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_Abstract.

A magnet spectrograph in the centre of a large array of diff=-
used=light water Cerenkev detectors has been used to measure the
momentum spectrum and lateral distribution of muons in large exten=
sive alr showers, The data cover the rangess 1~100 GeV/c in muon
momentum, 10=700 metres in core distance, and 105-=108 particles in
shower size, The spectra are presented in the form of integral and
differential densities as functions of muon momentum and EAS core
distance,

Details are given of the construction of the spectrograph and
EAS arrays, the collection and treatment of the data, and the der=-
ivation of the momentum spectra and the analysis of the rasults.
Experimental results are also presented on the charge ratie ef EASmuons,
and an interpretation is offered for the bursts, observed in the
visual detectors, which are produced in the spectrograph iron, Where=-
ver possible, comparison is made between the results of the exper-
iment and the observations of other workers,

Previous theoretical models of EAS muon preduction have been
critically examined and it is shown that the assumptions on which
they are based are not valid for all EAS muens, In particular, the
density of muons possessing large momenta far from the shower core
1s sensitive to the assumptions made about the first interaction of
the primary cosmic ray. A careful analysis of the problem shows
that such muons provide a means of estimating the mass of primary

cosmic rays in the EAS energy regien,
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Preface,

The results presented in this thesis were obtained during
the period October, 1965 to July, 1968, while the author was
under the supervision of Professor G.D. Rochester, F.R.S., in
the Department of Physics of the University of Durham and at
the Cosmic Ray station operated by the Universities of Durham
and Leeds, and Imperial College, at Haverah Park, in Yorkshire.

The author has shared with his colleagues the collection
of data, and has been responsible for the derivation of the
momentum spectra, and for the development of EAS model
calculations.

Preliminary reports on some aspects of the experimental
results have been publisheds Earnshaw et al. (1967, 1968a,
1968b), Orford and Turver (1968), and Orford et al. (1968),
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Chapter 1
Intreduction,
lcl General,

Primary cosmic rays consist of atomic nuclei (about 90% protons,
10% x~particles and a small fraction of heavier nuclei), pessessing
energies from less than a GeV to abeut 1ol°bdv, low energy electronsy
and X-rays, Particulate cosmic rays interact with the interplanetary
and terrestrial magnetic fields, and with the selar wind, and the
study of their time, energy and spacial distributions, using sate=
llites and high=altitude balleons, has previded much information en
the distribution ef matter and fields in the selar system., The close
cerrelatien in time between the bursts of cesmic ray activity and the
eccurrence of selar flares demonstrates that the sun is a sesurce of
cesmic rays. All cesmic rays do not, hswever, sriginate from the sun,
as ne knewn selar precess can be respensible for their acceleration to
energies exceeding absut 10 GeV, The erigin ef the mest energetic
cesmic rays is, as yet, unknewn, but the majerity are suppesed te be
produced and accelerated in eur galaxy.

At energies less than about 5xld4 GeV, the nature of primary
cesmic rays and the preperties of thelr interactions have been
studied directly using nuclear emulsiens flewn in high-altituae
balleons, The flux of high energy cosmic rays is extremely low (about
ene particle of energy greater than ldg GeV per 3000 years per square

metre) se that their direct ebservation is virtually impessible, These
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particles, however, interact in the earth's atmosphere with air nuclei
and a chain ef interactions ensues, which is termed an extensive air
shewer (EAS), The particles in this shewer, which are mostly electrens,
are distributed symmetrically abeut the central regien, the ‘core’
of the shewer, and meve thrsugh the atmesphere with practically the
same directlen as the primary cesmic ray, until at sea level up te
about 1010 particles may be ebserved ever an area of many square
kilemetres. This magnifying effect of the atmosphere, and the reten-
tien of the directien of thé primary by the majerity eof the shower
particles, enables ultra=high energy cesmic rays te be sbserved, and
afferds the pessibility ef locating their sources through a search
fer an anisetrepy ef EAS arrival directien,

The secendary particles created in EAS provide a rich source of
knewledge abeut fundamental particles and their interactiens, and for
the ferseeable future they will be the enly seurce of particles of

energies greater than abeut 163 GeV,

1,2 Muen Studies,

The secondaries preduced in high energy nuclear interactions
are theught te be mainly piens, with a small prepertien of heavy
mesens and strange particles, The study ef cesmle ray muens may
then make pessible a knewledge of the parameters of the interactiens
in whigh piens are preduced, as a muen, unlike ether secondary
particles, is relatively unaffected by its passage through matter,

sensibly retalning the initial spacial direction and energy of the



parent pien,

Selitary muens sbserved at sea level eriginate in showers ef
lew energy which have been abserbed in the atmesphere. The many
m&asurements which have been made en these muens have shewn that
the secendaries of interactiens eof energies abeut 103 GeV are mainly
piens, abeut 20% being kasns. At much higher energies, the muens
ebserved at sea level are a cempenent:sf EAS, A knewledge of the
preperties of the parent EAS makes it pessible te investigate in
greater detail the mechanism of ultra=high energy interactiens,
The pessible answers te a number of questiens, the nature of the
muen parents, the parameters of an interactien, such as the multi-
plicity eof created particles; and the nature ef the primary cesmic
ray are centained in the muens of an EAS; and it is the purpese of

this and sther muen studies te seek these answers,

1,3 Previeus EAS Muen Werk,

om—

Fer many years it has been knewn that abeut 5% of all charged
particles in an EAS are muens, and early experiments such as these
of Barrett et al,(1952) and Devzhenke et al.(1957) established
the appreximate muen mementum and spacial distributisns, Centemperary
theoretical EAS medels; e.g. Oda (1957), had seme success in explai-
ning these results; but shewed the necessity fer much mere detailed
and extensive measurements,

The magnetic deflectisn technique was used by Bennett apd
Greisen (1961) te measure the integrsl mementum spectrum ef muens

of momenta less than 20 GeV/c fer EAS cere distances up te 450 m,
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A small (acceptance velume 25 cm% ster,) alr=-gap magnetic spectre-
graph using G=M ceunters te delineate muen tracks was empleyad in
cenjunctisn with a number ef independently eperated, well=spaced
scintillaters, Ceincidences were recerded between a single scinti=
llater and the spectregraph, and hence the cere distance and size
of each EAS was net determined, The large statistical errers en the
spectra, and the lack of precise EAS measurements limited the use-
fulness eof the results feor cemparisen with theeretical predictiens,

The lateral distributiens ef muens fer thresheld energies sf
5 GeV and 10 GeV were ebtained by Khrenev(1962) and fer a 40 GeV
thresheld by Barnaveli (1964), with a knewledge of the cere distance
and size ef each shewer, The measurements were performed using the
abserptien technique, the fermer using G=M ceunters under a large
(500m, diameter) G-M array, and the latter using scintillaters
under a 40m. scintillater array, The abserptien technique has the
disadvantages that an individual muen‘s energy is net knewn, and
that fer higher thresheld energies, and censequently great thicknesses
of abserber; the EAS cere arrival directien must be determined in
erder that large systematic errers are net intreduced; in neither
case was this determined,

The results ef previeus EAS muen werk de net everlap te any
great extent, but where they de there is agreement, except for the
results of de Beer et al.(1962). In this werk measurements of the

angular scattering ef muens in an abserber were used te preduce
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mementum spectra fer muen mementa up te 10 GeM/c and core distances
of 100m, and 300m, These spectra are much steeper than these of
Bennett and Greisen, and the muan densities given de net agree with
these given by Khrenev. No explanatien was effered by the authors
fer this discrepancy.

Ne censistent picture ef EAS muens emerges from the results of
previeus experiments, and such a picture is necessary fer the acqui-
sitien of new knewledge on the mechanism ef ultra=high energy nuclear

interactiens and the nature ef primary cesmic rays,

1.4 The Present Werk,

The present study was initiated in 1964 because of the need for
accurate measurements of the EAS musn mementum spectrum over a wide
rahge eof muen mementa, tegether with'precise measurements of the
characteristics of each EAS recerded. The large magnet spectregraph
and EAS array te be described in chapter 2 have previded measure=
ments of the mementum spectrum of muens in the ranges 1< muen memen-
tum< 100 GeV/¢, 10< cers distance< 700 metres, and 10° < shewer size
<’108 particles, The first results of the experiment were published
by Earnshaw et 3al,(1967),




Chapter 2
The Haverah Park ‘Solid' Iren Magnet Spectreqraph,

2,1 Intreductien,

The Haverah Park spectregraph was constructed in 1964 by
Prefesser G.D.Rochester and Dr. K.E.Turver in the centre of the
Leeds University EAS array at Haverah Park, in Yerkshire, In 1965
the small arrays te be described later were added., The details of
the constructien of the magnet and visual detecters have been pub-
lished (J.C.Earnshaw et.al.,1967), but the mere important detalls are
given here., The EAS arrays at Haverah Park are briefly described and
the characteristics of EAS which they measure are given, tegether
with the acouracy ef measurement attainable,

20,2 The Spectregraph,
22201 The Magnet,
The magnet, which is ef the ‘picture=frame' type develeped by

the Durham and Nettingham greups (O'Cenner and Welfendale 19603
Bennett and Nash;1960), consists ef 46 iren plates of total thick-
ness 60 e¢m,y, each ef area 4.9 m% and with a central hele of area
0,22 m% Abeut twe sides ef the teroid se formed are wound ceils of
l4=guage cepper wire through which is passed a current of 13,9 A,
giving 9,100 Ampere-turns, Over a herizontaeire:i" 1.8 m% and a cress=
section of 0.48 m% the applied field produces an induction ef 14,6
40,3 Kgauss with a saturatien of 0,015 gauss/Ampdre=turn, The accept-
ance velume of the spectrograph for undeflected particles is l.lx

164 cm%ster. Side and front sections of the spectregraph are shewn

in figure 2.1. The cempesition of the iron is identical te that
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given by Bennett and Nash (1960), The varlatien of the magnetic
inductien ever the hemegeneous field volume has been investigated

by Walten (1966) using a calibrated flux-meter coupled to search
coils inserted between the iren plates; and has been found to be
less than 3%, The effect ef time=dependent biases has been minimised
during the eperatien eof the spectregraph by reversing the directien

of the magnetising field at regular intervals.

202,2 The Visual Detectors.

The tracks of charged particles are delineated in the spectro=-
graph by trays ef neen flash-=tubes, labelled Al,A3,B3,and Bl, the
‘mementum trays'y, and A2,B2, the 'direction trays® in figure 2.1,
Each ef the four mementum trays centains seven layers of tubes ef
length 200 cme, in trays Al and Bl, and 120 cm. in trays &3 and B3,
The directien trays centain twe double layers of tubes of length
200 cmoy cressed at an angle ef 3,5°, The former have been used to
measure the angular deflections of muens in the magnet, projected
inte the plane parallel to the front sectien ef the spectregraph,
i.eo the measuring plane; and the latter to measure the incident
angle distributien of muens prejected inte the vertical plane perp-
endicular te the measuring plane, and te ensure that enly these
muens which &wss the region of uniform field in the magnet are cen-
sidered,

The flash=tubes have a mean internal diameter of 1.6 cmes a

mean external diameter of 1.8 cmo., and are filled with * 98%
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industrial' neen te a pressure of 600 mm, Hg. Abeut 60% of the tubas
are lecated in accurately machined duralumin meuntings and have been
made parallel te within 0.006', and their positions measured to an
accuracy of 0.2 mme. relative to an arbitrary vertical plane defined
by plumb=lines, using an eptical bench and a travelling micrescepe,
The remaining 40% of the tubes form the upper of the double layers
and rest en the accurately pesitiened tubes,

On the arrival ef an EAS, a fleld of 4.6 KV/cm. is applied te the
tubes fer a peried ef 10 psec., after a delay ef 15 usec. in erder
te aveid ‘pick-up' by the electrenics ef the EAS arrays. The internal
flashing efficiency ef the tubes under these cenditiens is very close
te 100% (Walten, 1966), and the layer efficiency, a measure ef the
number eof tubes expected te flash en the track of a charged particle,
is 80%, Randem triggering ef the spectregraph shews that the prsbabi-
lity of spurious flashing, due te natural radie-activity, is less than
0,1%. The images ef the flash-tube trays are breught tegether by a
mirrer system and are phetegraphed en a single frame of Ilferd HPS

film using a Shackman 35 mm. automatic recerding camera,

2.3 The EAS Triggerx.

203,1 General,

The Haverah Park EAS cemplex is situated at a mean altitude of
220 m, above sea level; cerrespending te a vertical atmespheric depth
ef 1016 gm.cm:2. and at a latitude 53%58,2¢ Nerth, lengitude 1%38.1°

Nest, The detecters censist ef large tanks of water of depth 120 cm.
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and area 2.25 m%. acting as diffused-light Cerenkev counters, These are
viewed by single phetemultipliers, and their perfermance as particle
detecters has been describad by Turver(1963). & plan ef the arrays is
shewn in figure 2.2, The arrays at spacings of 50 m, and 150 m, frem
the central detecter were constructed and have been operated by members
ef the Physics Department eof the University of Durham, and the other

arrays by members eof the Physics Department of the University of Leeds.

293,2 The 500 m, Array,

This array selects shewers of size greater than 107 particles at a
rate ef absut 40 per day. It cemprises four statiens situated at the
centreid and corners of an equilateral triangle of side 870 m., each
containing sixteen Cerenkev detecters of tetal area 34 m%( Wilsen et
alo, 1964), The distribution in zenith angle ef arrival of detected EAS
is much wider than fer a G=M er scintillater array, due te the depth of
the detecters, The mean zenith angle ef the showers detected is 409,
at which angle the mean detected shower size is 2x107 particles,

2:3,3 The Small Arrays,

The small arrays at spacings of 50 m, and 150 m, are of similar
geometry te the 500 m, array, and each statien contains twe Cerenkov
detectors giving an area ef 4.5 m% The arrays select shewers in the
size range 105 te 107 particles and are eperated independently; the

trigger rates being 400 and 100 shewers per day respectively,
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2.3.4 The 2 Kilemetre Array.

