geomagnetic field was evaluated for
muons of varying heights of production aﬁd momentum for an initial
primary direction specified by zenith angle @ and azimuth angle @.

The values of the sea level momentum chosen included an allowance feor
. energy loss by ionization, the deflection being evaluated as the mean
of production and sea level momenta. The resulting mean deflection

velghted by the observed Haverah Park zenith anéle distribution was
obtained for a range of azimuth, thus ;nab;ing the projected component
of the mean deflection into each of the three sensitive lobes of the

array (see Figure 2-1) to be derived,

(b) Charge ratio distortion by the geomagnetic field.
| To derive the muon charge ratié appropriate to.showers landing
in each of the lobes shown in.Figufe 2-1 three assumptions were madg:—
. '1) The lateral distributions for positive and negative mucns
lare identical in the absencé of.any geomagnetic field.,

2) In the presence of the geomagnetic field oppositely charged.
particles undergo the same geomagnetic effects but in opposite senses,
Thus the lateral distributions of negative and pbsitive muons are
separated by twice the mean deflection.,

3) At a given core distance the ratio of the ordinates of the
lateral distributions appropriate to positive and negative muons
‘indicates the expected muon charge ratios.

To determine the mean height of origin an experimental lateral
distribution appropriate to the mean considered momenta was used.

The nunber of events investigated was small, restricting the possibility

of investigéting the phenomena at several core distances., As a

result, studies were constrained to a single distance interval of
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150~600m corresponding to the predicted charge ratio for the median
distance interval of 300 £ iOm,

The calculated values for geomagnetic defleclions of positive
muons originating at a height H above sea level, with zenith and
azimuthal angles 0 and ﬂ respectively and two momentum values are
"~ presented in table 2-1, Other values may be obtained by interpolation,
It is still possible however for ihz height of production or the charge
ratio distortion to be obscured by other factors, both experimentally
and theoretically. The following possible sources of uncertainty were
considered and in all cases shown to be insignificant:-

1) Variations in the: geomagnetic field ﬁith altitude.

2) Deflections in muon trajectory induced by the earth's
eléctrie field,

3) Exrors in corec location.

L) The acceptance.probability by the Spectrograph of a muon
deflected in the geomagnetic field. .

5) The mean momentum ascribed tc events of known deflection in

the Spectrogragh's magnetic field.

2-3.2 Validity of the Calculations.

The validity of the calculations was checked by predicting the
variation of charge ralio recorded in each sensitive lobe for various
azimuth angles at all momenta greater than 1Gev/c and a mean height of
origin of 5km., These results were compared with the appropriate
experimental lateral distribution function for the Xyt 1obe (see
Figure 2-1). This was found to be the same as XY~ but with a reversed
azimuth angle, thus, to improve the statistics the evénts in the two

regions were summed, The other regions (X+Y: X+Y—etc.) received
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similar treatment. The resulting charge variation is presented in
Figure 2-2 and it will be seen that good agreement exists between

. et s - -yt . .
observations and predictions. In a similar manner the X Y region is
symmetrical about an azimuth of 180° and is presented in Figure 2-3.
Once again good agreement is evident indicating the overall validity

of the cqlculations.

2-3.3 The Mean Heights of Origin of E.A.S. Muons Derived from

Geomagnatic Effects,

An estimate of the muons' height of origin was obtainca by
-comparing experimentally observed charge raiioé with predicted
variations for muons of given momentum and heights of origin.

| In an attempt to improve statistics the data were combined as
described above and the mean charge ratio (q u)/81"]) found, The
rénge of azimuth angle was restricted to include ratios which were
eilther greater than or legs than one but not boih. In the X~Y* region
- limitations were not imposed as the predicted charge ratio was greater
than unity over the entire range 0-360°, In the combined area X'Y¥
the range taken (180°-360°-45°) caused the predicted charge ratio to
be less than unity.

Hence two estimates for the height of origin were obtained for
each momentum band, one for the XﬁYi region where the charge ratio is
greatei than one and the X'y® region with a charge ratio less than.
unity. The variation of these two observed mean charged ratios with
sea level momentum are shown in Figure 2-4 and the estimated muon

"heights pf origin are shown in Figure 2-5. The vertical error bars
indicate the one standard déviation limits'aue to Poissonian errors

and the undertainty in the experimental lateral distribution function,
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a 10% uncertainty in momentum is represented by the horizontal error
bars., Also shown are the predicted mean heights of origin expectcd

from showers initiated by primary protons,

2-4 The ¥ean Heights of Origin of Muons Derived Experimentally

by a Trigonometric Method,

2-4.1 Theoretical Considerations.

The height of origin of a muon can be derived from elementary
dynamics and is represented in Figure 2-6, An energetic muon of
momentum P (and transverse momentum Pt) originating from a height H

landing a distance r from the shower core must obey:-

Pt i
e (1)

Scattering effects-(Couloﬁb and Geomagnetic) on particles
below a momentum of 10GeV/c cause daviation from this relation, but
it is still broadly correét. The transverse momentum distribution

postulated by Cocconi, Koester and Perkins (1961) (The CKF Distribution)
was adopted for Py which led to good agreement with experiment.

The experimental work was constrained by the geometry of the
Spectrograph as the instrument was originally designed as a momentum
analyser and the ﬁuon deflection only needed to be measured in one
plane. Thus, as the muons' angles of incidence in this plane were
known,»all other measurements were transferred to this plane. The
angle to the zenith made by the shower core in the Spectrograph's
measuring plane (Yp) is given by:-

| tanCWP) = tan(0). cos(f+E) (2)
' . where:- 0, § are zenith and

azimuthal angles
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respectively measured
by the main array and
E arises from orientation
of the Spectrograph
recording plane wrt the
main array.

From the rotation of axes the core distance Ty from the Spectrograph

is given by:-

. = Yoos(E) - Xeia(E) (3)

where X,Y are core
coordinates.

Study of Figure 2-6(b) enables the following relationship to be

derived:-

T cosCYp)'cos(Wb)

H = (4)
sinCPP-*o)
r, : .
or T = tan(Yp) - tan(?o) (5)

Simvlations and experimentally obtained data have shown that the
angle between the muon and core directions QYP —~¥0) is usually small
(10° or less), thus errors in heights of origin are mainly dependant
on errors in (YP - Yo). Errors arising in r; are less important but
care was exercised and cases where rj waslless than 10m were excluded

from the analyses.

2-4,2 Errors and Effects Arising from Main Array Geometry.

a) Core distance rj .,
The'array triggering_reqﬁirements and geometry (Tennent [196?])
define the smaller showers to fall in the'regions between the lines

connecting detectors (Figure 2-1). The Spectrograph plane rotation
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of 34-50 with respect o the coordinate system causes more showers

1o be seen in the rj] positive region than r; negative with a ratio

of about 1°5 : 1, However, the mean value of (r; negative) is larger
than the mean value of (r, positive) which tends to compensate in the
analysis,

b) Effects on observed angle CFP —‘Po).

From equation 4 it can be ccen that if\PP and ¥ have the same
sign (differences can only be expected in near vertical showers), then
their differecnce (Yp —‘fo) must nave the same sign as r; to give a
pesitive value for H., From Figure 2-1 it can clearly be seen that two
-populations of v and thus ?P - ?O) exist each predominantly positive
or negative. Figure 2-7 shouws the generally negative tendency of
(wé - ¥,) for (r; negative) events, |
c) Measurement error on CfP - Y’O).

"Hollows (1969) estimated the overall measurement errors in zenith
.and azimuthal angles at the Haverah Park Array as about £ 2°2° and
+ 7° respectively. When transformed into the Spectrograph plane this
gave an error in core direction of about =+ 2‘50, the error in the muon
arrival direction ¥, measured in the spectrograph plane was some 0+3°,
Thus the greatest contribution to the overall error in (WP - 4’0) occurs
in © and ﬁ which are determined by the fast timing techniques ﬁsed by
the purticle detector array.

