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ABSTRACT

Invegtigation of the muon componsut of Cosmic Ray
Lsxtensive alr showsers ssrves as a means of studying the
nature of the extremely high energy partioles (> 1014 ev)
that reach tberearth froum space and the interactions

they produce with atmospheric nuclei. Direct observation
of these primariss 1s impossible because of their iow
intensity.

The present knowledge concerning the development of
ghowers is reviewed in Chapter 1 together with a discussion
about ths origin.of the high energy primaries prroducing them.
"Emphasgis is put on the ilmportance of the muon componsent.

Chapter 2 deals with the'design of the muon density
detectors used in the experiment described later in the
thesis. Calibration and response uniformity tests ars
described, The 1liquid scintillators used are shislded by
 lead tc absorb out the "soft" elsctron-photon component of
the showers. The results of an expsriment to dstermine the
minimum,thicknessvof lead absorber needed are presented and
interpreted in Chapter 3.

The pulse helght responss spectra produced by secondary
cosmic rays in various detectors sre discusged in Chapter 4.

The problem of the origin of "local showers" is presented
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but the solution is 1left open.

In Chapter 5 the main sexperiment to msasure the mean
lateral distribution of muons in EAS is described. Results
are presented on the variation of muon density with showsr
glize end possible interpretations discussed. A lateral
density distribution in the distance range 300 uwetres -
1,000 metres from the axis of showers of size 2x107 particles
is presented, Comparison is made with other experiments and
with theoretical calculations. 4n attempt is also madse to
determine any variatidn of lateral distribution wlth zenith
angle and with shower size.

The variation of the ratioc of muon density to slectron
denéity in showers wiﬁh distance from the axis and with
zenlth angle 18 discussed in Chapter 6 uging results obtained
from comparing ths response of the shielded detector with
that of unshielded scintillators and Cherenkov tenks.

Finally an outline of future work on muon density weasgure-

ments at Haverah Park is given.
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THE _STRUCTURE _AND ORIGIN CF

EXTENSIVE _AIR _SHOWERS

1.1 Introduction

" Primary cosmic redistlon is mwade up of high energy
particles that continuously reach the viecinity of the
sarth from.outer space., Studles of its composition, energy
- spectrum and variations with %ime and direction of motlon
are -contributing to our understanding of the large scale
procesgse 8 that take place in the universes,
An -extensive air shower (E4S8) observed as the simul-
teneous arrival of a large number .of secondary particles
at the earth's surface, is seen whenever ths earth's.
atmosphere lies in the path of a cosmic ray priuary of energy
greater than about 1014 3V. These very high energy prim-
aries appear to arrive at the sarth evenly from all directions.
Mainly becauss of thig isotropy in arrival.direction the
“origin- of these particles remains a field  of speculation.
| Data on cosmlie rays c¢f energy around 10t2.10%3 ev from
balloon-borhe-nuclear emulsions indicate that the mwajority
of EAS primaries in the neighbourhood of the earth .are

rrobably protons. There is however some recent svidence
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that heavier nuclel may be relatively wore abundant wilthin
the energy range 10161017 ev.
The flux of primary cosmic rays falle stseply with

1e eV per

increasing energy. For energles greater than 10
partiole the exponent of the integral ensrgy spectrum lles
in the rangs -1.5 to -2,2. Although direct detection of
low energy primeries ls possible using counters borne in

gatellites and balloons, for primarises above 1014

eV energy
the flux is so low that investigations of thelr propertles
can only be-carried out indirectly by making use 'of the
lateral gpreading of secondaries in EAS.

A showsr, obgerved at sea~-level or mountain altitudss,
is the superposition of cascades of slectromagnetic and
nuclear interactions initiated by a primarj cosmic ray
particle on entering the sarth's atmosphers, usuvally with
an oxygen or a nitrogen nucleus. Daep in the atmosphsre the
result 1sg detscted as the simultansous arrival of a largs
numbsr of secondary particles spread over a largs afea.v

At sea-level three geparsts components of secondaries
can bs disﬁinguished. The nuclear—active'(or N) component
is concentrated close to the initial line of motion of the
primary particle, The central, high energy reglon of the
N~ component forimz the core of the shower, This 1s the

remnant of the nucleon cascads and consilsts mainly of high



energy nucleons and plons,

The slectron-photon component is spread out transversely
over large distances from the core and repregenis about Q0¥
of all the secondary particles in a shower at sea-level.