The purpose of this array is to record extremely large showers of
sizes up te absut 1010 particles, The array consists of six Cerenkov
detectors, each comprising a 50 or 150 m. array, of area 54 m% situated
nearly symmetrically around the central detector, Preliminary results
on showers detected by this array have been given by R.A.Earnshaw et al.
(1968) which indicate that the collecting area of the array may be as
large as 40 km% The expected rate ef detectien of shewers of primary

energy greater than IOIOGGV i1s therefsre about one per week,

203,55 EAS Characteristics Measured.

The data en shewers triggering the 500 m, array are analysed by
members ef the University ef Leeds, and the quantities ebtained for
each shewer are made avallable teo the universities cellaborating in
the Haverah Park experiment. The fellewing quantities are determined
for each sheower:

rs tbe distance of the core of the shewer frem the central

detector, measured in the plane of the sheower front,
obtained by the method of intersecting leci (Allan et al,
1960 and 1962),

Ns the conventienal electronic size of the sheower,

X,Ys the cartesian ce-ordinates, in the plane of the ground,
of the impact peint of the shewer cere; with the central

detector as origin and grid nerth as the X-axis,
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n: the exponent of the shower lateral structure function which

gives the 'best' fit to the observed densiéies,
©: the angle of arrival in zenith of the shewer core,
,¢: the angle of arrival in azimuth ef the shower core,
L/R: the curvature ef the shewer front at the central detector,

t: the siderial and solar times of arrival of the shewer.
All the quantities obtained for showers triggering the 500 m, array
are also obtained for the smaller showers selected by the 50 and 150 m,
arrays, with the exception of 1/R, which cannot be measured because of
the shert base=lines, The quantities 8,P,and l/R are obtained frem the

relative times of arrival of the shower frent at the detectors.

203.6 The Accuracy of EAS Measurements,

Tennent (1967) has given the accuracy attainable for the quantities
listed aboeve, From a study of artificial showers generated by a computer
pregram, it is copdluded that the overall uncertainty in the location eof
a shower core is 30 metres, for nearly vertical showers falling within
the 500 m, array. The uncertaiﬁty in core locatien for all showers is
less than 50 m,

The size of a shewer is obtained by integrating over the shower
front the energy.lmst by the shower particles in traversing 120 cm.
of water, the depth ef the detectors, (Suri,1966). The limits ef integ-
ratien are 100 m, te 1000 m, and this quantity, which is termed ElOO’
is related via V1oo’ the energy which the same sheower would have depo-=

sited had it arrived vertically, to the primary energy, by a comparison
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of the rate of arrival eof shewers with a given V100 with shewers with
a given primary energy., The accuracy of determination of E1oo is
typically, fer near-vertical shewers, 20%.

The quantities 6,@,and 1/R are determined frem the relative times
of arrival eof the shewer frent at each detecter statien and so the
errors in these reflect the errers in time estimatien, The ro.m.s.
errors in 8 and ¢, when © 1ies between 20° and 70° are glven by Tennent
as 4° fer each angle. The r.m.s, errer in 1/R is abeut 30%.

The characteristics eof shewers selected by the small arrays are
obtained by metheds similar te those employed en the larger shewers,

The uncertainties in cere distanee and © fer the 50 and 150 m, arrays

are 10 m, and 20 moy and 30° and 10° respectively.
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The Momentum Spectrum of Muons in EAS

3.l Selection of Data and Treatment,

3c1. 1 General.

The spectrograph has-been operating continuously since April
1965, during which time 19,500 hours of effective exposure have been
obtained. The 500 metre array was operational during the whole of
this time, and the 150 metre and 5O metre arrays were operational
for 1,700 and 2,400 hours respectively. The numbersof showers

recorded in each shower size range ares

Array Size Range Showers Recorded
50m. 10° - 10° 14,100

150m, 10° - 10’ 6,000

500m. > 107 25,100

301, 2 Reconstruction of Muon Trajectories.

The film records are scanned in Durham to select the frames
containing possibie muon tracks. The criterion for this choice is
the existence of a charged particle track in tray B3 of figure 2.1,
the tray immediately below the magnet., The frames thus chosen are
projected onto scale drawings of the spectrograph; and the dis-

charged tubes are indicated. The reconstructed drawing of a



typical frame containing an accepted muon trajectory is shown in
figure 3.1. The reconstructed spectrograph pictuf;s are then
scrutinised to confimm the existence of a muon track. An eight-
tenths scale model of the flash-~tube trays is used to obtain the
best fit muon trajectory to the discharged tubes, defined as that
line which traverses the maximum amount of path length in the gas of
discharged tubes and the minimum in the gas of tubes which have not
discharged. The spacial co-ordinates of the trajectory so fitted
are recorded and a computer programme 1s employed to calculate the
co-ordinates of the intersestion point of the two halves of the track,
and other track parameters needed to determine the acceptability of
the track.

A typical picture containing a trajectory of an EAS muon is
confused by the presence of electron tracks, sifigle discharged tubes
due to materlalising photons, and cascades produced in the shigding
lead layer above the spectrograph by electrons, photons and hadrons.
The average frame contains about five electron and muon tracks in
the flash=tube trays above the magnet and about three in the trays
below., Thus, precautions must be taken to ensure that uncorrelated
half=tracks are not connected. For acceptance as a muon track, the

following conditions must be satisfieds

(a) The half-tracks must intersect within the constant=field

volume of the magnet.
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(b) The upper half-track must be within 20° of the projected
direction of the normal to the shower front in the spectrograph
measuring plane, because of the possibility of unassociated cosmic
ray muons arriving during the sensitive time of the flash=tubes,
and contaminating the EAS muon spectrum.

(¢) The number of tubes which have not discharged, but through
which a trajectory passes, must be less than two.

(d) The whole track must be completely within the acceptance vol-
ume of the spectrograph.

(e) There must be no equally probable alternative half-tracks.

The blases possibly introduced by the application of these
conditions are discussed in section 3.4.

A gomputer method of track analysis, similar to that used in
unassociated cosmic ray muon studies by Bull et al.(1962a) has been
investigated by G.C. Maslin, (private communication), but it is found
to be unsatisfactory for two reasonss
(1) The accuracy of the fit obtained for a muon track is critically
dependent on the flash-tube efficiency; in particular to the exact
form of the variation of flashing probability with the track length
of a particle in the gas of a tube. No satisfactory provision is
possible for the occasional apparent non=flashing of a tube due to
scanning errors or photographic faults. (2) The occurrence of other
tracks, and single tubes due to materialising photons and low energy
electrons; in a flash=tube tray occasionally causes the best fit

track to deviate markedly from the actual trajectory.
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These disadvantages do not, however, prevent the method being used

on low momentum muons,

3plo 3 Detalled Treatment of the Data.
For each muon which satisfies all the criteria for acceptance,
the following pardmeters are recorded, together with the preperties

of the accompanying EAS:
ts The GeMo.T. time of arrival,

‘Vﬁs The projected muon arrival direction in the

spectrograph measuring plane,
AVY: The projected angular deflection of the muon.
Hs The direction of the field in the magnet.
C: The charge of the muon.

Deflection spectra, or histograms indﬂy, can be constructed.:
from this information; and these are the starting points for the
p?ocedure described later. The choice of AY intervals is governed
by the need to obtain the maximum information from the data. The
intervals chosen contain approximately equal numbers of particles,
with the exception of the lowest deflection interval, which includes
those particles with deflections less than the r.m.s. measurement
noise. For the spectrum at a core distance of 225 metres, the inter-
vals are those of figure 3.2,

In order to construct lateral distributions, deflection spectra

are obtained for a number of arbitrary intervals of EAS core distance.
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From the distribution of core distance, r, within an interval N(r),
the mean core distance r can be obtained. However, since the density
of muons varies within an intexval, a welghted mean distance must be

used as follows:

Toee = JS(r)oN(z)er dr coedolol
/S(I).N(r) dr

where S(r) is the lateral distribution of all muons. The values of
;;ff so obtained are very close to';, indicating that the intervals in
r are not too wide and that the variation of muon density within an

interval is not important,

352 Derivation of the Momentum Spectra
3s2,1 General

Both inductive and deductive methods of analysis have been employ-
ed previously to transform deflection distributions into momentum
spectra. Walton (1966) describes a deductive method which enables a
momentum spectrum to be obtained from a limited sample of data. The
first results from the Haverah Park Spectrograph (J.C. Earnshaw et.al.,
1967) were obtained by this method, However, most work has been
carried out using an inductive method, e.g. Hayman et.al.,(1962), and
since the mathematics of this method are simpler;, the application less
laborious, and the size of the samples of muons are now sufficiently

large, it is used here,
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3.2, 2 Derivation of a Momentum Spectrum from a Deflection

Distributton.

The procedure conslsts of converting an assumed momentum
spectrum into an expected deflection distribution in the spectro=
graph, taking into account magnetic deflection, coulomb scattering,
track location errors, energy loss of muons, the distribution in
muon arrival direction, and the acceptance of the spectrograph.

The steps taken ares

1) The deflections in the magnet corresponding to a range of
muon momenta and arrival directions are calculated, neglecting
coulomb scattering, but including energy loss.

2) The acceptance probability of muons, averaged over all
momenta, from a given arrival direction is used to correct the
number of events observed from this direction to obtain the true
arrival direction distribution of muons incident on the spectro=
graph.

3) For each (momentum) x (arrival direction) interval calc-
culated in 1), the deflection distribution is calculated, including
the effects of coulomb scattering and track locatlion errors.

4) Each interval in the deflection distribution is welghted
according to the probability of its acceptance with the given values
of arrlval direction and angular deflection.

5) The contributions to each deflection interval from each

(momentum) x (arrival direction) cell are weighted by the assumed
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momentum spectrum, then summed to produce an expected deflection
distribution, The details of the derivation are now given,

A function of A\) is defined:
wt (AV) dlaVY) = /g° S(p)uw (AY,p) dpd(AY ) .oe036201

_wheze N 1g the expected intensity of the deflection distribution at
AV » s(p) dp.is a trial momentum spectrum, and W(AWY, p) is the
probability that a muon of: momentum P is deflected by an angle&}zahd
accepted. The observed deflection distributions are histograms, so

for comparison the expected histograms of deflection are calculated.

AWy P
NAV) = / / s( p ) WAY, p)dp d(AY) 00030202
AY; o
The weighting function, W, is given by:
, 30° !
WOV P) = S [ aOY V) BOR(B s AT, P)
d( Yo ) a(¢,) 00030203

where A 1s the probability that a muon deflected by an angle AY; will
be accepted at an arrival angle Y , B is the distribution in @ for
all muons, C is the distribution in W%@ for all muons, and Q is the
probability that a muon c;f momentun P ; incident at an angle (Y, ,¢°)
will be deflected by an angleZXVVand will be accepted by the spectro=-
graph, ¢5 is the projected angle of arrival of a muon in the vert-
ical plane perpendicular to the measuring plane. The detalls of the
spectrograph acceptance, coulomb scattering, magnetic deflection and

measurement noise are given in the next section, 3.2. 3.
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Equation 3.2. 3 is evaluated numerically to provide a large matrix
of values of W, Obviously the applicability of these weightings to
any particular momentum spectrum depends on the spectrum having
functions A,B and C closely similar to those used in deriving W,
In the spectra reported in this thesis, the functions AyB and C are
in fact very similar, and so the same weightings ar;:hsed for all
spectra,

In order to obtain the momentum spectrum which gives the de-=
flection distribution which best fits the observations, an arbitrary
momentum spectrum is taken as a starting point, and using the comp-

arison between the observed and predicted distributions, the trial

'spectrum 1s modified thuss

S y9q (PP = Zi ii(p)o!(A‘hnp).M(AWVNj(A‘P:)dp coo3e20d

Z, W(Avop)
where M(ASUQ) is the observed deflection distribution and mj(zxyg)

is the distribution predicted from the jth attempted momentum spec-
trum 53 (p)s The reiteration is computed unt11'(8j+1 -"Sj)ﬁsj is
less than 1%. A typical deflection distribution, that at a core
distance of 225m, is shown compared with the best fit predicted dis=-
tribution in figure 3.2.

This method is similar to that described by Ward (1967), in
that the solution obtained is inherently smooth, and the statistical
errors must be treated carefully. The statistical errors are ob~-
tained by finding the percentile points of the edge of each deflect-

ion interval in the observed distribution and interpolating points



from one standard deviation movements of the extremities. This
procedure gives an approximation to the steepest and flattest
deflection distributions which could have produced the observed
distribution, Momentum spectra are fitted to these in the same way
as to the observed distribution,

The above procedure is repeated twice with different values of
the function W(AY;, p ), corresponding to the statistical limits
on the measurement noise distributlon standard deviation. This extra
error is interpreted as an error in the momentum of a spectrum point,
but it has been transformed into an error in the density in flgures

306’ 3.7 and 3.8,

3529 3 Corrections for Instrumental Effects
The simple theory of the motion of a charged particle in a mag-

netic field gives a unique relation between the momentum of the part-
icle,P, and its angular deflectionAl}, namely:
. 300x f H(1)d 00030245

c.AV¥
where H is the magnetic field strength, 1 is the distance traversed

in the field and C is the velocity of light. However, muons lose
energy in the material of the spectrograph, and to construct a mom=
entum spectrum, account must be taken of the effects of coulomb scat-
tering, instrumental acceptance, track location errors, and the muon
arrival direction, in that this affects the path length of a muon in

the magnetic field.
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3¢2¢ 3=1 Magnetic Deflection
A muon incident at an angle'ﬂ@ on the magnet and emerging at an
angle \J, ; has a most probable momentum, neglecting the effects of
coulomb scattering and track location errors ofs
p= Lok, (1+q%/k%)
exp{-%.(%wv/, )e (cos'll/,*E.sinT}" )=(cosl,+ -E,sin% )}

where K is the magnetic field strength, in(gauss x 300),q is the

00030206

energy loss of the muon in GeV per cm., and 1 is the thickness of the
magnet in cm. (Rastin, 1964). As the energy loss, q s is a function
of the muon momentum, equation 3.2.6 is reiterated to determinep .
3.2, 3=2 The Acceptance Function

The effective area of the spectrograph presented to a muon is a
function of the projected arrival angle \46 in the measuring plane,
the angle of arrival ¢b projected into the vertical plane perpendic-
ular to the measuring plane, and the angular deflection, &Y. This
area has been evaluated using an one quarter scale drawing of the
slde and front spectrograph sections for a range of angles
-16°¢ AV<16°, -30% ,€30% and —40°¢ ¢, & 40°, for intervals
of 1% in each, The acceptance function is considered as two separ-
ate, independent functions, A(\),, AY) and B(¢%), the latter being

a simple trigonometric function, independent of AY, of the forms

B($,) = 1-ax tan(d) es0302,7
where a = 0,77 for [¢,) € 31° and &= 0.8 for |§]|> 3’
The analogue method of evaluating A(\, ,A¥) does not take into
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account the variation in apparent flash=tube brightness across a tray,
which appears as a variation in flash=tube efficiency, and because of
"condition (C) in the 1ist of acceptance conditions in section 3.1, 2
can cause a muon to be rejected. This apparent brightness variation
is caused by the decrease in light intensity with increasing angle of
viewing, a well-known characteristic of flash-tubes. To evaluate
this effect, a large number of frames have been drawn in the normal
way and the dependence of the average number of tubes flashed on a
track on the lateral track position obtained. It is found that there
is no effect for muons with small deflections, and that the numbexr of
muons with deflections of 16° is underestimated by less than 0,5%.