Applying eguation 1 to muons of momentum greater than 30GeV/c,
with height of origin of 10Km recorded at a typical core distance of
300m gives the angle (?p—-?b) arising from the transverse momentum of

the parent pion as less than 1°. An estimate of the uncertainty in the

angular measurement for high momentum muons from the distribution in

(Yb - #’O) is thus possible. This distribution was obtained using
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values of\{/p based on measurements of azimuth and zenith angles
corrected for shower front curvature (Suri [1966]), giving good
agreement between r.m.s. expected angular uncertainty and the observed

values.

2-4.3 Experimental Results.

By direct applicgtion of equation 4 the mean reciprocal height
of origin was determined for 16 intervals of momentum and core distance,
viz:-~-

momentum 1-3 3-8 8-15 15~30 GcV/c

core distance 150-250, 250-350, 350~h50, 450-600 m

The heights of production were obtained from the mean value
and standard deviation of 1/H and are shown in figure 2-8. Also shown
are typical simulation predictiéns fof both a proton and iron nucleus
primary. Figure 2-9 shows the heights of origin as a function of core
distance for different mémentum bands.

To allow direct comparison with other work a simple relation
was fitted to the results. The data were assumed to be a linear
function of core distance, so Figure 2--9 can be represented by straight
parallel lines., Least squares fits wers made and the slope determined
from the mean and-standard error, Comparison with the momentum
dependence of production-height enabled the constant terms to be
resolQed into a constant and a logq P term giving a relation of the

form:-

o : B

1'68 + 0-15I{m

where:- Hg

a 174 £ 04020

B 263 % 33m
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which represents the production height of muons reasonably well in

the momentum and core ranges studied.

2-5 Comparison of Results with Data from Other Experiments.

The production height of muons with momentum >lGeV/c at a given
core distance was obtained from the calculated muon momentum spectrum
and the relation below:—_

The expectation value of an experiment to measure the muon height of
Production in the momentum range 1—°00Geﬁ/c with no reéélﬁtiﬁﬁ}in

. _
momentum

Y H(p,r) s(p) ap
<H(r) > = =i (6)
1 5(p) av

wheret~ H(P.r) height of
origin

momentumn
spectrum

it

i

S(P) dp

The work describted here was limited to muons with Homenta
>1GeV/o whereas other workers used a low energf cut off of O'3GeV/c.
. Therefore to effect a ~omparison the Durham results had to be
extrapolated downwards in momentum to a figure of O'5GeV/cp which was
also taken as the mean of the momentum band 0-3—1GeV/c, A weighted
mean height of production for all muons >0:3GeV/c was obtained from
simulated showers for each distance inter&al. The data, adjusted for

a low energy cut off, is shown in Figure 2-10.

2-5.1 The Results from Other Experiments.

de Beer et al (1962) used similar methods to predict the
-angular distribution of mucns with momenta >1GeV/c and confirmed the
general results of their predictions using spark chamber telescopes,

At Haverah Park, Suri (1966) measured the mean radius of the shower
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front by fést timing techniques and Baxter (1967) measured the mean
height of production from studies of the water tank pulse profiles.
Linsley and Scarsi (1962) timed the arrival of individual muons with
respect to the shower front at the Volcano Ranch Array. Points from
. 2ll these experiments are shown in Figure 2-10 where the results of

Linsley and Scarsl are corrected to sea level.

2-6 Simulation Predictions of the Distortion in Charge Ratio

and the Distribution in Muon Angles with respect %0 the

Shower Core,

2-6,1 Comparison between Simulation Predictions and the (¥, - Y o)

Distribution as a Test of Validity for Shower Models.

The form of equations 3 aﬁd ly imply that there exist regions
of 0, ﬁ, X, and Y where small changss cause large changes in 1/H, also
the mean heights of produétion shown in Figures 2-8 and 2-9 indicate
slow change with core distance and momentum., Thus a strong dependence
on assumed primary mass or detail in the model simulations was deemed
unlikely., Hence it was decided to predict the distribution in
Crp - 1’0) for various core distances and shower models to seek out
parameters sensitive to the shower model -

The production momentum of a given muon was calculated by
assumiﬁg a constant rate of energy loss (2°2 MeV g‘lcmz) enabling the
parent pions' momentum and hence the 1 - | decay angle to be determined.

The major factor in deviation from the core is the pions' transverse

" momentum and the CKP distribution was used to determine the probability
of observing a muon of momentum P in a chosen distance band arising

from a heiéht interval H,H+dH., This process was repeated for all
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height intervals and the results weighted by the predicted muon height

distribution to give a probability distribution of angular deviation

from the core at sea level. This distribution was then projected into
the Spectrograph's measuring plane, allowance being made for:- array
effects, Coulomb scattering and measurement errors. The quantity found
to reflect the model used was the mean of the two CYP - ¥o)
distributions (one for Ty positive and one for rl_negative), I'igure
2-11 presents the predictions of the difference between the two
distributions with the approériate expefimental data. It is apparent

that the curve shapes vary little with overall noise as the distributions

“in (WP - 1’0) are closely gaussian, and as such, the separation

between the mean changes slowly with the value of the standard

deviation of the gaussian distribution used,

2;6.2 Comparison of the Observed Muon Charge Ratio with

Predictions from Various Shower Models.

To compare the simulation medels with observations, a weighting
proceedure was used:-
the fraction of positive muons P; arriving at the point of

observation from the ith height interval is
i (7)

where:- W; is predicted fraction
of all y of momentum P
at sea level originating
from the ith height
interval.

ry is the predicted
geomagnetic charge ratio
of these 1 at the
observation point.
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Defining the total predicted charge ratio R as the total number
of negative and positive muons originating from all height intervals

arriving at the observation point is given by:-

1=ipax Pi

R (=) (®)

The muon heights of origin are influenced by the multiplicity
of secondary particles and the mass number of the primary particle.
In relation to the heights of origin distributions the two extremes
are represented by a proton induced shower with pion muitiplicity
varying as QP% and an iron nucleus initiated shower following a

multiplicity law varying as E z, Using the models of Orford and

P
Turver (1970) tests were made of the sensitivity of the expected muon
charge ratio to the height of ofigin distribution, the charge ratios
being predicted for the mean momentum appropriate to the experimental
data; It should be noted that the lateral distribution for the proton
induced shower is steeper than that for the iron nucleus primary despite
their differences in multiplicity law. Therefore, although the heavy
primary cascade develops earlier and is aifected more by the geomagnetic
field, the increased charge ratio deflection is not as great as it
vould have been ii the lateral distribution had not also been flattened.
Figure 2-4 shows the predicted charge ratios, and it is apparent that
they are the same for all but the highest momenta.

In conclusion it may be deduced that the geomagnetic charge
ratio distortion is not particularly sensitive to the chosen model of
- shower developﬁent owing to the. fact that earlier developing cascades
giving rise to a longer mean free path 1ength in the geomagnetic field

have a flatter lateral distribution at sea level.
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Chapter Three.

Computer Simulations of the Spatial and Temporal

Characteristics of Muons in Large Air Showers.

3-1 Introduction.

The experimental and simulation data reviewed in Chapter Two
indicated that the temporal and spatial properties of the muon
component contained much information pertinent to shower development
and; by implication, to the nature of thé primary particles, Before
commencing work on a new experiment to extend the studies of Tlarnshaw
-et al on spatial characteristics, a programme of rigorous computer
simulations to act both as an aid to design and the interpretation
oflexperimental results was deemed necessary. A synopsis of the
simulations was presented by Tur&er (19?5) and a more detailed summary
is presented in this chapter

Early work on the'muon component in the late 1950s comprised
:b{:%undamental measurements of lateral distribution (e.g. Clark et
al [1958]). This progressed to more recent measurements of charge and
energy distributions pioneered by Bennett and Greisen (1961) which, in-
turn, was extended and consolidated by Dixon et al (1974). de Beer et
al (1962) and Linéley and Scarsi (1962) mad= the first investigations
and measurements of the spatial and temporal properties. This field
was eitended more recently by Armitage et al (1973) and Earnshaw et
al (1973).