The electrons, poslitrons and phdtons are mainly the prcducis
of slectroumagnetic cascaées initiated by the decay, into two
high energy photons, of the uncharged pilons produced in the
nucleon cascade. )

The muon component also extends hundreds of metres from
the core. It constitutes less than 10% of all secondary
particles but because its radlal distributlion is not so steep
ag that of the electrons it becomes the dominant secondary
component at distances greater than 1000 wetres from the
showsr axis (1.e. the centre of the core). The maln sources
of the muon component are the charged plonsg produced in the
nuclear interactions which decay into muons and neutrinos.

The arrival of a single energetic particle at the top
of the atmosphere can thus be detected over a large area on
the earth's surface. Oue oy more defectore which Tecord Tac
gimultaneous arrival of secondary particles are used to study
such EAS. Inferences can then be made about thé interaction
procesges taking place in the atmosphere and the nature and
energy of the initiating cosmic ray particles, Indeed in

addition to their importancs for astrophysics, EAS arse st
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present the only means of studylng nuvcleax interactlions

1A
involving collision energies greater than 1077 eV,

1.2 Tarly Work

Extengive air shdwefs were discovered in 1938 when
coincldences bstween horizontally spaced gelger countsrs
were obtained (Schmeiser and Bothe,1938;Auger et al.,1938).
Cloud chamber studles by Janossy and Lovell (1938) showed
that the particles involved wers mainly electrons.” The
existence of nucleons and penetrating particles associated
with the electrons was soon deduced (Auger et al.,1939).

At that tlwme these were thought to be secondary to electron-
photon cascades initiated by high ensrgy cosmic ray primary
photons or elsctrons.

Evidence agsinst this view cam3 from 2 number of ex-
periments. The "East-West" asymmetry gave evidence foir
positively charged primaries (Johnson,l938). Freier et al,
(1948) discovered from balloon flights that the majority of
low ensergy cosmic rays were protons. The existence of charged
pPlons was demonstrated from nuclear emulsions exposed to
primary cosmic radiation (Occhialini and Powell,1947) and
the plon decay mode was observed (Lattes et 2l,,1947).

Results such ag these, and more particularly tns
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discovery and production of meutral pions decaylng almost
instantaneously into two high energy photons (Steinberger,
1950) led to the development of a new model for EAS. By 1955

the main outlines of this model had been firmly established.

1.3 The Structips of EAS

The nucleonic cascaée plays the. dominant role in the

. development and structure of an EAS. A primary cosmic‘ray
proton encountering thé earth's atmosphere interacts after
traversing g megn free path of about 80 grms/bme. (Mantano
et al.,1963). The inelasticity of such interactions appears
to remain’ approximately constant at 0.4 to C.5 for energies
above 10116V. This low value means thét a nucleon emerges
with_g saubstantial fraction of the primary energy. Other
nucleons of lower energy emerge %bgﬁﬁhehfwithnaﬁlﬁrse’number
of secondary pions. The mean:multipljcity appears Lo bs
about 40 at 10149V(Fowler,1963) and can be roughly re-
presented by 3Ep s where Ep is the primary energy in Gev
(Cocconi,1965). McCusker and Peak (1963) conclude however
that an energy variation proportional to 1og Ep fits the
results more closely than EpLF

On average equal numbers of positive, negative and

uncharged plons are produced. The neutral pions (mean
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lifetime¥~?16"15sec.) decay very rapldly into two high
energy photons, Thege initiate electiron-photon qasoades
which develop by the repeated processes of palr productlon
by photons and bremsstrahlung radiatibn by the created
electrons. These cascades would die out well hefore sea-
levei is reached; a lolO eV photon for sxample, producesg

a cascade of maximum development after about 200 grms/bmz
(Butecher and Messel,1960); After maximum development ths
initial snergy has become dilvided betwesn go many particl@s
that ionisation loss becomes dominant and the cascade is
absorbed. However further interactions in the nucleon
cascade create addlitional uncharged pions which on decay,
nake éood the loss of the electron-photon componsnt. The
slectron component spreads laterally away from the core over
a wlds arsa mainly bscause of Coulomb scattering.