The total function A(Y, ,AY%) x»B(¢b) is shown in figure 3.3
forw(. = 0° and figure 3.4. forﬁw = 160, displayed in polar co=
ordinates (& x B, {) for various values of the zenith angle of
arrival ©, where ¢° = tan"}(tan © sin $) and Yo = tan™ (tan® cos ¢).
Small residual acceptance effects are minimised by the use of two
similar magnet volumes, magnetised in opposite directions, and by re-
versing the direction of magnetisation of each periodically,
302, 3=3 Coulomb Scattering

Muons are multiply scattered in the iron, so that the angular
deflection of an emerging muon is distributed about the most probable
deflection according to the distribution given by Eyges (1948), which
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where p is the momentum of the muon in eV/C , E_ 1s a constant with
the dimension of energy and has a value 21 x 1opev, q 1s the energy
loss in eV per radiation length and S is the thickness of the scat-
tering material in radiation lengths. It is assumed that muons are
not angularly scattered in the flash-tube trays, which is valid since
the standard deviations of the scattering distributions in the trays
and the iron are in the ratio 13 30,

302¢ 34 Track Location Errors

When a muon track, delineated by flash=-tubes, is fitted, a ran=
dom error is made in the angle of the fit, which is distributed ran=
domly about the true track. This error is inherent in the use of
flash=tubes and has been examined by man&iauthors, notably by Bull
et.al. (1962b).

The trajectories can be estimated using a track simulator, or by
using a computer analysis to obtain the best fit with a precise know=-
ledge of the tube flashing probability function. The latter method
has been examined and found to be unsuitable for use on EAS muons,
The track simulator method has therefore been used, although it is
relatively slow and laborious. Four quantities have been measured to
investigate the form of the error functions |

l. The lateral separation of the intersection points of the two
halves of a track with the mid plane of the magnet,Aym.

"2» The deflections of the muons which have traversed to the

central hole of the magnet,
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3. The deflections of the muons observed during a preliminary
zero=field run,

4, The deflection distribution from a repeated simulation over a
period of time of a number of tracks,

Method 1 has been used by Walton (1966) to estimate the Tom.s
measurement noise which is found to be 0,49° for muons with deflect-
ions less than 1°, The quantity/ymis related to the measurement
noise because at the highest momenta, muon trajectorles should be
practically straight lines through the spectrograph. The measuring
errors on each half-track distort these to produce a separation of
the half-tracks., The figure obtalned for the r.m.s. noise, 0.490,
contains the effects of the coulomb scattering of the lower momentum
muon.s. If a momentum spectrum of the form S(p) dp ot p-’2 dp 1s ass~
umed, and the r.m.s, coulomb scattering angle, evaluated from
equation 3.2.8; is taken as O (p) = 6/p; then the average Tomes.

scattering angle, coulomb plus measuring noise, is given bys

oD
- [ PTRY 2\%
o = IW.P o((ﬁ,/ép) "'Gn) dp 00030209
@ =2
f P dp
7

This can be solved for the rom.s. measurement noise O, which for
G = 0,49° is found to be ¢, = 0,33 °,
The distribution in Aym indicates that the distribution of measure-
ment noise approximates to a gaussian.

In method 2, muons which have traversed the central hole of
the magnet are used to estimate J,. Such muons are expected to be

undeflected, se that the deflection distribution obtained should be
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the measurement noise distribution. The distribution is found to be
closely gaussian with a standard deviation & = 0,32 X o,oa‘”.

Before the magnetic field was switched on at the commencement of
the experiment a run was made to measure the scattering angle distrib-
ution, using the unassociated cosmic ray muon beam., The measured
deflection distribution includes the coulomb scattering of the muons,
and after unfolding this, in a similar manner to that of method 1, it
1s found that &n = 0,35 & 0,08°%,

These three methods do not give an estimaté of the standard dev-
iation of the measurement noise distribution under the same condit-
ions that apply during the routine measurement of muon trajectories,
Repeated simulation of a number of muon tracks of all deflections
inserted into the measurement routine should provide this estimation.
Since;, however, the simulation may be subjective, the tracks are in=
serted into the routine over a period of time, without the knowledge
of the operator. The noise distribution obtained for half=-tracks in
this way is found to be closely gaussian, with an equivalent overall
track location error of Op = 0,25° . 0,08°

In conclusion, consideration of all the results on the noise
distribution indicates that this distribution is normal with a stand-

ard deviation of 0,3 X O.OGO.
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3.3 The Momentum Spectrum of EAS Muons,

3,3, 1 Normalisation Measurements,

Deflection spectra are obtained for intervals of EAS core dis-
tance from 10m, to 80Q0m., and are fitted by differential, unnormal=~
ised momentum spectra, These are then normalised so that the den=-
sity of muons of momenta not less than 1 GeV/c for a given distance
interval is that given by the 1 GeV/c lateral distribution., This
distribution has been measured by Earnshaw (1968c), using the iron
of the Haverah Park Spectrograph as an absorber, and is reproduced
in figure 3,5, Since the range of dlstances covered by the distrib-
ution involves measurement of muon densities in showers of size 105
to 108 particles, the dependence of the number of muons in a shower
on shower size must be known, Although this dependence has been
investigated by many workers, ®.g. Bennett and Greisen (1961), Allan
et al. (1968), the measurement of Earnshaw (1968c) has been used,
because the same equipment was used as in the spectrum measurements,
that is at a distance of 300 metres,Aj‘-( 2 1GeV/c, 300m.) &t N°°°750
The assumption 1s made that the shape of the muon lateral distribut-
ion does not depend strongly on shower size. Since it is difficult
to obtain measurements over all lateral distances in a shower of a
given size, the assumption may be unjustifiable if, for example, the
composition of primary cosmic rays varies with energy. Such a var=-
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will be discussed further, in connection with the theoretical pre-
dictions of the lateral distribution of EAS muons, in section 6.2. 2.

330 2 The Variation of Momentum Spectrum with Core Distance

The differential momentum spectra of muons in a number of inter-
vals of core distance are shown, normalised for a shower size of
2 x 107 particles and a zenith angle of 220, in figure 3,6, Corres=
ponding integral spectra with an upper momentum limit of 500 GeV/c.
are shown in figure 3,7. These spectra refer to showers triggering
the 500metre :azray, for which the shower size distribution is very
narrow, 1.e. 1.0 to 3.0 x 107 particles, Spectra at core distances of
50m. and 100m.from the smaller arrays are shown separately in figure
3.8, To obtain lateral distributions for muons of various threshold
momenta, these two spectra have been nommalised using the relation
Np o N2°75 and the resultant distributions are shown in figure 3.9,
the broken lines indicating the points obtalned by scaling. To obtain
the form of the lateral distributions for core distances smaller than
50m., the 50m. spectrum has been resolved 1ﬁto spectra for core dis-
tances down to 10m. The superimposition of these spectra to give one
spectrum at 50 metres is possible because of the slow change of shape
of the spectrum with core distance for less than 100m,
303s 3 Variation of Spectrum with other EAS Parameters,

Only two EAS parometers, other than core distance, would be ex=-
pected to cause a variation in the chaps of the muon momentum spec-

trum, namely the shower size Ng» and the zenith angle of shower
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arrival 6. The other quantittcu,qb the azimuth shower arrival angle,
and X and Y the cartesian co-ordinates of the impact point of the
shower core with the plane of the ground have been examined to dis-
cover any systematic effect on the momentum spectrum, but no effect
has been found.

The shower size, Ne’ through its connection with the composition
of primary cosmic rays, and zenith angle ©, through its variation of
the atmospheric depth might be expected to cause observable variations
in the shape of the momentum spectrum. To investigate the variation,
however, the muons must be sorted into intervals of these parameters,
adjusted to compensate for the correlated variation in core distance.
No significant variation is found. A variation cannot be excluded,
but it could only be detected by a very much larger sample of data.

One further EAS characteristie ' which is measured by the Haverah
Park 500 metre array is R, the radius of curvature of the shower
front. No variation in the shape of momentum spectrum is found with
this parameter, which may be related to the average height of prod=
uction of muons, suggesting that the majority of the showers observed
posses similar true shower front curvatures, the apparent differences
in curvature being caused by errors in the timing of the arrival of
the shower front at the detectors.

3:3, 4 The Average Properties of EAS Muons,

The average prepértied’ of EAS muons are those which, because

of the relative simplicity of the apparatus required, have been
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measured most often, and so can provide a rough check of the accuracy
of the present measurements,
3630 4 =1 The Total Number of Muons in a Shower.

The total number of muons in a shower is obtained by evaluation

of the integral:

[ o]
N (2p) = {fp(r,}p)hrr dr 0003030l

where 7‘)1 is the lateral distribution of muons of momenta not less than
Po In this experiment, the limits of integration are taken to be 1
metre to 1000 metres, the form of the lateral distributions for dis=
tances outside the regions of measurement being obtained by extra=-
polation, The errors incurred by this extrapolation are expected to
be small because of the lowwaight of the product {'p(r,)p) X 27T

in these regions. The value of Np (> p) has been found using equa=-
tion 3.3, 1 for a number of threshdld momenta, and the data 1s well

fitted by the Bennett and Greisen (1961) relation:

M(>P) = 1.9x 10 (1\1'1/106)‘3)“;25l°3 00030302

3¢30 42 The Total Momentum Carried by the Muon Component.
The total momentum carried by muons in an EAS is obtained by

evaluatings

00
Q.r = 7 S.r(p) dp 00030303
-0

ooab A

where S,Eb ) 1s the total differential momentum spectrum of EAS muons,

which is easily obtained from equation 3.3, 23
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Evaluation of equation 3,3, 3 within the momentum limits

S. (p)dp = 1.23 x 105{

0 to 500 GeV/c gives:

) 7
Q = 1,22805 x 10’ GeV/c

Since this value is not sensitive to the shape of the momentum spec-
trun for momenta greater than 100 GeM/b, this region has been allowed

for by extrapolation,

3.3, 4=3 The Mean Momentum of EAS Muons

Since the shape of the momentum spectrum of EAS muons varies
with core distance: there will be a corresponding variation of mean
momentum, The variation of this mean momentum q (r) may be obtained

from: 00

-q'(l') = S(Ppl‘)op dp 06036309
/zm S(psr) dp

where S(p » T) is the differential muon momentum spectrum at a core

(3.

o)

distance r. This equation cannot be evaluated exactly without a
knowledge of the form of the momentum spectrum for momenta less than
1 Gem/b. The shape of the spectrum in this reqlon is not known, so
the evaluation of equation 3.3. 5 has been made with a lower momen=
tum 1imit of 1 GeV/c. The variation of mean momentum with core

distance is shown in figure 3,10 and is fitted well by a relations

q (r) = 22 x exp(— 0,0037 x r) 00030306

with q in GeV/c when r is measured in metres,
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The mean momentum of all muons at a given distance may be obtained
approximately by assuming that a constant fraction of muons, in-
dependent of core distance, passess momenta less than 1 GeV/c and a
mean momentum of 0,5 GeV/c. The result is not sensitive to this last
figure as the momentum carried by these particles is negligible. The
fraction may be obtained from equation 3.3. 2 and is found to be 41%.

An approximate form of q (r) may then be given as,
q (xy P20 GeV/c) = 15,6 x exp (=0,0087 X )  400303.7

The mean momentum of all muons in an EAS is found to be

- +3 .2
P = 607_2.o

GeV/c
324 Investigation of Possible Sources of Bias

In order to derive the momentum spectra, approximations and
assumptions have been occasionally made and in the following sections
the extent of any such biases is examined,
3s4, 1 Muon Interactions

In the analysis of the spectra, it is assumed that muons lose

energy in their passage through iron, at a rate of 1,8 MeV gm::1 cm:2

for a muon momentum of 0,5 GeV/c, rising smoothly to 2.8MeV gmﬁlcmzz
for 100 GeV/c, However, there is a finite probability that a muon
will lose a considerable fraction @f its energy in cne interaction.
At the momenta within the range of measurement of the spectrograph,
the major energy loss mechanism is collision loss; other, fluctuat=

3

ing, contributions being on average ~+ 10 ~ of the collision loss

at 1 GeV/c to ~ 0,3 at 100 GeV/c muon momenta, Low energy muons
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are therefore correctly allowed for, and the effect on the observed
density of 100 GeV/c muons, calculated from results obtained during
the interpretation of muon~induced bursts in chapter 5, is an under-

estimate of the density by ~ 5%.