As an aid to understanding the measurements ard to indicate
- the optimunm meésurable:parameters for investigations of the atomic
mass nuﬁber of the primary farticles, more.thorough and extensive

simulations were required. The work of de Beer et al (1966) and
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Hillas (1966, 1971) gave a satisfactory over-all account of the muon
energy and core distance measurements but did not explore the fine
detail of the results. This chapter contains results of simulations
which were specifically designed to investigate the spatial and temporal
characteristics of muons, to act as a basis for experimental design
and to form the basis for_the interpretation of results.

The simulations were developed from a wide ranging programme
executed at Durham which was reported by Dixon et al (1974 a and b)
and Dixon and Turver (1974). The original simulations aszumed that
the transverse momentum of the parent pions was solely responsible
for the muons' lateral development in both timé and space, Certain
effects such az geomagnetic interactions and Coulomb scattering which
_are non negligible were not initially considered; large area detectors
were also assumed so as to compensate'for the small number of muons in
sﬁowers. The longitudinal development of showers was found to be well
defined by the electron-photon cascade, particuiarly the depth of
maximum, which is a direct consequence of the pion production spectrum
in the nuclear cascade which, in turn, is dependent on the depth of the
first interaction. ©Such pion spectra formed the starting point for the

current study which relies on Monte Carlo techniques.

3-2 Computational Proceedure.

As a means of rigorously simulatiné experiment and restricting
the large amount of computer time needed for Monte Carlo type programs,
the muons in a small segment in azimuth of each shower were considered
- (see Figure 3-1). The:segment was divided to represent possible
detectors each large enough to provide a sample of more than 20 muons

in a 1018eV proton induced shower.




500m

£

\\ Assumed Shower Core Position

Detector N° Area, Distance From Core
(n°) (n)
1 0.5 20
2 1 50
3 3 100
L 8 200
5 20 300
6 30 400
7 30 500
8 30 600
9 30 700
10 30 800
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In the simulation each pion produced in the shower of known
energy and height of origin was considered. The pions' azimuth
angles were chosen from a. distribution ensuring symmetry and only
those particles occurring in the narrciw band defined above were
considered further. The distribution due to Cocceni, Koester and
Perkins (1961) was used to ascribe trancverse momentum to the rémaining
particles. Pions which interacted or reached ground level before
decaying, or moved outside the bin were neglected. The propagation
through the atmosohere was then followed; due allowance baing made

fOI‘.-

1) energy loss of both pions and muons.

2) 1 - L and |L -~ e decay processes.

3) atmospheric Coulomb scéttering.

4) the velocity lag of particles.

5) geomagnetic effects on particle tracks. (The geomagnetic

field used was appropriate to that at Haverah Park).

At ground level only those muons striking one of the hypothetical
detectors were 'recorded'. The muon data available at this stage of
the simulation were height of origin, energy, delay with respect to a
reference time, angles made by muons to shower axis and details of the
scattérihg processes undergone. The simulation continued to consider
the effect on spatial characteristics as the muons passed through a
'detector' which comprised a sandwich of lead absorber (5cm thick) and
" track delineating devices of high accuracy.
All the simulationsAwere made for vértical showers usually

initiated by protons, although some iron primaries in the 1017 - 1018y
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range were‘considered. Table 3-1 shows the core-axis distances at
which the hypothetical detectors defined in Figure 3-1 lie together
with typical samples from an average 1018ev proton primary with depth
of maximum 75Ogcm_2. The mean energy, height of origin, spatial and
. temporal detalls are shown. It should also be noted that the data

shown exhibits the effects of fluctuations arising from the 'sampling'
of the showexr.

Figure3~2 presents detalled information for muon time delays
and ‘angles as might be recorded by a 30m2 detector shielded by 5cm of

lead at a core distance of 500m for a 10189V proton primary. The

long delay between the arxrival of low and high energy muons is clear.
g 28

3~3 Spatial Characteristics.

At least three possible méthods of interpretation of the
spatial properties of muons exist:-

a) By assuming tha£ the only data available on particle directions
are those from muon detectors. Such data are presented in Figure 3-3a
from a single simulation of an 'average' shower,

b) Data from other sources (fast timing, particle density etc.)
exist enabling the shower's axial direction and impact point to be
determined. 1In tﬁis case the data in (a) above may be considered as
angles with respect to shower core direction.

-c) Finally, to consider the muon ahgular data in one detector
and compare it with that recorded by another similar detector at a
different core distance, such data are shown in Figure 3-3b, again for

- a single average shower.

With 211 considerations of spatial angles the detector energy
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threshold is of great importance (due to scattering processes in the
shielding material) and expected distributions under various thicknesses
of lead (0-30cm in 5cm steps) for a 1018ay proton at 500m core distance
are illﬁstrated in Figure 3-4. The available data for vertical 1018eV
proton induced showers at various core distances and with an ‘average'
longitudinal development, tbgether with an indication of the expected
sampling fluctuations are given in Table 3-2. Figure 3-5 shows the
heights of origin at various core distances with muon energies in

excess of 0+3 and 1°0GeV for a 1018y proton initiated shower,

3~3.1 Comparison of Simulation with Experiment.

Much of the available data on spatial angles at present
.originate from measurements made'at Haverah Park. This has eliminated
possible normalization problems which-would have been necessary to
aécommodate data from widely differing experiments. The majority of
the measurements used have provided data averagéd over many showers,
. but data are now becoming available on individual large showers
particlarly of the fluctuations between them (e.g Watson and Wilson
[1974]).

Comparison with the early spatial measurements of de Beer et
al (1962) is not worthwhile., It is more useful to use the detailed
unpubiished work of Earnshaw et al (1973) who used data from the
Haverah Park Magnet Spectrograph. This hﬁs been done in Figure 3-6
for data obtained at various core distances in showers with primaries
of energy greater than 1017eV.

The height of oiigin data in the primary energy range 1017—1018eV
is based on measurements made at Haverah Park by Suri (1966), Baxter

(1967), Earnshaw et al (1973) and earlier data of Linsley and Scarsi
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(1962). The work was summarised by Earnshaw et al and adjusted to a
common observational level (sea level) and a common muon energy
threshold (0¢3GeV) and is reviewed in chapter two. The results and the
expectation from the simﬁlation data (vertical shower initiated by

18

10" "eV Proton) are reproduced in Figure 3-7.

3-4 Temporsl. Characteristics,

If effects arising from the detector (e.g. bandwidth limitations
and non perfect timing) are ignored then the typical timing information
portrayed in Figure 3-2 indicates the origin of the signal recorded in
a fast timing detector. The pulse profiles.to he expected at various
core distances for an ideal erintilistion dobootor Vonooth 10cn of
lead (giving an energy threshold of 0:3GeV) are shown in Figure 3-8,
Such profiles are normally represented as rise times between two
predetermined points but these measurements are often complicated by
the definition of the reference zero time. For this series of
simulations the zero time was defined as 'the time at which a spherical
- wave with height of origin 30Km and travelling al the velocity of
light passed through the detector'. The pcsitions of other zero times
which were used in the earlier work are also shown on Figure 3-2.