The "primary" nucleon emerging from the first inter-
action, together with any other highly snersgetic hueléons
and charged plons produced, continuve along the original
direction of the primary fbrming a sharply collimated beam,
and on average interact after a further 80 grms/'cm2 of
atmosphere, For a vertically falling shower the afmosphere
presents about 13 interaction mesn free paths, and the most
energetic of the secondary nucleons will produce the nuclear-

actlive component obsgerved at esa-level, The lower ensrgy
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nucleons will be absorbed through ionisation loss ik %he
atmosphers, /

Charged pions produced nesar the top of thes atmosvphere
with energy less than about 10 Gev are wmore likely to deqay
than interact, the decay products being muons and neutriﬁos.
The majority of muone produced in the atmosphere reach séa—
level becauge of thelr relatively long lifetimes and their
low eross~section for all interactions apart ffom ionisation
loss. The largs lateral spread of the muons ls duse mainiy
to the emission angle of the parent plons, although Coulomb
scattering and deflections in the earth's magnetic field
play a small part.

The elsctron-photon component at observatlonal level
is produced mainly in the last one or two nuclesr 1nte?—
action lengths., The attenuation of this component 1owiin
ths atmosphere thus reflects the absorption of the nucleons,
On the other hand even those wuons formed from pions pfoduoed
in the first interaction will generally reach the sarth's
surface. |

Other procesges in additlon to those above must also
take place within an EAS:- heavy megon and hyperon productlon
mwuon decay into elsctrons; khock—on alectrons; dlrect palr

production of electrons, by electrons and muons; nuclear
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rééctions including photonuclear reactions with pion‘
productlon. Such processes however will do little to
affect the structure of a shoﬁer at sea-level and can bs

1gnored in an initial snalysis. (Grelsen,1960).

\

1.4 Investligations on the Lateral Distribution of Charged
Secondaries ‘

Study of EAS genérally involves detecting the glmultan-
eous arrival at the earth's surface of groups of partlcles
at two or wore horizontally spaced detectors. The spacing
of the detectors normally determines the size of shower
that 1s most efficlently detected., Showers of size greater
than 1010 gecondaries have been detscted at the NIT Volecano
Ranch Station, (Linsley,1963). HNineteen scintillation
detectors are arranged with spacings of 1 kllometre between
unite, the area thus coversd being 8 eq.kilometres. A4n even
larger array covering 100 sq)kilbmetrés is being developsd
(McCusker et al.,1963).

The method of analysis used by such arrays involves
gampling the density of secondaries at various poinits on ths
shower front and building up an empirical function represent-
ing the 1atera1”distribution of‘the density as a function of
the dlstance from the axis. This then enables the complete
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structure of any EAS front to be deducsd from a sample of
density wmeasgurements. The core position and total number
of particles (or size), N can then be determined.

Greisen (1960) derived an empirical equétion for the
dengity distribution of charged éecondaries which fitted
the average experimental distributions obtained up to that
‘date for showers with sizes ranging from 25107 ~ 2x109
particles. At diétances legs than 100 metres from the
shower axls hls sxpression 1s a close approximatlion to a
theorestical sxpression derived by Kamata and Nisghimurs
(1958) for a pure elsctron-photon cascade with s put equal
to 1.25. The age parameter, g, used in cascade thsory in-
dicates the sitage of dsvelopment of a shower, At the start
of the cascade &8 = 0; then it lncreases to 1 at maxlmum
development, and reaches the valuse 2 when only one particle
of ﬁhe cascade remains. At dlstances grsater than 100 metres
from the axis, deviation from the electron-photon cascade
theéry must be expected as the muon component becomes sig-
nificant.