3040 2 The Loss of Low Enerqy Muons,

The loss of low snergy muons can, by normalisation, affect the
density of muons of momentum 100 GeV/c. Low energy muons can be
scattered laterally in such a way that the half-tracks intersect out-
side the magnet, and be rejected (see section 3.1. 2),

It can be shown that the probability, P, that a muon, after trav-
ersing x gm.cm?2 of scat?:zing material and possessing an rom.s. scat-
tered angular deflectian’ézy, will appear at y gm.cmﬁzo lateral dis-

placement with a projected angular deflection ©y is given bys

P(R,y,6y)dy déy =3 x 1 X expl =2
L o2 x
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In the presence of a magnetic field, the muon trajectory follows the
arc of a circle, and a full analysis reveals that the probability

that a low energy muon will be wrongly rejected iss

1

A @ a B
PP = _{ ﬁ[P(x»v,ev)dy d &y + £,£P(xsv99v)dy d ey +

e o
{ é?(x,y,ey) dy d ey 00030402

where & = x.[tan &y — tan (AYn/2)] ; and
B= =x.tdn (AYn/2)
AVYm = angular deflection of a muon in the absence of coulomb
scattering.
A = maximum deflection allewed by acceptance function.
The evaluation of equation 3.4, 2 shows that the density of 1 GeV/c
muons is underestimated by 1%.

3.4, 3 "“Event” Selection.

The selection of muons i1s made at three stagess before drawing
a frame from a film record, before track simulation, and before
final acceptance of a muon, Each stage has been examined for sources
of bias. A typical film, chosen at random, containing 450 spectro-
graph exposures has been scamned during the routine collection of
data. The film has subsequently been carefully drawn, frame by frame,
to ascertaln the scanning efficiency. It is found that about 1% of
muons are lost during the initial scanning. There is no evidence,
however, for a momentum bias in those so lost. In carrying out stage

2 of the selbction, care is taken to select any event which could



contain an acceptable muon. Those drawings rejected have besn filed
and have subsequently been rescanned; but no appreciable number of
muons have been missed, The final selection stage has been closely
scrutinised for bias., All accepted muons have been checked by three
experimenters for strict adherence to the selection conditions of
section 3,1.24 About 5% of all muons passing the original reutine
selection tests have been found later to be unacceptable, due largely
to marginal acceptance and obscuration. No momentum bias has thersfere
been found,

324, 4 EAS Selaction.

It has been suggested ( de Beer et al.,1966 ) that EAS arrays
with few, well-spaced detectors will have a bias towards selecting
showers with lateral particle distributions flatter than average,
because the muon lateral distribution reported by Khrenov (1962),
measured on a well-filled Geiger counter array, is steeper than the
corresponding distribution from the present experiment. The possib=
11ity of this type of blas affecting the measurements of the muon
energy spectra has been investigated by J.C. Earnshaw ( private com=
munication ), and he has shown that the average exponent of the shower
particle lateral distribution is 3,13 for all showers and 3,04 for
showers in which a high energy muon is observed in the spectrograph.
The normal range of exponent from shower to shower, for showers with

PN

zenith angles less than 40,is 2,0 to 4,0, hence the difference is

insignificant. It is concluded that the showers containing high
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energy muons are typical of all showers triggering the array, but it
is difficult to relate the average exponent to that observed in
Geiger=-counter arrays because of the different characteristics of the
detectors. The relative steepness of Khrenov's lateral distributlion
will be discussed in section 3.9,

324, 5 Track Reconstruction,

Measurements of the random error inherent in the analysis of
fracks delineated by neon flash-tubes have already been described,
Hewever, a source of bias not included in the analysis could arise
from the mechanics of track reconstruction. The co-ordinates of the
best=fit trajectory on the flash=tube simulator are obtained from the
intersection points of the track with two arbitrary measuring planes,
These co-ordinates are read to an accuracy corresponding to an angular
interval of approximately 0.080, the size of which depends on the in=
clination of the track. This may cause a bias in the deflection spec-
trum for very small deflections.

To check this effect, a computer programme produced 5000 artif-
icial tracks distributed with flatV, andA‘t{/distributions. The ex-=
pected number of tracks in the lowest deflection interval if the de=~
flections are not quantised is 848, The number of tracks expected
for quantised deflections is 840, For larger deflections the effect
is smaller. It is concluded that there is no appreciable momentum

bilas introduced by quantising angles,



=37=

324, 6 Obscuration and Contamination.

Two further possible sources of error may arise from a) muons
being obscured by electrons and other muons at small core distances
and b) the contamination of a spectrum by unassociated cosmic ray
muons.,

The number of cosmic ray muons incident on and accepted by the

spectrograph per exposure iss .

40 kY
NMa(Plap = Rpl(P) x 2x10* x 7 é B(6)cos2ed® | &(6,P)cos>0 de dp
. 0

00030403
where T is the sensitive lifetime of the flash=tubes, B is the mom=

entum independent acceptance function and A the momentum dependent
acceptance of the spectrograph., Evaluation of equation 3.4, 3 gives
the probability of a single muon's acceptance as 0.4% per exposure,
Approximately 3000 random triggers have been applied to the spectro=
graph and a frequency of O.,5% observed, The probability of contamin=
ation is reduced considerably by the selection condition (b) in sec-
tioen 3,1. 2, which demands that a muon be within 20° of the projected
direction of the normal to the shower plane at the spectrograph. The
effect on a spectrum of the inclusion of less than 0.5% of unnassoc=
iated muons will be negligible. As the cosmic ray muon spectrum is
steeper than the majority of the EAS muon spectra the only effect
could be a marginal steepening.

The effect on the muon momentum spectra at large core distances
of obscuration of muon tracks is also negligible, Total obscuration

of all tracks is not observed for core distances greater than 1Q0m.



At intermediate distances the acceptance condition (e) of section
3.1. 2, 1.8, that there must not be two (or more) equally probable
alternative half-tracks,can cause a muon to be rejected, Low enexgy
muons will be affected most because the higher angle between incident
and emergent half-tracks increases the probability of a spurious
intersection of uncorrelated half-tracks, The effect on the spectrum
of this bias is small, the fraction of muon tracks which cannot be
estimated because of obscuration being less than 1%,

3p40 7 Systematic Instrumental Effects,

A search has been made for systematic biases due to:

(a) Misalignment of flash=tube trays relative to the
magnet,

(b) Misalignment of flash=tube trays relative to each
other.

(c) Non-correspondence of flash-tube simulator and
flash=tube trays.

(d) Internal incensistencies in the flash-tube
simulatoer.

(e) Measurements of the flash-tubes used in the
computer programme precessing the co-ordinates
obtained from the track simulator,

All but (e) were initially measured at length and have since been
checked by examining the symmetry of distributiens in projected

muon arrival direction and of the distributions in deflection,



With the distributions obtained, an asymmetry of less than 0.0G° in
angle could be detected. No such asymmetry is found. The computer
programme has been checked by comparing a sample deflection distrib-
ution with that obtained by inserting the ce-ordinates of the mirror
images of the same tracks in the vertical plane., No errors which
would produce systematic biases have been found,

304, 8 The Unagssociated Cosmic Ray Muon Spectrum,

A final check of the wheole procedure is the measurement of the
mementum spectrum of unassociated cosmic ray muons, which is well
known for momenta less than 100 GeV/c. The Haverah Park Spectrograph
has been triggered by a Geiger counter telescope, placed above the
spectrograph, for a sufficient time to collect a sample of muons oé a
similar size to the typlical sample for an EAS muon spectrum, The mom=-
entum spectrum has been derived using the same procedure as described
in section 3.2., and is shewn, compared with that of Osborne et al.
(1964a) in figure 3,11, There is good agreement between the spectra
and it is concluded therefore that the analysis provides an accurate
assessment of a muon momentum spectrum,at least for mementa up te
50 GeV/c.

3040 9 Conclusion,

Since the overall effect- on the observed mementum spectra of the
biases discussed in the previous sections is small compared with the
statlstlical errors, no corrections have been made to the observed

spectra,
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305, Previous Measurements.
3550 1 Detalled EAS Muon Spegtxa.

Comprehensive, directly comparable, energy spectra or lateral
distributions have been measured by only two groups, those at Moscow
State University and Cornell University. The results of the Moscow
group are shown in figure 3,12, compared with the relevant lateral
distributions from 3.8.(Khrenov,:1962, 1963).

The results fit the formulas

?F(N.r) = kNr exp(—r2/r°2) 00030501

where k = 5,8¢10°, n = 0,7 0.1, x = 0,85 0,1,

T, = 195+ 15 for Ep > 5 GeV,
and K & 4,1x18° n = 0.7#0.1, o = 0,85+ 0.1,

T, = 15515 for E}l_} 10 GeV, .
These results were obtained from an array with hodoscoped G = M det-
ectors under 20 and 40 metres water equivalent of earth, in the centre
of a G - M EAS array. For core distances greater than 10 metres, the
Zenith angle of arrival of each shower was net known, and so the
average core dlstances and muon threshold energles were calculated on
an assumed shower zenith angle variation and a lateral distributien
which did not vary markedly with shower zenith angle. Data on the
lateral distributions were obtained directly for core distances less
than 100me, The point given at 250m. was obtained by triggering the
muen detectsrs by s six~fosld G = M array with a 250m spaclng. The
mean distance of showers triggering this array was found by calc-

ulation to be 250m. In view of the uncertalnties intreoduced by
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these assumptions, the agreement between the lateral distributions
measured at Moscow and those at Haverah Park is good,

The most comprehensive measurement of muon momentum spectra in
EAS is that of Bennett and Greisen (1961), which is based on measure-
ments of the 1 GeV/c lateral distribution measured at Cornsll Univer-
sity and by Clark et.al. (1958); and the measurements of the integral
mementum spectra of muons in the range 1 to 20 GeV/c using an air-=
gap magnetic spectrograph. The integral points of Bennett and Greisen
are shown in figure 3,13, compared with the lines best fitting the
data of the present experiment, Bennett and Greisen express their
results in the form of a relation giving the density of muans:f{p in

a shewer of size No at a core distance r and a momentum thresheld ps

'='oo75 Noo 1 V
Ap (Nor,>p) = Modxxr "7 NY514 (3 }!
}“ TeZ (1+M320)205 \106) " 0) \ p+2 00030902
0,37

where Y= 0,14 x r

At large core distances and muon momenta, this distribution is app=
reclably flétter than that given by Khrenov, equatien 3.5, 1.
Equation 3.5, 2 fits the present data well in shape but the absolute
intensity is somewhat lower, a coefficient of 23,6 instead of 14.4
being needed to obtain the fit shown in figure 3,13, This differ-
ence in normalisation is difficult to explain except in terms of
differences in the mean shower sizes of the measurements,

The core distances given by Bennett and Greisen for their

spectra were obtalned in a similar way to that used by Khreneov for



INTEGRAL DENSITY(m-2)
O,

10

Pt

1 ]

T Trrvrg

125m.

. —HP

Lo ' -

. o BENNETT & o

R GREISEN (1961 | ]

0 0475m.

X Y v

-. n.;l ] 1 Lljlnl___,. | D |
] : 10

MUON MOMENTUM(GeV/c)
FIGURE 3.13




=42=

his largest array. The location of the core was not determined for
each shower, but the mean core distances were calculated for showers
which triggered given configurations of detectors. The width of the
probability distribution in core distance for a set of detecter co-
incidences is very large in this case as a coincidence between only
one scintillater and the spectrograph was demanded. A careful an-
alysis can still, however, produce accurate lateral distributions, -
given the precise form of the muon and electron lateral distribution
function, The shapes of the distributions used by these workers are
now well established, "

A measurement of the muon lateral distribution for a threshold
energy of 40 GeV has been reported by Barnaveli (1964 and 1965) for
a unique shower size and a small range of core distances., As can be
seen in figure 3.14 , the agreement between the peints given by
Barnavell and the corresponding lateral distribution from the pres=
ent experiment is good, except for the point at 80 metres. The EAS
array used by Barnaveli had a diameter of 40 metres, so that the
observed slight discrepancy could indicate a systematic error in the
positions of distant cores of about 3Q0m.

3359 2 Averaae Preperties of EAS Muons,.

The average prepérties’  measured in this experiment are
QT » the total momentum carried by muons in a shower, Ny (%p ) the
total integral momentum spectrum of EAS muons, and p , the mean EAS

muon momentum, The results of other workers are shown, compared
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Table 3.1
Author Ne QT P | M(>o0) Y
This experiment | 2x10" | 1.270°8x107| 6,7%3°2} 1.9%0.2010%| 1.3%0.1
Bennett and - | 9.ax10® 7.0 1o3x10° 1429
Greisen (1961)
Greisen (1960) - 9'.&:106 Se4 1.75:106 1.37
, 6 6 6 .
Khrenov (1962) 10 7.2x10 50,0 1.45x10 1,40
Ghatter.‘l' ee 5x105 Be 8:% °5x106 400*1 :(7) 2 o2tlo6 1 05*00 1
(1966)
Barnaveli 6x105 - —-— —- 1.1‘20.1
(1965)

Ne is the meon shower size at which the measurements were

performed.

0,75

scaled as Npox Ne 7,

NoB. the data of Chatterjee et al.(1966) have been
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with the results of the present experiment, in table 3.1. They

are nommalised to a shower size 2 x 107, using the scaling law of

the author, or if none is given, Ny o N 075, The exponent Y
is the exponent of the total integral momentum spectrums
Mg (>p ) = Const, x( 2 Y
P+2)

It can be seen that there 1s a good agreement between all the ex=
perimental results. The polnts from which they are derived are
shown, compared with the peints ebtained in the present experiment,
in figure 3.,15. For future analysls it will be assumed that the
total integral momentum spectrum of EAS muons is well represented

by equation 3,3, 212

oagne.

6

M (3 p) = 1.9x 10y .N(Y-’s( p o3
\10
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Chapter 4
The Charge Ratiq of EAS Muons,

4.1 Introduction

A knowledge of the charge ratio of EAS muons is important if
the properties of the muons observed are to be used to obtain in=-
formatien on the nature of the unstable secondaries from ultra-high
energy nuclear interactions. The existing experimental data on the
nature of such secondaries ham been obtained mainly from studies on
jets, observed in emulsions, and from cosmic ray muon measurements.
A ratio of muon charges significantly different from unity has been
established for the majority of unassociated cosmic ray muons. This
has been interpreted by MacKeown (1965) as evidence for a proportien
of kaons to pions of 185, which is similar to the results from acc-
elerator and jet studies, e.g. Aly et al.(1960). Bennett and Greisen
(1961) repert that the charge ratic of all muens in an air shower
is p+ /p- = 0,97 * 0,07, This led " the authors to suggest that
plen production exceeds kaon production in the developing nuclear
cascade by at least an order of magnitude, It may be expected, how=
ever, that the muons which have decayed from kaons produced in the
early interactions of the primary cosmic ray may exhibit a charge
asymmetry at large core distances in EAS., This follows from measur=-
ements such as those of Lock (1964) which shows that heavy mesons
created in nucleon=nucleon collisions may possess, on average tran=

sverse momenta exceeding those of plons. This, combined with a



kaon's greater instability, would increase the proportion of muons

origlnating from kaons at large core distances.