The fluctuations introduced bysampling the showers with a
detector of finite size (30m2) were studied and are illustrated in
Figure 3~9. In this case muons were repeatedly propagated from the
same aveiage 1018ev shower and the data are appropriate to a core
distance of 500m. A summary of the fluctuations (expressed as
. relative standard deviation) to be expected for muons with energy in
excess of various thresholds and at different core distances is given

in Table 3-3.
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CORE DISTANCE Energy Threshold Thrcshf)ld '-’}')FG'bl;Old
E >’) _ __E‘ > 0.3 GeV L >1 GeV
1, i1 f\"
RRD - AneA L'wm 20-708 t20-807 “ﬁoﬁ(o ®20-808 F20-707
DETECTOR (ns) (ns) (ns) (ns) (ns) (ne)
50m 8.9 5.2 8.4 | h.2 4.8 3.2
(1n°) (10415%) | (27411%) © | (36+14%) (20+8%) (2248%) |(37+14)
Jeov 25 15,2 35.0 | iZ.5 12.1 5.3
(3n°) (255 (1285.58) " | (19+7%) | (14357 (1345%) |(16+6%)
200 50.1 31, 1.3 | 29.7 22.8 | 19.1
(8ii°) (20+7%) [{256+107%) (25+97) (05492 (10+4%) {(11+h7
300m 102 .65 68 52 38 29
- (2onf) (15:5:5%) [(4.54L7). | (Q2+4.5RQUHE) | (101493 | (16+6%)
500 194 130 | 130 |13 - 82 53
,_(_3_fo_\?j)_ ,,,,,, (272 10%) |(15+5.6%8) (12+h 5% (943.1%) (4316%) (32112%)
248 196 173 159 72 42
(40+15%) [(1545.65). | (20+4%) | (13+5%) (41+16%] (55+21)
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Cofrelations between the parameters displayed in Figures 3-2
and 3-9 and longitudinal cascade development details were considered,
Figure 3-10 plots the arrival time of the first muon at 500m (ti)
and the depth of first interaction (Xi) for a proton primary induced
shower. Also shown is the correlation with depth of cascade maximum

development t (no allowance being made here for the sampling

max
effects of a detector of prescribed area). The quantity t; is of
fundamental importance and dominates the radius of curvature.
measurements (e.g. Suri [1966] and Baxtér [1967])« A further
measurable quantity is t50_1, the time of arrival of 50% of the muons

after the first. Wigure 3-11 shows the correlation of this quantity

Wwith Ai and tmaxu

3k, Comparison of Simulation Data with Experiment.

Due to the smsll amount of experimental data available it is
not easy to compare the sbatial angles simulation data with expgriment.
However, comparisons can be drawn with several sets of temporal data,
most measurements having been made with shielded scintillation
detectors. The earliest measurements were made by Linsley and Scarsi
(1962) (at the Volcano Ranch Array) who studied the arrival times of
single muons (of eﬁergy greater than 100MeV) with 4m2 detectors.,
Figure 3-12 compares their results with the simulations, (N.B. No
allowaﬁce is made for the demand that a single muon be incident on
thé detectors or corrections for altitude effects), Further
measurements, again on specific particles, were made at Haverah Park
" by Armitage et él (1973) which is presented in a similar manner in

Figure 3-8,
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3-5 Sensitivity of the Simulations to the Parameters of

Showers and. Shower Models.

The simulations described above are dependent on several basic
but important assumptions, principally the atomic mass number of the
primary particle,.the properties and nature of the nuzlear interactions
and decay processes occurring in the cascade and finally the muons'
propagation through the étmosphere. This section presents brief
descriptions of the effécts of changes in the assumptions and Chapter
Five presents a preliminary report of investigations involving a

different model for the nuclear cascade.

J=Dal Sens1tivity to Changes in the Propagation Model.

The results obtained from tﬂe full simulation proceedure were
compared with thosz obtained from a far simpler type of routine, The
simplified program assumed that the sole cause of temporal and spatial
effects in muons was the transverse momentum of the particles., If
theicomparisons had proved satisfactory a great many showers could
" have been simulated for very detailed study with different assumptions
about the high energy interactions for a relativelysmall amount of
machine time,

Typical spatial and temporal parameters for both assumptions
afe tabulated in Table 3-4, The muons considered were all in excess
of 1GeV, an energy for which the detailed propagation may be expected
to véry least from the simple model. The satisfactory correlation in
Table 3-4 indicates the validity of predictions of the spatial and
- temporal characteristics of the energetic muons in showers derived
from the various models for high energy nuclear interactions. The

latersl distributions Tor muons of energy greater than 300MeV for
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both the éimple and rigorous treatments are compared in Figure 3-13,

3-5.2 Sensitivity to the Model of High Energy Interactions.

Using the simple treatment of muon propagation for those muons
generated from different models of the nuclear cascade described by
Dixon et al (1974) comparisons were made forthe spatial and temporal
characteristics, typical data being shown in fable 3-5. It is evident
that at large core distances small differences exist between all models
used, excluding simple scaling with p:ofon showers and, given a large
amount of experimental data, the differenc=s may be deteclable. In
.the case of the simple scaling model for interactions very marked
differences exist and are detected experimentally with relative ease.
These differences are, however, removed if a heavy primary is assumed

and an increased inelastic cross section for p-p collisions,

3-5.3 Sensitivity to fhe Atomic Mass Number of the Primary Particles.

Dixon and Turver (1974) confirmed that the most likely method
to yleld data on the nature of the primary particles in the energy
ranges of interest to this work should rely on detecting the large
fluctuations in longitudinal development which would exist in showers
initiated by priméry protons. Consideratlion of the spatial and
temporal characteristics of the muon compoﬁents in individual large
showers would reflect the depth of maximum cascade development and,
hopefully, the deeper developing proton induced showers will be
revealed,

Those mﬁons of éhergy greater than 0«3GeV at a core distance
of 260 aﬁd 500 metres in 1018ev showers with maximum development in

the range 600.- 1000 gcm'2 were consldered, The data are based on
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individuai simulations for the propagation of muons in a range of
showers with increasing depths of maximum, represeniing possible
measurements in individual showers with differing depths of maximum.
It should be noted that the showers were selected for their depth of
maximum only and no attempt wasvmade to ensure that they were 'typical'.
The data is shown in Figgrés 3-14 and 3-15 being spatial and temporal
respectively. It will be noticed that some of the measureable
parameters indicate stronger dependence on depths of maximum than
others (e.g. tZO-BO) but are subject Lo'larger fluctuation.

The simple model was also used to investigate the pronerties
of iron nucleus initiated showers and resulﬁs.are summarized in Table
3-5. It can be seen that the spregd in proton shower data derived
frém the different interaction models is comparable with the differences
in the average characteristics af profon and iron showers. Therefore,
until a more detailed understanding of the interactions in the nuclear
cascade is avallable it is unlikely that the iron nucleus primaries
will be differentiated from others on the basis of average characlteristics,
On the basis of these data the experimentto be described in Chapter Four

was designed and conslruction commenced in Janvary 1975.
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Chapter Four,

The Experiment.

L1 Introduction,

As a development of the work of Earnshaw et al (1973), Machin
(1973) and Pickersgill (1973) which was reviewed in Chapter Two and in
view of the encouraging predictions of subsequent computer simulel:ons,
it was decided to construct an experiment specifically to measure the
spatial details of the muons in showurs; The termination of the
Mark II Spectrograph programme (and simultanecously the Durnam Nuclear

/

. - /

Active Particle Spectrograph which has ‘been described Hook | 1972 made A
1Y grap ) /

available some 18000 flash tubes, These have been redeployed at
Haverah Park to form the new experiment comprising two large area
shielded muon Getectors. |

The larger of the Ltwo new detectors is located on the site of
the Magnet Spectrograph ih the centre of the air shower array and the
other approximately 250m away in a newly commissioned experimental
area., This latter site also accommodates a complé}bntary muon \*<
detector employing liquid scintillation counters (operated by the
University of Nottingham Group)e These two detectors are fully
integrated and usé the same shielding material.