The lateral structure of the slectron component 1ia
gubstantially independent of size or altitude although it
shows wide fluctuations. The typlcal value of & 1s 1.25, but
a8 value of g ; 1,0 is found to be the best fit for the largest

alr showers (N)»lo8 particles) at sea-level (Linsley et al.,
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1962) and also for showers of NalO' particles at 4,200 w.

altitude /B30 grms/om®.7, (Hersil et al,,1962),

1.5 Energy of Primary Particlses

The relationship between the sgize of a showsr and the
energy of the primary particle must'oome either from theo-
retlcal models (Ueda,1960) or from empirical egtimates
based on a detalled accouniting of the average energy dis-
sipated by the various components. The ensrgy content of
the various components has been eétimated by Zatszspin et al.
(1963). Table 1.1 lists estimated values for a shower of
3x105 particles at an altituds of 4,200 uw. above sca-lsvel,

1.8, near the maximum development of ths showsr,

Ionisation loss 3.4(+1 w1otev
‘Electron component | 0.75(+0.14 x101%ev
Nuclear component 0‘5(:8;%)xloléev
Muon component ' o.9(i8;3)x1014ev
Total Energy - 5.4(18-% x10M4ev

Table 1.l Energy content of shower of 3#105.particles at
‘maximum dsvelopment.

Over the size range 106109 particles Clark et al,
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(196%) assumes the foraula

9 .
E, = 2x10 Nmaxev'
whers E, 1s the primary ensrgy, and N, the maximum size
of a shower, Greisen (1960) estimates g valus for the msan
primary energy of veriical showers of size 5x105 at sea-

level to be :
E = 15(;f3)x109 per slectron,

6 The Size Bpscirum

The size spectirum of ghowers is the rate of arrival
df showefs of size N on unlt arsa as a funciion of .
Results have been obtained at sea-level and at mountaln
altitudes over the range of sizes 16%—107 particiss, IF
the size sgpectrum 1s represented by a simple power lavwv,
the exponent shows a definite fairly sharp changs at around
51105'particles. The change in slope is from ~1,.65 to -2,2
at mountein altitude. Glencross (1963) in reviewing the
large amount of experimental evidence for this change also
points out other changes in EAS structure at thic shower
size, He attempts to account for this "kink" by suggesting
a variation of inelasgticity of ruclear interactions but has
to use an extreme fluctuation wmodel of showsr developnent
(Cranshaw and Hillas,1960) to explain the observations.

Muira and Hasegawa (1962) suggest that a break in the
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energy spectrun of the primaries is mors 1llksly o explalin
the change in the gize spectrum sxponent, Evidence In
fuvour of this view is accumulating, e.g. studisc on the
1aterél distributions of the three shower sowponents
{Chatterjee st al.;1963); variation with size of the ratio
of singls to multlcors shbwers as found by the Sydnsy group
(Winn et al,;1965); gltitude variation of the EAS densilty
spectrum (Swinson et al.,1965). Although by no means con~
clusive the results tend to indicate that showers around
lO6 ars produced mainly by multinucleon primariess.

If 1t 1ls assumed thaﬁ the size spectrum doss reflect
accurately the energy spectrum of the primaries, Figure 1.1,
ghows the oomposite primary energy spectrum over the whole
snergy rangs 101051020 éV,_V.

Figﬁre 1.1 indicaﬁes also svidence fof another changs
of ‘slops ‘of the energy spectrun around 1017-10%% ov. (Linsig,
1963). It is sﬁggeéﬂéﬁ that the inflection in the‘fegion
10131017 &V marks the crossover betwesn galabﬁic and meta-

gelactic cosmic rays (Section 1,9).

1,7 The Longitudihal Developuent
" Investigation of the longitudinal development of a
shoﬂér"is:éompliéatéd°by the extreme difficulty of 6bserﬁing
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the same EAS at different stages of developmunt. The =tudy
of the Cherenkov radiation produced by showsr particiss in
the atmosphere provides onse possible method Huywever regulis
at optical wavelengths (e.g. Malos et al,,1962) avre as yetu
rather lmprecise.

Ths possibility of operating Cherenkov receivers in
the ultra-violet regions of the spectrum is being invsesti-~
gated (Charman et al.,1965). In the spesctral regisn 2,200~—
2,800X the absorbing propertles of the atmospheric ozons help
to reducs undesirable stray light from the sources outsids.
Preliminary experiments are still bsing carried out.

More promising has besn the discovery of radio pulses
assoclated with EAS (Jelley et a2l.,1965), The study of
radiation from EAS at radio wavelengths ( A~ 7 metres) was
stimulated by calculatlions of Askaryan (1962)., He pointed
out that a fractlonal excess of negative charge present in
the shower may, at these longer wavelengths, give rise to
& considerable enhaﬁoement of the intensity of the normal
Cherenkov radlation becvause of mutual cohérence; sccouring
when A\ becomes comparabls to thé dimensions of the showsr.