The charge ratio will be enhanced further by the effect of the
positive charge on the primary cosmic ray. This enhancement will be
very small, except for those muons which eriginate from the particles
created in the cosmic ray's first interaction., If the primary energy,
hence the multiplicity, is low, the effect will be even more marked,
but will be somewhat offset by the smaller mean atomic weight of the

primaries,

4,2 The Analysis of the Data,

Each muon observed in the spectrograph is ascribed a charge, and
for muons with observed deflections greater than the r.m.s. track lo-
cation error, the true charge is, to a high probability, that observ=
ed. Muens with deflections smaller than or near to the r.m.s. error
can, however, appeér with an apparently reversed charge. For the pur=-
poses of this study, this effect is initially ignored, as an observed
charge asymmetry can, within the statistical errors, only be a lower
limit of the true value. Thus, muons with momenta such that the mest
probable deflections equal the r.m.s. measuring error have a probab-=
ility of 0.16 of appearing with reversed charges. If the true
charge ratio is R (£ 1 ), then the charge ratio which would be ob=-

served for a large sample of data iss

1
R® = 0,84R + 0,16
C.I6R + 0,84 sesdo2el

which gives R%ﬁ-l for R:» 1.
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The observed muons have been allocated to arbitrary regions of def-
lection and core distance,and the data from the three EAS arrays,
and hence three ranges of shower primary energy, have been treated
separately, For the muons observed in showers recorded by the 50m,
array, i.e. primary energyfv53106GeVon°charge ratio significantly
differing from unity is observed in any region of deflection or
cgre distance. The charge ratio of all observed muons in this
range of shower primary energy is 0,98 + 0,07, The observed numbers
of positive and negative muons in showers recorded by the 150m. and
500m. arrays are shown in flgures 4,1 and 4,2 respectively. The mean
true momentum of the muons in each deflection interval has been de=
termined using the deductive spectrum analysis methed for small sam-
ples due to Walton (1966).
4,3 Interpretation of D

Frem the data given in figures 4.1 and 4,2 it can be shown that
the overall charge ratio (ﬁtlp-) is close to unity for showers of
primary energies -~ 107GeV and 2:108GeV, being 1,04 + 0,1 and
0.9951:-0.04 respectively., However; regions of momentum x distance
exist where there appears to be a significant asymmetry. Because
the numbers of muons in the regions of asymmetry is small, a check
has been made to ensure that the observed muons do not possess

arrival angles with respect to the spectrograph, or with respect to

"
ck

the geemagnetic field, such that ths accsptance prebabilities of

pesitive and negative muons are different,






Figure 4,2

Overlays

The charge ratio of EAS muons in a
shower of mean size 2x107, for
intervals of core distance and muon

momentum, yt/pf

Theoretical contours of constant
charge ratio for varylng core
distance and muon momentum, based
on the calculations described in

chapter 6.
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Assuming that the observed asymmetry is due to some muons decay-
ing frem charge asymmetric kaons, a calculation has been performed,
using the model described in chapter 6, to predict the charge ratie
of muons at large distance x momentum products. The proportion of
muons in each cell of the distance: = momentum matrix of figure 4.2
which are the decay products of secondaries produced in the first
Interaction of the primary cosmic ray has been calculated, assuming
that 25% of these secondaries are kaons, all of which are positive.
The results are presented in figure 4.3 as contours of constant pro=
portién of the density of muons with a given momentum and core dis-
tance whose parents were produced in the first interaction. These
have been interpreted as charge ratiec contours which are shown on the
overlay to figure 4.2,

There are ne direct observations of the charge ratiec of kaons
created in collisions of tetal energy about 108Gev, but indirect ev-
idence from the charge ratie of unassociated cosmic ray muens report-
ed by MacKeown (1965) suggests that about 50% of the interaction sec-
ondaries may be kaens, which possess a charge ratio of Kﬁ/k- = 4,

A kaon propertion nearer 25% is more consistent with the evidence
supplied in the reviews of Osborne et al.(1964b and 1964c), and that
‘to obtain the maximum expected muon chargé asymmetry with the given

model assumptions, all kaons should be considered positive. Though

[ 2]

the medel 1s limited in that charge asymmetric kaon productien is

allewed only 1in the first interaction of the primary cosmic ray,
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this calculatien sheuld previde a guide teo the most sensitive regiens
ef muen mementum and cere distance,

A comparison ef figure 4.2 with the charge ratio leci on the
overlay shews that in these regiocns where a charge asymmetry is ex-
pected, ene is observed, The charge ratie ef muens in the distance
%x mementum preducts enclesed by the locus ef-pfypn = 1,025 is found

te be p'/p” = 1.31+ 0.30,

In cenclusien, the charge ratie observed fer the majerity ef
muens in EAS differs insignificantly frem unity, indicating that the
great majerity ef muen parents are piens. There is some evidence
for the preductien ef secendaries, probably kaons, with a large
charge asymmetry in interactiens of extremely high primary energies,

"hutit is theught that until a much larger sample of muens has been
accumulated, an accurate tetal assessment ef the nature ef the

secendaries will net be feasible.
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Chapter 5

An Interpretation of the Bursts Observed in the Iren ef the

Spectregraph,
5.1 Intreductien,

The Haverah Park spectregraph has been designed and run as a device
for measuring the mementa ef EAS muens using their deflectiens in a
magnetic field, The iren of the magnet is, hewever, of sufficient
thickness te enable a small, but significant, preportien eof the muens
traversing the spectregraph te interact, preducing bursts, Since bursts
are preduced preferentially by high energy muens, an attempt has been
made te use the results frem the bursts to check the muen mementum

spectrum,

5.2 The Observatien ef Bursts,

The iren of the Haverah Park spectregraph has a thickness ef
480 gm.cm:2, cerrespending te appreximately 40 electrsmagnetic cascade
lengfhs or appreximately 5 nuclear interactien lengths, It is therefere
te be expected that muens and high energy hadrens will preduce bursts
which will be ebserved in the flash-tube trays under the magnet. An
example of such a burst is shewn in figure 5.1

The infermatien fer the majerity ef bursts includes:

a) the characteristics of the parent EAS,

b) the number of electrens in the burst absve a thresheld

energy eof 25 MeV,

¢) the presence or absence ef a charged primary.

The size of a burst is calculated in twe ways. Fer small bursts,
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a direct ceunt in the tray Bl, the tray further frem the magnet,is
pessible, Such a ceunt is usually net pessible in the tray immedi-
ately belew the magnet, and in any tray for large bursts. In this case
the burst size is estimated by calculating the particle density requ-
ired ts discharge the sbserved prepertien of flash-~tubes. It is assu-
med that the particle density is distributed evenly ever the lateral
extent of the burst, and 'that the burst is radially symmetric., The
effect of the first assumptien will be te cause a slight underestimate
ef the burst size, Ne assumptien can be made, hswever, abeut the
radial distributien ef density within the burst witheut a knewledge ef
the age parameter ef the burst, Burst spectra are measured in the
burst size range 5 te 20, the lewer 1imit arising frem-ah arbitrary
cut-eff te aveid ebscuration less, and the upper te the saturatien ef

the flash=tube trays,

503 The Calculatisn of Burst Spedra Due te Muens,

Burst spectra have been eften measured te ebtain muen mementum
spectra, fer example by Boreg et.al.(1967), Dmitriev and Khristiansen
(1963), and Ashten and Ceats (1966). In mest cases, the burst size
at meximum has been ebtained, usually by empleying several measuring
layers, In this study enly ene measuring layer is pessible, se¢ that
bursts at all stages ef develepment are eobserved.

The expectdd size spectrum of bursts preduced by a muen sf mem—-

entum p is ebtained by evaluating the fellewing expressien:
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Q

Pe(Ee’tsP)oC‘e.(.E.ot.N) dEo dt +
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p

P (E ,typ). E ,tyN) dE dt » dN d
/ g( g’ 0P)ocg( g’ ’ ) 9 P
e

o

00950301
where P is the prebabllity ef a‘muon of momentum p preducing at a
depth:t a pheten er electren ef energy Eé or E; regpectively, which
then initiates a cascade, and C ie the prebability that a pheten er
electren, eriginating frem a depth t, pessessing an energy of Eg Y
Ee’ will preduce a burst, observable at a depth T, ef size No The
limits e and pc are the minimum and maximum permissible energies of
phetens er electrens preduced by a muen ef mementum p, Ne allewance
is made fer the effect en the burst size ef the magnetic field in

the iren, since similar calculatiens perfermed by Said(1966) and cem=
pared with sbservatiens using the near-herizental cesmic ray muen beam,
shew that the effect is small, Where comparable, the results of the
analysis of Sald and the pregent analysis are in agreement.

The cress-sectiens used fer electren and pheten preductien by the
precesses of cellisien, bremsstrahlung, and direct electren pair
preductien are taken frem Rossi,(1952). The validity ef these cress-
sectiens has been checked by several authers;, fer example Barten
(1966), Barten et al., (1966), and Chaudhurl and Sinha (1964) fer muen

interactions ef less than 600 GeV/c muen mementum. The term P is



ebtained frem the fellewing expressiens:

E, 0,5
Pg(E,tsp) = P, (E sp) + 2./ /| P(Espsa) dq cE ve05e302
e O
and
Y t = P_(E 0009030
. Pg(:ag’ _nP) 3( gvp) 5¢3.3

where PI,P2 are the cress=-sectiens fer the preductien ef electrens by
cellisien and direct electren pair preductien, and P3 is the cress-
sectien fer pheten preductien by bremsstrahlung. The parameter q repre=
sents the prepertien ef energy carried by the electren of the electren-
pesitren pair:

q= E(Ea) 00050304
E(.e"f) + E(e)

It is assumed that pesitrens and electrens preduce identical bursts.

As can be seen frem equatiens 5.3.2 and 5.3,3, it is alse assumed that

the preductien prebabllities are independent ef depth, This is valid
since the prebability ef a high energy muen stepping er lesing a large
fractien eof its energy in the magnet is extremely small, se that the
flux eof muens is independent ef depth in the magnet. The effects ef the
nuclear interaction ef muens have been emitted, as these are net imper-
tant fer muen energies less than abeut 1000 GeV,

The term C in equatien 5,3.1 is derived frem the theeretical cascade
data ef Ivanenke and Samusedev (1959), These have been cempared, tegether

with these of Buja (1964), against experimental results by Babaev et
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al. (1967), and it has been feund that the theeretical data ef Ivan-

enke and Samusedev are in geed agreement with the ebservatiens. These
data, calculated fer a cepper target, have been redrawn fer an iren
target, allewance being made foxr the less eof lew energy electrens in

the flash-tube trays used for estimating the burst size, Since the
cempletion of this werk, which has been publshed (Orferd and Turver,
1968), new data have been celculated for a variety eof materials ,
including ifon, and electren thresheld energies, amenést which is given
data fer a thresheld energy ef 25 MeV, the thresheld ef the flash=

tube trays (Ivagenko and Samusedsv, 1967). These agree clesely with these
used in the present analysis.

The effect ef peissenian fluctuatisns in burst size has been
inhluded, as it has been shewn by Babaev et.al.(1967) that these fluc=
tuatiens are valid fer all but very yeung cascades, fer which the fluc=
tuatien distributien of Furry (1937) is mere apprepriate. Since yeung
ciscades give enly a small centributien te the ebserved burst spectra,
peissenian fluctuatiens have been used threugheut,

The calculatien ef the burst spectra preceeds as fellews, The
prebability that a burst ef size net léss than N is preduced by a muen
of momentum p 1s evaluated fzem equatien 5.3.1, which is integrated
numerically, and this prebability is shewn fer several values of p in
figure 5.2, Because of the small prebablility eof a muen ef high memen-
tum stoppina in the iren, the burst preductien prebabilitles change

enly slewly with depth, after a thickness ef abeut 15 cascade lengths,
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This means that bursts with energies less than abeut 1000 GeV, preduced
with mere than 15 cascade lengths ef abserber te penetrate befere ebser-
vatien, are net ebserved. The results shewn in figure 5.2 are then cem=
parable with the calculatiens ef Vernsv et.al. (1967) and Vernev and
Khristiansen (1968) fer burst preductien by muens under great thick=-
nesses of abserber,

The integral frequency ef bursts, ef size greater than N, is given
bys

o o
j [ S'(p).S(p,N) dN dp 00050305
e N

where S'(p) dp is the mementum spectrum ef muens respensible fer pre-
ducing the burst spectrum Q. Equatien 5.3.5 has been evaluated fer the
three muen mementum spectra, measured at cere distances ef 30, 100, and
300 mey. which are near the average distances ef the shewdrs recerded by
the three EAS arrays. The resulant theeretical spectra are compared with

the ebserved spectra in figure 5.3.