Previous experience of the use of flash tube detectors in air
shower measurements suggested a photographic data recording systenm

which would be quick and easy to assemble and, once commissioned,

would require a minimum of maintenance ensuring great reliability over

" long periods of recordihg.

-2 The.Requirements of the Measurement.
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Eafnshaw et al (1973) attempted, by experiment and simulation,
to study the mean heights of production of muons in varicus momentum
and distance bands in large air showers. Using the data from the
Haverah Park Spectrograph they investigated the charge ratio distortion
caused by geomagnetic effects and the lateral and angular scatter of
muons with respect to the shower core location and direction. Due to
the small sensitive area of the Spectrograph it was necessary for the
results to be averaged o&er many showers; the average characteristics
of the EAS muons so observed agreed witﬁ model predictions. It was
not possible, however, to obtain estimates of the atomic nass number
~of the primaries from the measurements,

More general and complex simulations (discussed in Chapter Three)
have shown that the spatial properties (and inferred heights of origin)
contain information on cascade develo@ment. The simulations also
indicate a sensitivity tc the mass of the primary particle in that
early and late developing.showers which are to be expected if, and only
if, there exist primary protons should show detectable differences in
muon heights of origin. These new simulation results allied with the
simplicity of the trigonometrical method (described in Chapter Two)
have rendered viable an experiment based .upon two large area detectors
with the aim of stﬁdyingithe muon component of individual large
showers,

The two detectors (a detailed description of which follons)
have been designed on the basis of simulation results and are of

sufficient area to enable 15 - 30 muons to be studied in a shower of

' 17eV'

" .primary energy > 10 « The core direction resolution available from
the main array, the trade off between the détector sensitive area and

particle track resolution (governed by the number of flash tubes
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availablej indicated a designed maximum measurement error of 0°5° in
the muon directions. It is hoped that this figure can be bettered by
using improved analysis techniques should the need arise.

Past experience and a study of the University of Leeds Air
Shower analyses indicate that several useful events per day may be
expected., Facilities are available for the detectors to operate in
conjuction with the University of Durham Eerenkov light detecting array and
thus be able to extend the study of sho&ers to those of lower'energy
(» 1016eV). Experience during 1974--73 énd 1975-76 winters show that

several useful events per hour are likely in this mode of operation.

L-3 The Haverah Park Egggrimgntal Array.

The Haverah Park Air Shower Array is described in defail by
Tennent (1967) and Andrews (19?05 and only a brief description will
be fresénted here, The array is located at a latitude of 53°58.2'N
longitude 1938¢1'¥ and af a mean altitude of 220m equivalent to an
atmospheric depth of 1016 gn em™2. A plan of the array is presented in
Figure 4-1,

The principal method of shower detection relies on recording
the Cerenkov light emitted when the shower particles pass through
clear water. The'individual detectors consist of galvanised steel
tanks each with a surface area of 2-3m2 and filled to a depth of
12m aﬁd_lined internally with sheets of white plastic material
(Darvic) to scatter and diffuse the light. A small fraction of the
light (0+05%) is recorded by a 5 inch photomultiplier in optical contact
" -with the water.. Detailed descriptions of the tanks and their

performance have been discussed by Turver (1963).

Each of the maih detector sites shown in Figure 4-1 consists of
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an assembly of tanks. The output from the individual tanks is

passed to an adding unit before transmiséion and/or reéording.

Large area detectors (out to distances of 500m) are linked to the

array centre.by cables for all recording. An air shower is recorded

. when the ten particle level in the centre detector and two of the

500m detectors is exceeded simultaneously. This triggers the recording
systems of the array and subsidiary experiments;

In addition to the particle detector array several subsidiary
experiments exist. During the winter months an array of eight Night
Sky Air aerenkov detectors is operated. The detectors are located at
the positions shown in Figure %-1. Currently 5eing commissioned is
another array of small (1-25m2) closely spaced watér detectors within
thé 500m array to study the regions ciose to the showér cores., The
muon component of EAS, the topic of this thesis, is extensively studied

and two new experiments are at present nearing completion.

Ll The Instrument,

L-i 1 The Neon Flash Tube Detector.

The neon flash tube detector was introduced by Conversi and
Gozzini (1955) and has since become popular in cosmic ray studies due
to it's versatility and long life. It consists of a flat en&ed sealed
glass tube filled with an inert gas mixture. To form a useful large
area detector an array of tubes is placed between sheet metal electrodes
and, when an external trigger detector records the passage of a charged
" particle, a high voltage pulse is applied to the plates. The tubes
through which the particles passed give a.flash of light which can

easily be recorded on film. Many theories of flash tube operation
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have been put forward. A comprehensive survey has been given by
Breare (1973).

Two important constraints have to be born in mind when
designing flash tube arrays., Firstly, work by Coxell et al (1961)
showed that the intensity of the emitted light declined rapidly with
polar angle (Figure 4-2) 1éading, for small camera flash tube distances,
to difficulties in photographing the péripheral tubes of an array..
The large voltage nulse necessary to trigger the tubes inevitably
creates clectronic noise to the detriment of other equipment.
Fortunately the tubes have a 'long' memory and, as figure 4-3 shows,
high efficiencies are maintained up to 20us after the passage of a
particle., Thus, with a suitable pause before pulsing, interference

with other eguinment can be eliminated.

L-y,2 Flash Tube Mountings and Common Constructional Details.

Previous experience.with both the Mk.I and Mk,II Spectrographs
at Haverah Park led to a simple, cheap, accurate and reliable sysiem
for supporting flash tubes, Dural-bars (Dﬁrais) are milled with a
series of constant and parallel pitch slots across their length.
(Exact details can be found in Pickersgill [1973]). The durals are
then mounted at the front and rear of each flash tube tray and
carefully aligned to ensure that the front and rear slots correspond.
This alignment was achieved by using perspex cylinders of the same
diameter as the tubes with the centre of one face clearly marked. A
cathetometer and series of plumb lines were then used to position the
durals within the trays giving the desired tube position offsets,
Simulations by Bull et al (1962) showed that no discernible difference

in measurement accuracy existed between random and regular arrays of
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tubes; a'simple half pitch stagger was adopted for all the new trays.

The weight of the glass tubes cause considerable distortion
and sag along'the length of the durals., This protlem is easily
overcome by mounting vertical 6mm perspex strips along the front and
back of the tray at frequent intervals. The durals are then bolted to
the perspex and as this operation is performed under controlled
workshop conditions during the construction and alignment stage the
gxact dural location is assured.

The engineering facilities at Haverah Park are very limited so
it was decided to perform all tiay construction and setting up in
Durham and, where possible, to transport these.intact. This was not
possible with the trays of Detector B, so they were desigued to be
diémantled; exact reconstruction being ensured by key slots on all
major joints. The depléyment of the trays in the two muon detectors
is detailed in the relevant sections., As the trays are not directly
interdependent in contrast ‘with earlier applications of neon flash
tubgs in a spectrograph, the exact relationships and positions to each
other is not of vital importance. A simple measurement technique was
employed giving colinearity of tubes between detectors to much better

than 1%.

44,3 Detector A.

a) General Details.

The larger detector is located at the approximate centre of the
main particle detector array on the site originally occupied by the
solid iron Magnet Spectrographs. Only the magnet iron remains of the
original configuration of the spectrographs; it now shields and gives

a..1GeV threshold to two of the original flash tube trays which have
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been relocated with their tubes perpendicular to each other. The
remainder of the original flash tubcs have been redeployed in six new
trays each of area slightly less than 2-4m2 giving a total area of
16°7m2 which is shielded by 0+53m of new barytes concrete,

b) Mechanical Details.