Radio pulses of short duration (<:091§££§9 have now |
been dbserved at Jodrell Bank at a frsquency of 44 Mc/s
( A= 6.8 metres) in coincidence with EAS of gize around

5x106 particles. =
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Although the mechanlsm for production of thesege radio
pulses is by no means clear the discovery that the radiatlon
1g polarised dominently East-West would guggest that the
radiation is producsd by charge separation in the Earthls
magnetic f161ld rather than by mutual coherence as propossd
by Askaryan.

Experiments on radioycherenkov pulses are continuing
and an aerial array has now besn set up at the British
Universities Haverah Park array where more exaoﬁ detalils

of the EAS c¢an be obtained than at Jodrell Bank,

A lsegg ambitlous way of investigating the longitudinal
development of showers ig by observing the change of mean
shower rate at a given gize with atmospheric'depth. It is
fairly well egtablighed that showers of size aboutl 10°
reach their maximum development at mountain altitudes
{~600 grms/cm®)., The reglon of maximum will inorsuse in
depth with increasing shower size. At sea-lsvel (~ 100o0grms/
cm2) a shower around 107 particles will be at its full
development. I

Thes mean absorptlion length, /\ , of gshowers has been
deteruined by observing the changs in shower rate with
atmospheric depth. Beyond the ghowsr maximum the absorption

can be defined as

Ae

A=
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where dI is the change in intensity of verticval showers in
e glven size range for a thickness dt of atmosphere,

It can be shown that the shower absorpticn 1ength,/\ s
is related to the average attenuation length of shower
particles, A , by the relation

>\-=' Y/\ _

where a/ is thes exponent in the number spsctrum of the EAS.
This rslation only holds if the fluctuations in shower |
development ars not extremse, Bennstt st al, (1962) have
reviewed the values of A derived by themgelvesg and other
workers as a function of size at sea-levsl, Tor 104¢:Nv<3x106
the particle absorption length is nearly constant, increasing
siowly from about 180 to 220 grms/bmg and reflecting the
dominating influence of the nuclear cascads (/\ﬁ’zoogm/cmz)°

For lQTéIN<ilolO particles the valus increases more
rapidly with shower size as the region of maximum develbpment
is approached, The average attenuation length of the eiectron—
photon cascade then becomes grsater than that of the ensrgy in

the nuclear cascade,

4 k¥nowledgs of the longitudinal development of individual
showers would be very useful in assessing the lmportance of
fluctuations in determining the features of the shower as

detected on the earth's surface, It 1s hopsed that either the
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new radio technique or investigations of the optisal Cherenkov

radiation will enable such & knowledge *to be obtalined,

1.8 Fluctuations in the Development of Showers

Various authorsg have examined the problem of fluctuations
in the development of showsrs in dgtail (Miyake,l958;Uéda,1960;
Clark et al.,l961;Linsley,19634)., The main factors contribut-
ing appear to be variations in the depth of the firsi few inter-
actions and thelr dependance on the atomic weight of tﬁe
primary. Statistical variations in the multiplicity, inelasg-
ticity, and angular distribution of particles produced in inter
actions mugt also be considsred, Such studies emphasise the
difficulties of making accurate deductions about the primaries
from observations on showers at a single depth in ths qtmosw
rhers.,

Experimentally it has been found that the Fluctuations in
the various components of the shower decrease with increass in
shower size. A narrowing of the composition spectrum has been
sﬁggested ag an explanation (Linsley and Scarsi,1962).

Since 1960 a great deal of attention.has bsen devoted to
utilising complex detector arrays to measure simultaneously
several parameters of a gingle shower, The varlation of thess

parameters botween showers is yielding useful information about
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shower development (e.g. Zatsepin et al.,l963;0hatterjee et al.,

1963).

1.9 The Study of the Cores of EAS

The core of an exteﬁsivg air shower contains the most
energetic particles of the N-component and there is no doubt
that thege form the backbone of the EAS, The nucleonig
component has been investigated experimentally using neutron
couhters, multiplate cloud chambers and ionisation chambsers,
Hodoscoped geiger counters under lead and scintillation
transition chauwbers have alsgo been ussed,

The small numbers of nuclesons in a showsr is such that.
results can only be obtainsed with large dstectors and with
results statistically averaged over many showsrs. TFor N)>lO6
particles experimental investigation of cores becomes extremely
difficult, BStudy of the density and energy aspectra of the
nucleon component is however very important in building up
a model of shower development.