5,4 The Cemparisen ef Predicted and Observed Burst Spectra,

The burst spectra sbserved in shewers recerded by the 150 and
500 m, arrays are censistent with the predicted spectra feor cere dis-
tances ef 100 and 300 m, respectively., The mean distances of the ebserved
bursts in the twe greups are 103 and 270 m. Alse shown in figure 5.3
is the burst size spectrum expected frem the thesretical 300 m, muen
mementum spectrum based en the calculatiens ef de Beer et .al.(1966)

(A.W.Welfendale: private cemmunicatien),
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The sbserved burst size spectrum at a cere distance ef 30 m,
is deen te exceed censiderably that expected frem the 30 m. muen
mementum spectrum, The average distance ef the sbserved bursts is
less than 30 m.; indeed 1t 1s appreximately 23 m., but since a
prepertien of the shewer ceres fell oleser than the minimum accur-
ately measurable distance, this figure is uncertain. In this regien
of the shewer, it :1s expected that high energy hadrens will be pre-
sent, and may centribut® te the sbserved burst spectrum. An attempt
was made te differentiate between the twe types of burst, hadren
and muen preduced, but nene ether than randem differences was feund,
Absut 5% ef the bursts were ebserved te have ne visible charged
primary, but the particle density near te the shewer cere is tes
high te enable this burst characteristic te be usea te differen-
tiate bursts, The ferm ef the energy spectrum and lateral distri-
butien ef hadrens is net well knewn fer distances greater than a
few metres, se that a direct cemparisen eof rates is net pessible,

In a preliminary analysis ef the resﬁlts (Orferd and Turver,
1968a), it was found that, using a very simple EAS medel, the
ebserved discrepancy ceuld be explained by hadrens, if the trans-
verse mementum distributien ef created particles was as assumed by
Earnshaw et.al, (1968b), and net Cecceni, Keester and Perkins
(1961), The medel en which the galculatiens were based was net,
hewever, sufficiently realistic te enable a firm cenclusien te be
drawns the differences between the twe transverse mementum distri=-

butiens have new been explained by Earnshaw (1968¢c) in terms eof
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nen=gaussian errers in EAS measurements,

Te check that the bursts censtituting the discrepancy are pro-
duced by hadrens, the excess burst size spectrum has been transfermed
ts a hadron energy spectrum, using the Mente Carle calculatiens ef
Ranft (1964), and cempared with the enly available data en EAS
hadrens in the same energy interval. The calculations ef Ranft give
the number ef charged piens in a nuclear cascade initiated by pre-
tens ef energies between 10 and 1000 GeV under varisus thicknesses
ef steel, From these data has been inferred the neutral pien energy
spectrum as a functien ef preductien depth; this has been transformed
te an electren burst size using the data ef Ivanenke and Samusedev
(1959), assuming that a neutral pien decays immediately inte twe
phetens ef equal energy. The tetal size ef a burst, p{anic plus
electrenic, has been used te preduce a hadren energy spectrum. It
has been assumed alse that piens and pretens ef energies near 100
GeV preduce identical bursts under 480 gmoom:2 of steel,

The resultant energy spectrum is shewn, cempared with the data
given by Greisen (1960), in figure 5.4, The sbserved spectrum agrees
with the spectrum ebtained by extrapelating Greisen's data te a cere
distance of 12 m, This figﬁre is censistent with the expected mean
distance of the EAS centaining the excess bursts, It is mest pre-
bable, therefere, that the ebserved discrepancy is due te the obser=-
vatien eof bursts initiated by high energy hadrens near the shower

CcoTXe,



O,

FREQUENCY (n-2)

|
G,

INTEGRAL

Q
)

ToRu

X!

N= m:l()s

(Greisen 1960)

% Obgerved = __

~ -=- Extrapolated from

N : ' above to 12 m.

20 50 100 200

HADRON ENERGY (GeV)

FIGURE 5.4

500

1000.




«58=
5,9__Cenclusiens,

It 1s shewn that the measurements ef bursts obseived in the
iren of the Haverah Park spectregraph substantiate the direct
measuremente en the EAS muen spectrag in particular, there 1s geed
agreement between the directly measured and inferred spectra at cere
distances ef 100 m, and 300 m, The discrepancy between the observed
and predicted burst spectrum near te the shewer cere is explained

as bursts initiated by high energy hadrens.
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Chaptex 6
Interpretation of Experimental Regults and Conclusions.

6.1 Introductien,
The purpose of this thesis is twofolds to measure the lateral

and momentum distributions of muons in EAS and to infer, from a com=
parison of the results with model predictions, values for the param=
eters specifying the high energy interactions producing the muens'®
parents; and secondly to establish the connection, if any, between
the form of the lateral and momentum distributions and the nature of
primary cosmic rays. To achieve these aims a model, or models, of
EAS development must be employed, incorporating the best avaiiable
knowledge en the mechanism of particle interactions, and which can
make use of all the evidence provided by the experiment. A brief re~
view 1s therefore given in this section of the present state of know-
ledge of those parameters of high energy interactions and of primary
cesmic rays- which will be seen later to influence the interpretation
of the EAS muon data.

6olc 1 High Enerqy Interactions,.

Since the discovery of multiple production of mesons in energet-
ic collisiens; many phenemenoclogical models have been proposed to
account for the observations, for example those of Landau (1953),
Helsenberg (1952), Kraushaar and Marks (1954) and Pal and Peters(1964 ).
All have success in explaining at least some of the collisiﬁn par=
ameters., Five of these parameters are of importance in this anal-

ysis: the mean multiplicity of secondary mesons (Ns), the energy
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spectrum ( fs )s the fraction of the primary energy of the collision
appearing as mesons (Ks). the distribution in transverse momentum
(9L P1]) and the inelastic interaction cross=sections for rv-p and
p- p collisiens,

6ele 1=1 The Multiplicity Law.

Figure 6.1(a) summarises the results of experiments, mainly on
jets, which glve information on the variation of the meon pion mult-
iplicity with collision energy. Various multiplicity laws have been
previocusly quoted which are objective fits to such observed points,
but they depend strongly on the actual contents of a survey, for ex=

ample the logarithmic law of Malheltra (1966).

There are three forms_of the function.Na(B) which have been_pro
posed on semi=empirical groundss
1) Yash Pal and Peters(1964), for nucleon=nucleon collisions

(charged secondaries only).

Ng = 4,64 ¢+ Bo°5 00060lel
4

the two terms corresponding to the contributions from isobar
and fireball producticn,
2) Permi (1950), '
N, = HE*? oeebolo2

obtained by applying thermodyramical methods to a closed system

of pions,
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Sources of Points in Figure 6.1(a)

Malholtra (1963 and 1964 )
Lal et al. (1963)

Hansen and Fretter (1960)
Koshiba et al. (1963)
Lohrmann et .al. (1961)
Dobrotin et al. (1962)
Abraham et al. (1967)
McCusker—-and Peak (1963)
ICEF (1963)

Malholtra et al. (1966)
Fowler (1964)
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3) Froutschi (1963), veobolod
N,= 2 x 1n(E) ’
which is obtained by assuming that fireballs are produced with

numbers according to a logarithmic law and that each fireball prod=
uces about 6 pioens.

All three laws agree falrly well with each other up to an energy of
about IOP GeV, and the experimental data of figure 6.1 is insuffic-
ient to enable a choice to be made. The energies of primary cosmic

rays extend to about 1011

GeV, so any attempt to predict air shower
parameters must necessitate a choice of law,

Indirect evidence on the form of the multiplicity law at high
energies has been quoted by a number of authors. Pinkau (1966), for
example, has concluded from an interpretation of the variation of the
height of the maximum of shower development with shower primary energy
that a logarithmic law is most probable for collision energies up to
1019 GeV, but the magnitude of the true errors does not preclude an
05 variation. A number of authors, for example Hayakawa and Ogita
(1960), Bowler et al.(1962), Guseva et.al.(1962) and Fowler and
Perkins (1964) suggest that the mean energy of pions in the centre of

mass system of the interacting particles may be independent of the

energy radlated, at large primary energies:

*
E"r X5 a few GeV e00bslo4

This leads, as the energy released is proportional to the Lorentz

factor, Yc, of the C. — system to?
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k2 (.-"Y/L+ l )005 00060105'

NS = ke )ic_
—

Ee
i.e, a fomm Nstx EO°5. It should be noted that the points

given in figure 6.1 are plotted at the mean energies of samples of
jets. As pointed out by Murzin (1966), the type of errors in the
energy estimates of the primary particles of jets will lead to an
underestimate of multiplicity for a glven primary energy. Studies,
using an accelerator, on 25 GeV p —p collisions by Kamal and Rao
(1967) show that the normal energy estimating methods eoverestimate
the primary energy estimates of events in which the multiplicity
fluctuates downwards. Because the mean multiplicity — energy fun=
ction increases, the result of these effects will be that the true
multiplicity lew will be somewhat steeper than is usually taken.

A tentative conclusion for the purposes of later analysis is
that the multiplicity law is of the fom Nge E%2 p to Br10%Gev

and then lies between Nsoc E_0°25 EO°5

and Ns & thereafter,
60le 1=2 Transverse Momentum,

The experimental difficulties in measuring the distributien
in transverse momentum of secondaries from very high energy coll=
isions render the results even less conclusive than those of the
multiplicity law, It is well established at low energies that the
average transverse momentum {p L.) ~s 0,3 GaV/c. Although there
are suggestions from studies of multiple cored EAS, e.g. McCusker
et al.(1968), that at an energy ~ 10°GeV transverse momenta of a

few GeV/c are not uncemmon, more direct evidence for energies less
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than IOﬁGeV suggests that the average transverse momentum is con=

stant, or varies slowly with energy, at a value near that measured at

very low energies, Figure 6,1(b), which is based on the results of

Kazune (1967), shows the mean transverse momenta of secondaries

measured in interactions with primary energies up to v IOPGeVo
Varieus analytical forms for the distribution in transverse

momentum p, have been given, for example:

= Piexo(eo. /o ) d.
gl N ) dp, .Efexp( pu/p‘) dp... coeboleb
due to Cocconi, Koaster and Perkins (1961 ) where
2.p, =<p0
gl py ) d = 5 ./
P4 Pa. \ini-ﬁ?' exp(ap*/p‘) dp.l. 00060la7
(]

due to Nikolskii (1963), 3.p. = <p)
glprdapy = ?—;?&exp(-pfl’p,) dp. 00060108
®
dus to Aly et al, (1964), P, = 2°(E*max)2
The distributions obtained by the examination of jets are affected by
the method used to estimate the jet primary energy, and according to
Lohrmann (1963) it is unlikely that, with the precision necessary,
direct jet measurements will be able to provide a unique distributien.
Lock(1964) has estimated the mean transverse momenta of second-
aries other than plens created in 25 GeV p=p collisions and a fit
to the data produces an expression for the depenQence of efp!}- on

M, the mass of the secondary:



=65¢-

£p>= 0.3 + 0.2 x M 00660109
with <p) 1in GeV/c when M is in GeV/c. Although there is no
supporting evidence, it is possible that at much higher primary
energies, secondaries heavier than pions will be created possessing
correspondingly higher transverse momenta,

6ole 1=3 Inelasticity.

In most jet studles, Ns and <{p,> are, to a first approx-
imation, directly measured; the inelasticityshowever,is determined
by comparing estimates of the primary nucleon energy, usually from
the median angles of the secondaries by a methed similar to those
of Castagmoli et.al.(1953) or Yajima and Hasegawa (1965), with an
estimate of the tetal energy removed frem the interaction by sec=
ondaries. This procedure introduces large systematic, and random,
errors. Imaeda (1962) has reported a variation of the total in-

elasticity KF with primary nucleon energy E.p

0,5
Kl' ot EG 00e001,10

However, the analysis of Murzin, mentiened above, suggests that this
apparent variation can be explained if the errors in energy measure=
ments are fully taken into account, The studies of Abraham et . al.
(1967), Glerula and Krzywdzinski (1968), and Yameda and Koshiba(1968)
suggest that KT i1s lndependent of energy and lies in the range 0.3 to
0.6, The value of <KT> = 0,5 used by many authors to obtain in-
formation on other collision parameters is probably the best estimate

of the total inelasticity. The fraction of the primary energy of an
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interaction which appears as pions, K. , is usually taken to be

2 0,35, The inelasticity of T — N interactions is usually taken to
be 1.0, since there are great experimental difficulties in separating
a primary plon from the secondary pions created in a collision,

There has besn a recent suggestion, reported by de Beer et.al.(1968a),
that the 77 — N inelasticity is nearer 0,5. There is ne published
supporting evidence, however, and the value of 1,0 is more probable,
and supported by measurements of the attenuation length of the EAS
hadron component.

6o1s 1~4 Interaction lengths.

At very high energies, the cross-section for inelastic collisions
is thought to appreach the geemetric value asymptetically. The only
sources of measurements at extremely high energies are provided by
observations of the attenuatien of EAS hadrons in the atmosphere, and
the variatien of the altitude of the shower maximum with primary en-
ergy. Obviously the uncertainties in the ilnelasticity of interactions
preclude a uniquely determined cross~section or interaction length,
but analysés of experiments such as those performed by Tanahashi(1965)
and Matane et al. (1964) suggest that the interaction length of
nucleons in air )\H = 80":1('§gmocm-2 in the energy range
105 . By < 10 GeVe The interaction lengths of other particles are
less well known at these energies, but are usually taken as

enm P =2 . \ -
/= 120 — 20gm.cm and A, =1

6ele 1=5 Energy Distribution of Secondaries,

The energy distribution of secondaries created in extremely



67=
high energy interactions cannot be directly obtained, but must be in=
ferped from the angular distributien, making assumptiens about the
transverse momenta. Energy distributions so obtained are therefore
uncertain at high and low secondary energies, but there are indicat=-
iens from the wark of many authors, for example Malheltra(1966),

Aly et al.(1964), that the distribution quoted by Cocconi, Koester
and Perkins (1961), the se-called CKP distribution, is valid over a

very wide range of collision primary energles:
F (E) dBE = exp ‘ — gTz dE 00000lsll
T

where T is the mean secondary energy, Seme authors consider that this
distribution, when combined with a CKP distribution in transverse mom=
entum where {p;% 1s independent of E, predicts toe many secendaries
with energies less than 1 GeV. .. The evidence for or against this is,
however, inconclusive,

6ele 2 Primary Cesmic Rays,

For many years it has been accepted that the great majority of
primary cesmic rays are protons. It has also been established that
nuclei as heavy as uranium (Fowler et al.1967) sccur in very small
propertions at least at lew primary energies ~~ 100 GeV, The charge
composition is taken to be constant over a wide range of primary en=-
ergies and measurements such as those of Bray et al.(1966) support
this, The generally accepted composition is that queted by Ginzburg
and Syrevatskii (1964), shown in table 6.1, For energies above

about IGP GeV, the rate of primary cosmic rays is too low ("«'10-8



Nucleus
Proton
Helium
Light
Medium
Heavy

Very Heavy

Table 6,1

Composition of Primary Cosmic Rays.