To economise on time and labour the two large flash tube trays
(approx 2m square) designated Al and Bl on the Mk,II Spectrograph
(described by Machin [1973] and Pickersgill [1973]) were relocated
with their tubes perpendicular to each other one above the other
beneath the degaussed magnet. The central hole in the magnet plates
has been filled with sufficient lead to give the same approximate
thickness (500 gmcm‘z) and thus energy threshold. The remaining six
trays are located underneath two substantial steel 'tables' supporting

the Barytes bricks as shown in Figuré -y

These six trays afe of similar basic mechanical design with
variations where approPriaée to allow fof aifferent {ube sizes. Each
tray'is divided into two banks of tubes spaced by an air gap to give
the desired angular resolution of particle-track delineation. This gaﬁ
is so adjusted to correspond to an exact number of tubes (7 on trays
containing 1+7cm diameter tubes; 13 on O+7cm tube_trays). A flash
tube bank consists of five layers of durals with one layer of flash
tubes per dural., To prevent inter-tube contamination by photolonisation
the large tubes are either painted black or enclosed in polythene
sleeves; the small tubes are alternatively painted black and white
and the electrodes covered by a non-reflecting black paint.

On studying Figure 4-4 it will be ﬁoticed that the 1+7cm
diameter tubes are all located at one end of the detector in four

trays of two different sizes. The larger two trays are mounted on
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the floor with the smaller pair of trays located on two steel framés

near the edge of the absorber at such a height that the rear trays

~ can be viewed through the legs of the frames. Several constraints

dictated the upper trays being smaller, the most important being the
number of flash tubes available (approximately 3500) and the necessity
to move them to their finai positions after loading with flash tubes,
The two trays containing O+7cm tubes are mounted on frames to enable

the lower sub-magnet tray to be photographed.,

YLy Detector B.

a) General Details.

This detector is located 250m from and 7:86m above the array
ceﬁtre in a South Easterly direction. The inctrument is positioned
below an array of liquid scintillatioﬁ counters., The scintillators
are covered with 76cm of Barytes concrete absorber with contamination

of the detector extremities being reduced by the overhang of the

‘Barytes on all sides,

E) Mechanical Details.

The thickness of the shielding material, the space requirements
of the optical recording system, and the limited headroom of the
experimental area caused a compromise to be made bhelween keepihg the
height of the flash tube array as small as possible whilst spacing
the fl#sh tubes to enable the desired 0.50 angular resolution to be
obtained, With these constraints the following design evolved,

The detector consists of two floor standing trays givihg a

" total sensitive afea of 9m2 involving 6400 black or sleeved'1'7cm

flash tubes (the flash tube lengths are either 2¢0r Z'Sm). To

compensate.for the modest area of the detector it was decided to give
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the detector the capability of viewing in two perpendicular planes.
Useful measurements may then be made in EAS falling with their cores
in a 360° range in azimuth, Each viewing plane has a depth of twelve
tubes which are split int6 two banks of six with a centre separation
of 30cm., Three layers of tubes in each bank are mounted on durals

as previously described and. the other three layers rest on tOp'of

these in the gaps between tubes.,

L-5 Electronics and Pulsing System,

a) Low Voltage Systenm.
The instruments are controlled by a simple circuit which is
Lesputisible Lulr tlle correcl seguencinyg vl tlle mil pulsers, riduclal

markers and advancing the cameras. On recelpt of a trigger signal

‘from either the particle detecting array or the Air Cerenkov System

(5us and 1°7us respectively after the centre deep water detector
responds to the 10 particle threshold) a pause of approximately 12us

(obtained by passing a signal down a passive delay line) occurs to

" allow the other equipment in the vicinity liable to interference to

record. A 20us long high voltage pulse is then applied to the flash
tube electrodes via the thyratrons. Simultaneously a paralysis state
is entered for about 4 seconds to prevent spurious operation of the
fiducial markers, camera advance, and multiple pulsing. On termination
of the paralysis the fiducial markefs flash and the cameras advance,
resetting the entire system to await the next event.

b) High Voltage System.

The EHT ﬁulse is switched‘through thyratrons, a system which,
although‘antiquatedl was used with great reliability and effect on both

the Mk.I and Mk.IT Haverah Park Spectrographs. This slow system
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causes the'minimum electronic disturbance to other equipment, To
prevent spurious triggering from Both electronic noise and mechanical
shock a system of D;C. biassing evolved in addition to the paralysis
system described above., The thyratron grids are maintained at a
constant D.C. level of -75 volts and are A.C. coupled to a thyristor
circuit which switches some 150 volts on command from the control

electronics to fire the valve,

4-6- The Optics and Photographic Reéording System,

A photographic recording system has been chosen in acccrdance
with previous experience in EAS measurements at Haverah Park and
Durham. Although it is quite possible to digitize the neon flash
tube (see e.g. Breare [1973]) the technique involves large scale
"electronics (with associated piék—up problems), time and expense
(particularly in view of the number of tubes involved) and is not
proven in handling the muitiple track response typical in EAS,
Problems may also arise in the subsequent event reconstruction and
analysis, espescially with the inevitable spurious discharges and
crossing particle tracks.,

A system of three cameras, each fitted with a 100mm F1°9 lens
has been adopted ﬁo record all data. One camera is employed with
detector B and two with detector A. To bring the tube images tc the
cameras and to ensure that all tubes fit on a 25mm2 frame a path
length of approximately 10m is necessary and due to the sizes of the
huts a complex system of mirrors is required

Duetothé short light pulse from the tubes (Zogs) a fast
recording film is essential; Unfortunately'this also entails a

large grain size, thus reducing resolution. This is particularly
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important Qith the small. (7mm diameter) tubes since, with the chosen
path length, they present an image diameter of 0+09mm and a centre to
centre separation of 0*13mm at the focal plane of the camera. Previous
experience with the Mk,II Spectrograph has shown that Ilford HP4 film
has a resolving power of x40 lines mm'; approximately + the size of a
small tube at the path lengths used (Machin [1973]). Care when
processing the film should result in acceptable data from the present
system. |

To identify each event a six digif number is projected on to
each irame after the tubes have flashed. This number is advainced every
.30 seconds by a master clock and is used to relate measurements to data

for the other experiments.,

-4—7 ' Extraction of Data for Analysis.

A straight-forward and relieble system of data retrieval was
developed for the Magnet Spectrograph film records. Similar techniques
are to be employed with the new instruments.

The developed film negatives are first scanned by eye and the
index numbers of those events showing particle tracks noted. These
events are selected for analysis and the shower analysis from either
the deep water defectors or the Air Eerenkov array noted. Core
distance, primary energy estimate and shower directions are recorded
for those showers pdssessing a full and reliable analysis.

The chosen muon detector records are printed on to a large
format whose size corresponds exactly to a transparen®t overlay showing
- all the tube pc.>s'1tions'.' This overlay is prepared from photographs
taken on fine grain- film exﬁosed via the récording cameras under

carefully controlled lighting conditions. Spuriously flashing tubes
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are noted %o avoid confusion. Using the overlay, the identity of
flashed tubes may be established and the tube coordinates recovered
for analysis.,

Machin (1973) developed a program to analyze the particle
tracks in the Mk,II spectrograph. A development cf this is to be
used with the new experimgnt. The program relies on finding the
maximum path length within the flashed tubes and the modus operandi
is briéfly described below,

a) The top énd bottom flashed Lubés in a potential track are
used to define a line.

b) Any non~flashed tubes traversed by this line are located
and the coordinates of the nearest.gap-found.

c) A least squares fit is then made to all flashed tubes or
gaps, |

d) The line thus found is than rotated and shifted laterally
through small increments éver a limited range and the resulting path
' length calculated. The trial giving maximum path length is then
deemed to be best,

e) A path is then ascribed a form of y = xtan? + ¢ and the
muon's projected zenith angle determined.

f) The projected zenith angle thus 'determined is normalised
to give the muon angle with respect to the shower core directiomn.,

.Thé analysis proceedure outlined above is repeated for all

the particles recorded in the instrument and the information on each

muon stored for further study.