The total number of N-particles in a shower ag a function
of shower sizs has been determined by a number of workers
(Danilova and Nikolsky,1963;Chatterjes et al.,1963).. It is
found that

N, , (> leev) o< N°+7T  at mountain altitudes
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Kemeds et al.(1962) find that at sea-level

J Nn(a;(;>lOGev) o< Nlno
There3is féirly.genefalfégreement among workers that ths'powar
exponent dossg riss with increass of minimum dstection ensrgy .
Sitte (1963) points out that a non-linear relation is expsoted
1f it 1s assumed that the N-couponent originates in the nuclsa.
interactions by a multlpls production process.

The lateral dlstrlbution of nuclesr-actlve partiocles 1s

well repressented by a functlon of the form

noa e~T/To

- whers 1 varies from 1 to 3 metres in the sigze range 104—-106
(Kamsda et al.,1962)., The N-componsnt constitutes onlj about

% of secondary particles nesar the cors of a showsr.

The composition of nuclsar-active particles nsar air
shower cores has not been determined at all scourately. PeteS
(1963) points out that nucleons and antinucleons should ocour
with comparable frequency 1f it is gensrally trus that a
single ensrgetlc nucleon controls the nuclsar cascadse.

Evidence that such is the case comes from a study of the
ensrgy spectrum of the nuclsar—-active particles, The medlian
energy of the most energetlc nuclsl in éhowers observed at
5,200 metres above gsea-level is found to ﬁe about 2% of the
primary ensrgy. In ons tenth of ths cases 1t was aé high as

20%. At sea—levei the median energy is 0.1% and one tenth



. 20 - o T

‘have about 0.5% (Matano et al.,1963), Other workers obtain
gimllar figureé°

Several theorles have been put forward tu try to explain

the gesneral fostures of high energy nuciear collisions ag
inferred from interactions 1in balioon-borne emulsions and
EAS, The theoriles must explain the following factsi-

1) The collision cross—-section is very nearly Qonstant
at 40 mb, with variation of ensrgy.

2) The average multiplioclty increases very slowly with
ensrgy.

3) The energy and angular distributions of the second-
aries suggest "fire-ball" formation; the secondaries
geeming to emefge lsotropically from two centres,

4) The inelasticity is less than 0,5.

5) The average transverse womentum of secondaries remains

constant at around 3 Gev/o.

s : ‘
Recsent theoretical reviews have been mads by Chernavsky
and Feinberg (1963) and by Peters (19634)but a oomprehensive
modsl to fit all the sxperimental facts has yst to be found.

The ocourrence of multiple cores in showers has been
observed by a number of workers. The most comprehensi#e

investigation so far has been made by the Sydnej group (Winn



et al,,1965), Using a 64 unit wmatrix of 0,41 sq.metre
scintillators, used for a time as a 32 sointillator sandwich
with lead abgorber between, a detalled study of cors styuctdre
was carried out. -

In the size rangs 102:N¢106 particles the proportion of
single cored to multiple cored showsrs observed fitted very
clogely that expected if it was assumed that single cores
resulted from primary protoné end multiple cores from muylti-
nucleon p;imaries. Above N = 105 particles however they
observed only multiple corss., The suggestion is made that
this is strong evidence for a change in compositlon of the
primary radiation at.an gnergy of about 3x1015 eV,

A 20 sq.metre spark chamber, with a much finer resolution
then the Sydney scintillator matrix, has recently been set up
in conjunction with the Tokyo EAS array to Invegtigate the
fine structure of cores (Shibata et al.,1965). Initial
results indloate that a really detailed lmowledge of the density
structure of shower cores can now be obtained with such

techniques,

1,10 The Muon Component of EAS

The study of ths muon component in EAS is important for



a number of reasons, Although 1ts wesn density over the
shower front is only 10% of the electron component it careiss
more of the total energy. The more ensrgetic «I the muons
have undoubtedly.been produced close to the initlal inter-
actions of the primary ocosmic rays and should weflect the
nature of the primary far more closely than the slectron
ocomponent seen at observation 1éve1.