p 4

2

3=5

6=9

10=-20

> 2

& % of flux
1 93
4 603
10 0.14
14 0e41
25 0,10
51 0,04

Flux,m.-zster:1 sec
1300
88
1.9
567
1,37

0,53

(From Ginzburg and Syrovatskii, 1964)

1
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cm 20 sec . sterad-l.) to enable a large sample to be obtained
directly from ballecen or satellite measurements. Primary cosmic

rays in thls energy reglon produce extensive air showers and it

might be expected that certain properties of these showers will re=-
flect the nature of the primaries. No firm conclusion has yet been
drawn on the compositien in the air shower region of primary energy,
although the lines of attack on the problem have been numerous. For
example, the preportion of muens in a shower is expected to increése
with primary mass, and analyses by de Beer et al.(1968b and 1968¢)
have shown that the form of the variation is quite sensitive to the
primary mass distribution, Adcock et al. (1968) have surveyed the
experimental data.and have shown that they ams notyétpreciss encugh .té:
enable any conclusions at all to be drawn about the primary comp-
osltien, More indirect evidence is supplied by the observation of a
change in slope of the shower size spectrum at a size of about
5x10° particles, and from the variation of the position of thts point
with altitude. Glencress (1963) suggests that since the shower size
at the kink does net vary significantly with altitude of measurement,
the change in slope is partly or whelly caused by a change in the
characteristics of nuclear interactions at primary energies greater
“than about 5 x 10° GeV. McCusker et al.(1968) conclude from studies
of multiple~-cored showers, the air shower density spectrum, and their
interpretation of an ohserved variatien in the shower size of the
kink with altitude that between the energles 2 x 106 GeV and 6 x 107

GeV the primary cesmic ray beam loses first its pretons and then
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progressively heavier nuclei. This is interpreted as the diffusion
from the galaxy of nuclei of a constant magnetic rigidity per nuc~-
leon of about 2 x 109 Gv whicﬁ is expected by many authors. The
chamge of slope in the shower size sgspectrum at a size of about 5x10>8
particles, reported by Linsley (1963), is interpreted as an addition
of extra=galactic protons te the primagy flux, The size spectrum of

EAS has been interpreted as a primary energy spectrum, which is div-

1ded inte three regiens:

a) N(>E) = 10-4 X (1014/5)]"'6 m.°2 sec.,’l ster."l
for E < 2 x 10°° oV,
b) N(>E) = 1l5x 10710 (1011/5)2°2 me 2 sec.l ster.

for 2 x 10°< E < 3 x 108 ev,

¢) N(>E) = 3x 100« (10°YE)16 0.2 sec.”! ster.”)

for E > 3 x 102 oV,

The questien of the interpretation of the primary cosmic ray
energy spectrum is still very much open, se that any infermation on
the charge or mass composition of very high energy cosmic rays will
be 3f great value,

g;g; Predictions of Previsus Models on EAS Muons,
6020 1 General,

In order to use the observations on EAS muons to obtain inform=-
ation about the processes taking place at the birth of an air shower,
calculations must be made on the development of EAS, Three mathemat-

icel approaches have been employed by a variety of authors to predict



the lateral distribution of EAS muons; in some degree, the method
used dictates the region of applicability., The purpose of this sec-
tion is to review the approaches and to compare the predictions of
various models with the experimental data,
6020 2 Previous Models.

R solution to the diffusion equations describing the lateral
and lengitudinal development of the meson cascade in an EAS core has
been obtained by the method of succeésive generations by de Beer et
al. (1966), and by 0da(1957), Cewsik(1966) and Ueda and Ogita(1957)
for the longitudinal development only. This method possesses the
advantage that a short computation time is possible, but a disadvan-
tage that without sufficient care in the selection of the method- of
integration, a cumulative error may be introduced. The Monte Carlo
method has been applied by Bradt and Rappapert (1967) and McCusker
et .al.(1968) to the lateral development of muons and hadrons in small
EAS, and by Lal (1967) to the density ef extremely high energy muons
in small showers. Although this method, as applied by these workers,
deliverg a relatively exact solution, the coemputation time is so long
that the application is limited to use on high energy muons in small
showers, at least for short-temm studies, No predictiens have yet
been made for showers of primary energies exceeding about 107 GeV,o
The third method simulates the shower using interactien points of
hadrons fixed in the atmesphére as used for example by Hillas(1966)

and Helyoak(1967). Calculatiens based en this model can proevide
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useful general informatien about EAS, in applications where the sum

of the effects of a number of fixed point interactions approximates
well te the integral over the whole shower development. The method
allews of extremely small computation time and consequently is use-
ful as a preliminary calculation to determine the sensitivity of a
predicted quantity to a given parameter. |

6920 3 Comparison ef Predictions with Experimental Data,

Only two of the models mentiened above have been developed to
provide detailed predictions of the muen lateral and momentum dis=-
tributiens in these regions of shewer primary energy, core distance
and muen momentum comparable with those covered by the experimental
results presented here. The medels are these of Hillas(1966) and
de Beer ot al. (1966 and 1968a). The caiculations of de Beer ot,
al, provide predictions for comparison with mest previocus measure=-
ments of muon lateral distributions.

Figure 6.2 shows a comparisen between some of these predictions,
the corresponding predictions of Hillas(1966), and experimental
results. It can be séen that the predictions of neither model fit
all the data, The lateral distribution of muens of momenta not
less than 1 GeV/c is fitted well by the predictiens of both medels,
except for cere distances less than 100 metres and greater than
about 700 metres, The discrepancy for small core distances is at-
tributed by de Beer st al. ts the distributlien in transverse mem=-
entum used by them, the CKP distribution, predicting too many sec=

ondaries with small transverse momenta, The effects of coulomb



-.73-

scattering and geomagnetic deflection have not been included in this
medel, and neither have the effects of a possible variation in the
shape of the lateral distribution with primary energy. All these
effects could contribute to the discrepancy, the latter because the
observed lateral distribution is ebtained from measurements in show-
ers originating from a wide range of primary energies.

The lateral distributions for higher muon threshold momenta are
not well fitted by the predictions of elther model. In particular,
there is a marked discrepancy between the predicted and experimental
density of high mementum muens at large core distances, The model of
Hillas predated the first results from the Haverah Park spectrograph
( J.C. Earnshaw-et—al, -1967) -and se ne explanatien is offered. How=
ever, de Beer et .al, (1968a) interpret the discrepancy as due to
elther experimental blas er to the existence eof secondaries from
high energy interactions pessessing very large mean transverse mem=
enta, or as a combination of both, It has alse been suggested
Davis and Davis( private cemmunicatien) that the discrepancy may be
interpretead as evidence for the existence eéf the expected. weak inter~
action intermédiary, .the vecter besens _ .

Although the utmest care has been taken to exclude them, small
biases may still remain undetected in the experimental data, but the
magnitude of the discrepancies, together with the failure of the
medels satisfactsrily te explain the muen lateral distributions of

other workers, using medels containing reasonable values of the



interaction parameters, make it improbable that experimental bias
can be the sole cause., To examine this further, a new model has
been developed to attempt to previde an explanatien fer the apparent
excess of high mementum, large distance muens, using reasonable

values for the collision parameters,

6.3 Predicti New Mode
6.3, 1 General,

The constructien of a mathematical model that is supposed to
represent a physical precess must take inte account twe conflicting
factors: on one hand 1t.must be sufficiently realistic that a study
of its properties enables useful information to be obtained en the
physical problem; on the other, it must be simple enough that it is
amenable to mathematically stringent methods.

Previeus models have been examined to check their applicability
in the regiens of high muon mementa and large core distances. Con=-
sideratisen of the cause of the discrepancy between predictions-énd
observation suggest that the muens constituting the apparent excess
must origlnate frem secondaries created in the first few interact=
iens of the primary cesmic ray. This is only the case if the par-
ents of these muens originate from interactlens in which the values
for pardmeters such as multiplicity and transverse momentum are
those expected from an extrapelatien of the results of low energy
studies, The treatment of this part ef the shewer by previous

medel calculations was no more rigoreus than that for any other
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region. It was therefore decided to treat the early stages of the
cascade in a mathematically rigorous manner. To ensure that any
parameters used in this regien to ebtain an agreement between the
predicted and observed density of high mementum muens de not dis=
tort the energy balance of the rest of the cascade, a simpler method
has been adepted to calculate the rest of the shower development.

The object of these calculatiens has been to predict the diff-
erential density of muons of momenta less than 100 GeV/c at core
distances between 100 metres and 600 metres in showers of primary
energy 2 x 10 GeV. The reailts have been publiched (Orfexd &Turver,1968).
6030 2 Description of the Medel,

The lateral and longitudinal dévelopment of the meson cascade
has been treated by the method of successive collisions, similar to
that used by Bhabha and Heitler (1937) te investigate electromagnet-
ic cascades, Although it is one of the most laborious of the numer=-
ical methods, the accuracy conferred on the predictions by the rel-
ative lack of approximatiens needed makes it ideal for this type of
study. Unfertunately, the number and complexity of the arithmetic-
al operations increases sharply with the number of collisions con-
sidered, The calculation of the cascade develepment by this method
has therefore besen terminated at an altitude of 10 kilometers,
which is near the lowest effective height of pradhétionref muons of
momenta about 100 GeV/c observed at a core distance greater than

100 metres, if the muen parents pessess normal transverse mementa.



Table 602
P e e B Model
Symbol
Primary Energy E,
Atomic Number A
Zenith Angle 2]
Multiplicity Ns
(charged secondaries)
Fragmentation Fraction F
Average Transverse <h>
Momentum
Inelasticitys nucleon Kyon
pion Kn-n
Interaction nucleon )\,.
Length plon X“
kaon )K
Secondary energy fs(E. )

spectrum

X = 0,5 for E°>3x10

Value assumed

2x10%GeV

20
0°, 20°(see text)

15 x (KE c/ax1o3)x

X = 0,25 for £§3x103

3

0.22

0.5 GeV/c

065
1.0

80 gm, Cm-zo
120 gme. cm <.
100 Ofmoe cm-zo

-E/T Wexp(-E/G)
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Preliminary calculations indicated that an insignificantly small
error 1s intreduced inte the theoretical muen densities by this
assumptien, The details eof the arithmetical calculatiens are given
in the appendix for the reglen of the atmosphere above an altitude
of 10 kilemeters, region A,

The lewer region, B, has been treated by a method similar to
that used by Hillas (1966) and is also in the appendix., A schematic
diagram of the development model 1s shewn in figure 6.,3. ©On the
basis of previeus experimental and theoretical results, the most
probable values for collislen parameters have been chosen, Calcul=
atiens have been performed for a test momentum spectrum, varying
each parameter, so. that the _sensitivity of the result teo each could
be determined, The parameters used as a basis for this are given
in table 6.2, All parameters diven in this table have already been
discussed, with the exception of F, the fragmentatien fractioen.
This 1s the fraction of the nucleens in the primary cesmic ray, if
it is heavier than a proton, which interact ceherently in the first
collision of the nucleus with an air nucleus, and are responsible
for multiple pien production., The effect of fluctuatiens in the
values of any parameter have not been included.

6e30. 3, Results and Comparisens with Experimental Data,

When considering the longitudinal development of a meson cas=
cade initiated by a primary nucleus of atsmic number A, it is a
goed appreximatien to consider the nucleus as A independent nuc=

leons of energy Edﬂno It has been found impertant, however, for
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an accurate treﬁtment of the three-dimensional cascade development
to take some account of the secondaries produced in the first inter-
actioen which fragments the nucleus, Little is knewn about multiple
meson preduction by very energetic nuclei, but the results of
Abraham et al, (1967) suggest that about 30% ef the nucleons in the
lighter nucleus invelved in the interaction interact coherently to
createmesens, Thls fraction must, because of the paucity of ex=-
perimental evidence, be an estimate, but the sensitivity of the
medel calculations to its value has been found te be small for val=
ues greater than 10%,

The sensitivity of the predictions to F, < p,> and shewer
zenith angle--©-are--shown in figure 6.4, displayed as ratiesof the
density of muons for a given value of a parameter to the density of
muens fer the basic value ef the parameter frem table 6.2. The sen=-
sitivity with transverse mementum is fer variations in the mesn tran=-
sverse momenta of secondaries from interactiens of primary energy
greater than 1000 GeV only,since the secendaries frem lower energy
interactiens pessess a constant mean transverse mementum, The sen=-
sitivity of the muoen densities to the shower primary energy EP has
been found to bes

(1-0.008,p)

000603 01
P

A P(p, £>100m.) ¢ E

where p is the muen mementum,
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The parameters A and Ns have been found ts be the most sensit-
ive and have been treated separately and at length., The remaining
parameters, ).and K have been found te affect only marginally the
predicted muon momentum spectra.

Since the effects of varying Ns and A have been found to be
equally great,; both have been varied simultaneously te provide a
matrix ef predictiens,

This matrix, for the momentum spectrum at a core distance of
300 metres, is shown in figure 6.5, displayed as the ratie of the
observed density of muons to that predicted. The errors on the points
cerrespond te the statistical errers on the observed differential
mementum spectrum. The parameter varied to obtain the sensitivity
to Ns is X, the energy exponent ins

= : 00060362
Ns. 15 x SKEI

(3 x 10°0° when E > 3000 GaV.

Similar matrices have been constructed for core distances of 155
metres and 520 metres, and the conclusion frem all is the same,
namely that the regien eof agreement is confined te the ranges

0.5¢ £ € 0.7 and A> 4, The values of X > 0,5 have been con=
sidered enly fer completeness, since consideratiens of the dyn-
amics of an interactien exclude them, at least for the highest
primary energies, It can be shown that if the enexgy expenent of
the multiplicity law 1ij and the mass of a meson is M then the mean

energy of the secondary mesons in the collision C:— system is given
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bys

_ ] g ) Oo5K.
51; = constant x QI%K) X A/Mc?‘ x E X 00060303

this gives; forX > 0.5, E’{", < M for a finite value of E,

unless K is a functien of E :
K (E) = constant x él 00060304

where x > X = 0.5
l=X

The avallable evidence on the variation of K with E suggests that K
decreases with increasing E; or is independent ef B, The most prob-
able value for X is therefore X = 0,5, Thus the adopted values
of X and A will be assumed teo be 0.5 and 20 respectively. At this
stage, the effects of an increase in mean transverse mementum and
the inclusien ef kaons have not been added.