Chapter Five,

Recent Computer Simulations and an Outline of Likely

Running Conditions for the New Experiment.

5-1 Introduction.

During the construction of the new instruments work was
recommenced to extend the computer simulations described in Chapter
Three., A different model for the nucleon cascade was investigéted,
the new simulations used Feynman Scaling.in place of the C.K.P.
momentum distribution to describe the production of secondary pions
‘which, in turn decay to ﬁuons. Similar techniqﬁes to those described
in Chapter Three were used to calculate the muon component's
spétial andtemporal properties. Preliminary results of the new
simulations are presented ‘in this chaﬁter and their relevance to
the new experiment is discussed.

In recent months fhe likely operational conditions for the
new experiment have become clear and are described together with
possible methods to further update the simulatiohs, both to resemble
more closely the experimental arrangements and to investigate

different models for the nucleon cascade of Extensive Air Showers,

5=-2 The Recent Simulations.

.Using the simulation routine described in section 3-2 further
calculations were made to investigate the spatial and temporgl
characteristics of muons in Extensive Air Showers initiated by
- primary pariclés (bothﬁprotons and iron nuclei) of energy 1018eV.

As before the effects of Coulomb and Geomagnetic scattering were

included in the simulations, To assist with other parallel studies
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(and economise on computer time) a fewtempoiary changes were made to the
areas and locations of the hypothetlcal detectors employed in the
simulations, The most significant being a relocation of the inner .
detectors at different core distances (90, 158, 280, 500m) and a change
of assumed detector area to 30m2 in each case.

The recent simulations are based upon scaling for the pion
momentum distribution (in place of the earlier C. K. P. distribution)
and uses the data of Bggzild et al (1971) employing a scaling function

of the Torm:-

P - .
exp(- %%% ) exp(- ET;%E ) Pfl'hz
,k' "O.62
1{ exp( —67633_ )

The interaction of the primary and secondary particles is
based upon the preton --éir mean free paths reflecting the increase
in proton - proton mean frée péths obserQed in accelerator data, This
was. extended to EAS energies following a suggestion of Formanek and

Franek (1975) %o give a plausible expression for the proton - air

ipelastic cross~section with the form:-
- 2
-3 = L 1 & 10
Q in(p air) = 226,9 + 14.9 logloﬁ + 1,997 (logloﬁ) .w“ (2)

A consequence of this expression is a reduction in the mean
free path of proton - air collisions by some 30% to a value of
approximately 58gcm_2 at energles of 1017eV.

Heavy primaries (A = 56) were treated as described in Dixon
Waddington and Turver (1974) except that the proportion of nucleons

interacting in the fragﬁenting of a heavy nucleus is now based upon




data of Tomazewski and Wdowcyzk (1975).
i The results of these preliminary simulations have shown several
interesting differences to the earlier work., One of the most striking
is the reduction in the numbers of mucns produced (see figure 5-1).
the lateral distribution of scaling muons is reduced by a factor of .
approximately 3 in comparisbn with that generated from the pionization
simulations. Assumption of a heavy primary (A =56) causes an increase in
the muon numbers towards the values predicted by proton initiéted
pilonization model simulations., More detaﬁled results of the similations

are presented in the following sections,.

5-3 The Spatial Characteristics of Muons in EAS as TIndicated

by the New Simulations.

For direct comparison with the.new experiment all simulation
results fr?sented here are those predicted to be observed beneath
the equivalent of 15cm of lead shielding.

Figure 5-2 shows that the predicted dependénce of angle to
core on core distance for average proton (both scaling and C.K.P: showers)
and iron nuclei induced shéwers; also shown are the unpublished
experimental pointé of Machin et al (1973). It can be seen that good
agreement with thé experimental data exists for the original proton
simulations and the new iron nuclei induced showers. The recent
simula£ions of proton induced showers show some divergence from
the other simulation results and the experimental data, particularly
at the larger core distances.

The sensitiVity:of the new simulation results to the depth
of maximum (and hence the méss of the primﬁry particle) was investigated

at various core distances for both proton and iron nucleus induced
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showvers (s;e Figures 5-3, 5-4, and 5-5). At the smaller core distances
(<400m) some correlation between the mean angle of the muons and *he
depth of cascade maximum is evident. The earlier developing cascades
due to iron primaries agree with the trends established by early
developirg proton showers but their small angles to the core and
their similarity to the prdton showers could make experimental
identification difficult without a large number of carefully measured
and analysed events, With cére distances in excess of 400m the
correlation between the core/muon angie ;nd the depth of cascade
maximum fades (see Figure 5-5) and the wide angular spread would make
-experimental identification of the primary masé difficult., The

standard deviation of the muon angles measured in the hypothetical

detéctors was also investigated and the results (at the same core
'distances as the 'pure' angle data) afe shown in Pigure 5-6. Again
there is less sensitivity to depth of maximum than was suggested by
the earlier calclation reéults.

To conclude, the preliminary investigatiohs into the muon
spatial properties have shown a reduction in particle numbers and
some decrease in sensitivity to primary mass (particulariy at larger
core distances) for proton showers in comparison to previous simulations
and the sparse expérimental data available., The simulations of heavy
nuclear induced showers appear more promising and there is some
agreemént with available experimental data for average spatial

characteristics,

C 5=l The Temporal Effects According to the New Simulations.
The temporal properties of muons in EAS are of considerable

interest owing to the close proximity of the scintillation detectors
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operated b& the University of Nottingham to the spatial angle
detector B. Temporgl details have thus been included in the recent
simulations and will also be included in the final revised form of
the program (to be described later),

Predicted pulse profiles expected for idesl detectors at
various core distances were investigated for proton and heavy particle
induced showers and are shown in Figures 5-7 and 5-8. Also shown are
profiles from C.K.P. proton initiated showers. In the regions close
to the core substantial differences ir: tﬁe signal rise times exist
between the scaling and pionization simulations, but with core distances
.in evecess of 300m the differences bhetween the models and ordinary
particles become smaller.

Other aspects of the temporal characteristics were investigated
" to seek out other measurable parémetefs of the temporal characteristics
which relate more directly to the depth of maximum electron cascade,
Figure 5-9 shows the relafionship of t20_70 and’ t5n.go to the depth
of cascade maximum. At small core distances it is possible to identify
the later developing showers but saturation effects tend to dominate
the earlier events masking the hea&ier nuclei, Further from the core
(> 500m) fluctuations start to appear (arising mainly from the small
samples of particies). It should be noted that the showers selected
for this illustration were chosen solely for their depth of maxina

and are thus liable to sampling fluctuations.

5-5 Implications of the Recent Simulations for the New

Experiment.
The preliminary results from the new simulations have shown

several interesting differences from the earlier simulation work,



100m

_ ?50;‘5cm—2 Scaling

A==l
——— 850,9;cm"_2 Scaling
A=l
-2
—.=—-=710gcn ~ Scaling
k=56 N
.......... 850gen™2 C.K.P.
- A=1
-, -~ 750gem”2C.X.P.
- A=1
®
=
-
(Sl
i
o
5. | ! L 1
g 0 10 20 60 70
o
¥
<
4]
s
O
5
t, 1.0
o ’ -—
= o
o P St
i _./-:"",/
8 0.8
7 I
4 / 750gcm ~ Scaling
) A=1
—_——— 850gcm-!2 Scaling
A=1
————— 71Ogcm—2 Scaling
A=56
------ 850gcm 2 C.K.P.
A=1




1=V *d*¥°D , _WodoGy —------

9¢=vy Furteos 5 UOPOTL — -

1=y 3uiTeog . wogsy -- -~ -

., o205/

<

=
=
208
T-
Q
#°0 Q
po
4]
=
H
]
wl_.
o P
9°0 =
(e}
5
=
—Ln
=
[p]

8'0

a

T




200

1 T [}
® t20—70 160m
O ¥ [
2O by g 500
- thg gg 160m
| ¢ Y
_+ t20—80 500m
- 'i' ')!i'
/\ AN
!\ / \
/N 7 \
/ \ / N\
/ \ / N
/ \ / \
/ \
/ \ / \
/ \ ! \
¢ \ / N\
/ \ / \\
/] \ / .
/ \ / N
- "F \ ! \\
: \ i N
\ ,l N
\‘ , ¥
\ Y
- A
\\ ! ///
\ \ g
\ \ o
\ [
\ ¥
\
\
- ‘\ o)
\ -~
\ -~
\ e
\ -
\ /"
O e N -
\‘ -~ ’/’
S~
/%-
) L 1
700 750 800 850

Depth of Maximum Electron Cascade (gcm"?')




49

Proton induced showers show an appreciable divergence from the
plonization models, both in lateral distribution and in their
relationships to the depth of maximum cascade development. These new
predictions for proton primaries also show differences from the sparse
‘. experimental data available. Showers induced by heavy particles show
closer agreement with experimental data, particularly the unpublished
angulaf resultls obtained by Machin et al, (The predictions of the
pionization models for proton initiated showers has similar éuccess
in explaining these data). Further worﬁ (both simulation and
experimental) may indicate that a pionization model offers the best
.description of proton showers and a scaling fofm for showers induced
by heavy nuclei, If this were to be the case several potentially
awkward consequences could arise in the presert work which have arisen
in earlier experiments, |
The new experiment was designed on the basis of the pionization
simulations of proton shdwers to measure three parameters viz:-
the lateral distribution of muons; the mean angles of the muons to the
core direction and the spread of these angles, each of these measurements
to be made at two separate locaticns. The accuracy cf measurement of
the shower parameters by the main array dictated an angular resolution
of <0-50 for all ﬁeasurements of angles,
The changes in the lateral distribution of muons predicted by
the new simulations would reduce the numbers of particles recorded
by the detectors particularly those generated by 'scaling protons',
Heavy nucleus initiated showers resemble the pionization results and
" -thus should be ﬁoré easily measured in both detectors simultaneously.
The reduéed area of detectof B may well preélude the observation of

useful numbers of particles from 'scaling proton' showers landing in
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the northefn regions of the array whereas both pionization showers
and scaling heavy nuclel initiated showers produce sufficient particles
to enable full studies to be made.

The consequences for angular measurements of the recent
simulations pose less of a problem as the smallest muon core angle
predicted is of the order of two degrees. Difficulties in distinguishing
between proton and heavier nuclei initiated showers may however arise
due to the close similarity between the moun component's spafial
properties in the different cascade mcdeis. To resolve between the
showers initiated by different primary particles it may prove necessary
to explore means of optimising the angular resolution of the new
experiment., It would also be necessary to obtain a corresponding
impfovement in shower parameters (core location and shower arrival
'direction). Iun this context it is fortunate that the Night Sky Optical
Eerenkov Array will be operaticnal for pericds during the running of
the _experimento Combininé the accurate arrival direction from the
night sky Cerenkov data with the particle detector array analyses
| would probably yield the necessary improvement, Similar precautions
may have to be used in the investigation of the spread in muon angles

in each detector.

5-6 An Outline of Likely Running Conditions for the New

' ~ Experiment.,
Both of the new detectors will be fully operational by the

onset of winter 1976/77. Initially, to test the operation of the
* system and iﬁég effects (if any)von the surrounding equipment the
detectors will be triggered éolely on the 500m coincidence signal

from the particle detecting array.

N
K.
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Du?ing the initial ‘running in' spage the data recording,
extraction énd analysis techniques will be developed with a view to
making operation of the system an easy routine, thus minimising human
and other error sources. Simultaneously, the resolution limits of the
system will be explored and the maximum effective core distances and
and zenith angle at which showers may usefully be recorded will be
determined., Once the 0p§rational procgﬁ&ureS'have been determined
it should be possible to accelerate the extraction and anélyéis of
data considerably and it is therefore imbortant to use only those
showers which are known to be capable of a full and accurate analysis
‘in théuaxiy'running pericds of the experiment;

As soon as the entire system is operating correctly the
triggering requirements will be changed to include the triggér
-employed by the Night Sky»Cerenkév Arfay which will be available on
clear moonless nights throughout the winter months, A full description
of the array and 145 capﬁbilities is given by Wellby (1976) and only
a brief description of the data available from it will be given here.

For large events (> 1018eV) the array records about 7 detector

-responses and much data is available on the shower, Used in conjunction

with the particle detecting array improved accuracy in shower parameters
is possible (core iocation to a few meters and shower direction to a
fraction of a deéree)n Due to the liﬁited running hours of the uptical
array (restricted by the moon and bad weaﬁher) and the relative
scarcity of high energy events only a few useful events are likely

in this mode but the precision to which they could be observed would

" .compensate for fheir scarcity.

Tﬁe optical array also records a large number (~15 hour'i) of

small 4 fold (the four inner detectors only [see Figure 4-1])
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coincidenées. These are due to showers created by primary particles
of about 3 x 1016eV and the.showers are about 10 times smaller than
those usually observed by the particle array. They usually land with
their cores within 70m of the array contre and are, in general, within
30 - 35° of the zenith, At present these showers are not capable of
an accurate and full analysis of the type described above, but, in the
forthcoming winter it is intended to install large area flux collectors
at the 500m stations in‘the hope of detecting signals from these

small showers and to render a full anl ACcurate analysis possible,

Due tothe small si%ze of the showers it may only be possible to make
useful measurements with muon detector A. The'proximity to the shower
core could lead to saturation in the majority of the lightly shielded
regions of the detector with high energy electrons. In this case it

' may prove necessary to record oniy on the two crossed flash tube trays

beneath the old spectrograph magnet (threshold 1GeV).

5-7 Future Work and Prospects,

Several areas of related future work are clear, perhaps the
most important being the modification of the simulation routines to
resemble the experimental facilities (and hence éssist in the analysis
of data)., For each future shower simulatior two detectors resembling
the experimental arrangements as closely as possible should be
considéred at apprdpriate relative positions. The routine should take
into account the area, alignment, resolution and efficiency of the
detectors and all the modes of analysis described in section 3-3 should
- .be investigated; The muon timing information should be retained and
a represéntation of the non ideal detector.fe5ponse incorporated.

The temporal details should be fully integrated with the spatial
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results té ensure the optimum analysis of the results from detector
B, The simulations as a whole should be expanded to take a fuller
account of various representations ofthe nuclear interactions
occurring in the cascade, The muon propagation program as it stands

18eV takes in the

is expensive on computer time (a typical 'run' at 10
order of 600 seconds of processor time on an I.B.M. 370/168) and ways
must be investigated of speeding up it's operation thus enabling more
similations to be made. Should it prove possible to make useful
observations of muons in showers initiafed by 1018ev primariss the
simulations should be extended to lower encrgies.

On the experimental side, as well as in#estig"ting the muon
spatial properties in large numberg of showers which are of impoxrtance

in the choice of model, individual showers will be thoroughly studied

-using all the facilities available at Haverah Park to identify and '

measure fluctuations and hence investigate the nature of the primary
particles in the energy rénge from 1016— 1018eV}

With the wide ranglng experimental facilities now becoming
available at Haverah Park backed by rigorous and thorough simulations,
the future for the determination of the primary particle atomic mass

number would appear to be both very promising and exciting, although

the difficulty of the task must not be underestimated.
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