Since the mechanism ef kaon=nucleon interactions is unknewn,
only the effects of kaons preduced in the first interactions of the
primary cosmic ray nucleons have been included. It has been assum=
ed that 25% ef the secondaries preduced in such interactiens are
kaens; which pesssess a distributien in transverse momentum similar
te that ef piens, with a mean transverse mementum ef 0,8 GeV/c, and
which pessess an interactien length ef 100 gm, cmﬂz. The inclusion
of kaons affects the densities of the distant, high mementum muens
enly, as can be seen in figure 6,6, Thls compares the predicted
densities with the observed densities for a number ef core distan-

ces and fer two cempositiens of secondariess 100%¥ piens in all
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interactions, and 25% kaons from the first interactien only, all
ether secondaries being piens. The inclusion ef kaons dees not
greatly enhance the muen densities.

The predicted differential muen momentum spectra in a shewer of
primary energy 2 x 108 GeV, for distances cerrespending te these for
which spectra have been ebtained by the present experiment, are shown
in figure 647. The zenith angle sf the shewer 1s 20°,

The calculatiens have been extended te predict the lateral dis-
tributien ef muens of mementa not less than 1 GeV/c, and the tetal
mementun spectrum ef EAS muens, Because ef the uncertainties in the
experimental measurements fer cere distances smaller than 100 metres,
azising frem_the difference in the sizes eof the shewers in which
these are ebserved, and the consequent nermalisatien, the latter pre-
dictien has been ebtained by evaluatings:

e
J $Cp) e v0e6:345
100
where } (>p s r) is the integral mom;ntum spectrum at a core dis=
tance ro The tetal momentum spectrum of EAS muens for cere distan-
ces greater than 100 metres and the 1 GeM/c muen lateral distribut-
ien are shewn in figure 6.8, compared with the cerrespending sbserv-

ed distributiens. In beth cases the predicted distributions have

number 20, te determine the sensitivity of the measurements to the
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primary mass, Fer both distributions, the difference between the
predictiens increases with increasing muen mementum and core dis-
tance. The predictien of the 1 GeV/c muen lateral distribution has
been nermalised to that fer a heavy primary, te illustrate the
regien of separatien. Because of the difficulty ef measuring acc=
urately a shewer size er primary energy, a difference in abselute
numbers between the predictiens doees net provide, unless it is very
large, a means ef deciding the primary compositien. The separatien
in shape, however, for large cere distances, of the predicted later-
al distributiens 1s such as te give seme hope of a determination of
primary cempesitien,

Te check that the assumptlens mide te explair the muen densit-
ies do not distert the energy balance of the shewer, a calculation
has been perfermed in erder te predict the number of particles in a
shower at sea level eriglnating from a primary ef atemic number 20
and primary energy 2 x 108 GeV, This has been accomplished by as-
suning charge symmetxy for pion preductisn and that a neutral pien
decays lnte twe phetons of equal energy. The height x energy dis=-
tributlen of the photens has been felded with the cuxrves. of
Ivanenke and Samusedev (1967), suitably medified for an air absorb-
er, for an electren thresheld energy ef 80 MeV, The shower is

found to contaln 2,3 x 107 particles at sea level,



694, Conclusiens,
6a4s 1 The Mechanism of High Energy Interactions.

A review of the present knowledge of the parameters of extemely
high energy interactiens ebtained from the more direct measurements
indicates that very little is known abeut the mechanism ef such in=
teractions fer cellisien ghergles greater than about ICﬂ GeV,
Indirect evidence from certain EAS measurements has shewn that ax-
trapelatiens made from the direct results up te much higher energies
may be valid, Fer example, it 1s expected that the creoss-sectien for
the inelastic interactien of a nucleen in air will appreach the geo=
metrical value asymptetically with increasing energy. This cress=
sactien 1s in fact consistent with the value ebtained frem EAS meas~
urements such as these of Matane et al. (1964).

The interaction itself is characterised by feur parameterss
the multiplicity, the transverse momentum distributien, the energy
spectrum and nature ef the secendary particles, and the inelastic-
ity., The transverse momentum and the secondary energy distributions
queted by Cecceni, Keester and Perkins (1961) 1s substantiated by the
results of most experiments, and by the present experiment., Hewever,
since only these distributiens have been coensidered in the present
analysis, the exlistence ef radically different distributténs, cem=
bined-'with different values foxr ether parameters, altheugh impreb-

abla, cannot be excluded,
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There is some evidence from observations of the charge ratio of
muons possessing large core distance x momentum products that the kaon
$ plon ratio of the secondaries of extremely high energy interactlons
remains within the range observed at lewer energies, i.e. O.1 te 0.6
(MacKeewn, 1965) with the mest probable value of 0,25. The signif=
icant result is that the momentum spectra of EAS muons at various core
distances are quite sensitive to the form of the multiplicity funct-
ien for secondaries from the highest energy interactiens. The fomm
of this distribution which fits the present observations is:

N, = 04 x (K )03

00.604.1
where Ns is the multiplicity ef all secendaries, K is the inelastic-
ity and E the primary energy of the interactisn., This law is valid
for energies greater than 3 x 109 GeVo

6e4e 2 The Nature of Primary Cosmic Rays..

The compesitien of the primary cesmic ray beam is well known
belew about 103 GeV, but it is of great impertance fer the develop-
ment of astrophysical theories that this knowledge be extended teo
much higher energies. The well-established change in slepe in the
size spectrum ef EAS has been interpreted as evidence for a change
in the primary compositien at a primary energy close te 2 x IOpGeV.
It is supposed that this change iscaused by the progressive loss from
the galaxy of nuclel which at lewer energiee are contained by a

galactic magnetic field of about 10-5 gauss. The censequence of

this loss would be a steadily increasing average atomic number for



primary cesmic rays ef energy greater than 2 x 109 GeV. The secend,
net se well established slepe chamge in the size spectrum 1s then
interpreted as evidence for the presence of extragalactic cesmic
rays, possibly protons, in the primary spectrum above an energy of
about 2 x 109 GeV, The présent résults are consistent with
this theery, in that the characteristics of the muons observed in an
EAS of primary energy 2 x 108 GeV are consistent with the shower
originating frem a primary heavy nucleus, and are inconsistent with

a primary proton. There is ne evidence as yet for or against the

hypothesis of a pure proton beam for energies aboave 2 x 109 GeV,

605 Future Work,

In the interpretatien of seme EAS measurements, the problems
of the nature of the cesmic ray primary and of the parameters of
ultre~high energy nuclear interactions are inextricably linked. The
study of EAS muons affords the best epportunity of separating and
1l1luminating these preblems, because of the non-interacting properties
of muons, By a careful cheice of the spacial position and mementum
of muon measurements, any deslred pesition in the development of
an air shewer may, in theory, be examined. The interpretatien of
the results presented in this thesis shows that a small preportien
of muens in an air shower, these poessessing large momentum x core
distance products, can furnish useful infermatien en the processes
oeccurring at the birth ef EAS, In the future, the validity of the

interpretatien of these results may be established by further



measurements in other momentum-distance regions. In particular,

since it is expected that those muons ef momenta near 100 GeV/b
observed at a core distance eof 300 m, which constitute the
apparent excess are of the same production generation as those
possessing momenta near 2 GeV/c at 1.5 kme, @ large area muon
detector situated far from the core of a large EAS could furnish
useful information on the nature ef primary cesmic rays of very
high energy, At the other end of the momentum scale, a measurement
of the EAS muen momentum spectrum at a core distance of 100 m,

for momenta ~ 300 GeV/c could establish the primary cosmic ray
compositien in showers of size near the change of slope of the

shower size spectrum,



APPENDIX

A;]l General

It is implicitly assumed that until a secondary meson decays
into a muon its lateral and angular deviation from the core is
negligible. This assumption is valid for all but the lowest energy
mesons, for which a bias is introduced with the effect that the
predicted muon momentum spectra will be underestimated at small
momentas at 300m. from the core, the density of 1GeV/c muons is
underestimated by about 10%.

A shower initiated by a heavy primary is assumed to develop
from the fragmentation of the primary on its first interaction
after the following scheme. A fraction, F, of the nucleons of the
primary interact coherently to produce secondary mesons with a mult-
iplicity depending on the energy E radiated:

n, =15 x (B3 x 10°)%5 for E> 3000 GeV.
The remaining nucleons are freed and continue individually, retain-

ing equal shares of the primary energy.

Constants used:

1) Lifetimes of unstable particless
T(nd= 2.5 x 1078 sec.sT(KE)= 1,25 x 1078sec. i) = 2 %10 O sac

2) Particle massess:
my = 0,14 GeV/c%s my = 0,49 GeV/c?s m, = 0,939 GeV/c?;
m, = 0,107 GeV/c2,



3)

4)

A,

Interaction lengthss

)\17= 12Ogm.cm'2.; )\K = 1C0.gm.cm'2.;)&n= 80gm.cm'2.
for a compound nucleus, the interaction length is calculated

using a formula due to Peters (1952) 3

x = —-&%?_ [ X N ] A.l
M (0.6w3)2

The atmospheres
The atmosphere is taken to be represented, for ease of
integration, by the following expressions deduced from the data

given by Rossi (1952) and the Handbook of Geophysics ( The Mac=-
millan Companys 1960),

h(x,8) = HKx1 n(TQ/ 't )-H2 exp (t/T1)
x(hy©) = TO exp (=h/H1)=T2 exp (=h/H3)
where TO = 1335 sec(8)gm.cm™2,; T1 = 350 sec(€) gm.cm 2. ;

T2 = 300 sec(eng.cm-2.; Hl = 6.3 sec(©)km.;

H2

0,095 sec(6)km.s H3 = 2,7 sec(®)km. s

2 Calculation for region A,

——

Each generation of mesons 1s treated separately, and calcul=

ated by the method of successive collisions. The density of muons

th

at a distance r from the core, originating from the n™ meson gen-

eration and meson energy En 1s obtained by numerical evaluation of

the following expressions

(. [..
J l 1 ]

J PN\uo,al,u,xl)

A(I,En)dr dE_ =
n xn-l x1 En:-IEn-z El

J
X

n
x|éliPs(Ei,Eiﬂ,xi.xlﬂ)dEl..dEn_I dxy dx o



x C(En,r,xn) dxn dr dEn eeoho2

where PN’ Ps are the probabilities that a nucleon and a
charged meson respectively, originating at a depth Xy with an
energy E1 y will survive to interact at a depth X341 and prod-
uce a secondary meson of energy E1+1 » The suffixiis identified
with the intermediate meson generations. C(En, T, xn) is the
probability that a secondary, produced at a depth X with an
energy En will decay into a muon at such an angle from the core
that, if the muon survives, it will arrive at the observation
level at a distance r. It is assumed that this angle X 1is given

bys
% = ern ...A.3
h(xn,

where h(xn) is the geometrical height from the observation level

to the depth X, o The function C is of the forxms

C.(En,r,xn)dEn dr = r x oxp{-r.En.Al/h(xn&x gn dE_ _dr oefied
h*(x, ) oA24 (14A3.E )

where Al, A2, A3 are constants.
The function Ps is given bys
P o N(E,,x, )N (15‘!).,{9:19(-151 o/ Ty VT, + exol-E,, /6, )/

Gi} * ”‘P{'(;m'”‘i)/ I'eff)’ ceohed



where Ns(Ei)’ T1 and Gi are the mean charged meson multiplicity,
mean forward conme energy and mean backward cone energy of the mesons

in the L- system, and

A = + A oo heb
Loss interaction) \(decay)

Having produced the contribution from the nth

generation, the secon-
dary meson energy spectrum as a function of height of production is
modified to allow for meson decay. Assuming muons result from a

two=body decay process, it can be shown that:

]A o(E yh) dE_ ceeho?

E| - (1-1/Q)E
wherelﬁyu(E ’ h) is the density of muons of momentum En » which

originate from a height h, that are the decay products of mesons of
energy En. Q is the reciprocal of the minimum fraction of energy

carried away from a meson decay by a muons
2
= (Mg / M}. ) eoohsB
Preliminary calculations were performed to optimise the mathematic-

al calculations, and the intervals used in the numerical evaluat=-

ion of equation A.2 were quarter decades in energy and 2km. in
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height. The calculation was terminated after three generations

as the contribution to the density of high momentum muons at core
distances greater tham 100m. from lower generations is negligible.
A.3 Calculation for Region B.

The calculation for the cascade in region B has been carried
out using a method similar to that of Holyoak (1967). Interaction
points of nucleons and mesons are considered fixed in the atmosphere,
at intervals equal to their respective interaction lengths. The
starting point.of the calculation, the energy spectra of nucleons
and mesons at a height of 10km., is obtained by using equation A.2,
modified to consider longitudinal development only, and extending
the number of generations until the required accuracy is reached.
The spectra are calculated to a mathematical accuracy of 5%.

The nucleon spectrum is obtained easily from the following
expression, which assumes that the number of interactions undergone
by a nucleon in a given thickness of matter is distributed as a
poisson function, and that the inelasticity of nucleon-nucleon coll-

isions does not fluctuate:s

S(EnQX) = S_x/)\ )Aoexp(-x/.’x' ) eoofo9
Al

where En’ Eo,'x are the nucleon energy, primary energy and interact-

ion length respectively, A is given by:

A= logk (E(/En) oooA"]'o
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where k is the reciprocal of the nucleon inelasticity.

The cascade model for region B is shown diagrammatically in
figure 6.3. Secondary mesons from a nucleon interaction are alloc-
ated to the meson population entering and leaving the meson inter-
action levels in proportions inversely proportional to the differ-
ences in depth between the nucleon interaction level and the two
adjacent meson levels, Mesons are allowed to decay between meson
levels, and the number which decay are assumed to originate, for the
purpose of calculating the lateral distribution, from a point half-
way between the levels,

As in the calculation for region A, full account is taken
of the effect of meson decay, muon decay and energy loss on the muon

momentum spectrum.
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