The proportion of muons to electroné in showsrsg should
be dependent on the atomic number of the primary. In any
cass fluctuations in the ratio of the itwo componsnis bsetwseen
showers is important in understanding the nature of the
nuclear interactions. Showers with very few muons might be
initiated by high energy primary gemma rays. A ssarch for
any anisotropy in arrival direction of thege showers is
being made. |

The sxtensive lateral spreading of wuons ensble them
to be detected over large distances from the core., Thus
the extrems difficuliy in detecting the nuclear-active
‘component of showers of size greatsr than 107 particles is

not encountered with the muon component.

1,10(a) The Leteral Density Distribution of NMuons

The lateral distribution has been measured by a nuuber
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of workers both at sesa-levsel and mountsin altitudes Toir

. radial distances within 200 metres or soc of ths axis. Ths
goft slectron~photon component is gensrally absorbed out

by a thickness of lead (or other efficiént absorber), leaving
the muon component to penetrate toc the dstector.

General agreement 1s obtained amongst the groups although
the number of parameters involved, such as the minimum
detection energy, the shower size range, and the altitude of
observation often makes direct comparison difficult.

For distances greater than 200 metres from the core
cbeservations on muon density becomes mors difficult. A%
these distences the.density of particles becomesg so low that
large areas of shislded detector are neéessary, and obger-
vation has to be confined to large showsrs (j>106 particles).,

The results obtained mainly by the MIT group (Clark
et al.,1958) for distances over the range 10-1,000 metres
f?om the axis were combined into an csupirital squation by

Greisen (1960):~

2 3 -
P) = N LF.. T4 r -2:5 -
ﬁ(N! ) 18(106} i (1""32@) e e o e 10.]_
Here represents the number of muons per sq.metrs of

S

energy greater than 1 Gev at a distance r metres from the
ghowsy axis. Equation 1,1 indicates that only about half
the muoneg lis within 300 wmetres of the core and that beyond
1,000 metres the density of ‘muons beooues higher than that
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of elsctironsg,.

Whilst equation 1.1 was based on falrly acourate
mewiéenmﬂ_evidence below 200 metres from the sore the
smount of data avallable at larger distances was small and
had rather large statistical errors present. MNodifications
might be expected in the light of further experimental
results. ‘

The spreading of the muons away from the cors is
primarily dus to the sjsctlon angle of the parent pions,
The calculated mean dsflections of muons arising from Géulomb
gcattering in the atmosphere are generally much smaller
than the distance from the shower axis at obsservation level
(Hillas,1965). The deflection of muons in showers by the
sarth's mggnetic field has besn calculated by a number of
authors. An asymuetry in the radlal distribution of muons
is expected for showers approaching along the direction.of
the earthis field but the calculated effect is small.
Howevsr aAfairly largs muon charges asymmetry. should occur
in certain regiong of the shower front but this has not as

yet been looksd for.

Comparison of the experimental lateral distribution wilth
theoretical cascade calculations (e.g.H11128,1965) can

bring light %o bear on the relative roles of the competing



processes of interaction and dscay of pions in ths fTlrst
few nuclear interactions, Although some pion decay occurs
at all altitudes, muons will be mainly produce: when the
energy of the plons is sufficlently degraded for decay to
compete successfully with lnteraction.

Calculations on the varistlon of ths radius of curvature
of the shower fronit with zenith angle {Dennis;1964) indicate
that the mean height of productlon of muone is probably
around 5 — 6 kilometres In oclose agreement with the theor-~
stical calculations of Hillas. Howsver earlier experiments
attempfing to measure the height of muon production by
de Beer et al. (1962) indicate that quite a fraction are

produced wmuch higher than this,

1.10(b) Variation of N/( with N

A number of workers have determined the way N, s the
total numbsr of muons inm a showsr varies with shower slvze, N.
Agreement betwsen different experiments is not very good,
(ses Table 5.1) but it is clear that the number of muons
rises more slowly than the nunber of slecitrons. Grelgen's
squation 1.1 shows

0.75
N cX. N
/4
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The faot that the exponent is less than. one indicates
again the competition between pion interaction and decaju
The higher the energy of the primary the longei* it will: -
take the product plons to be reduced to an energy necesgéfy
for decay to become dominant. Charged plons that interéct_
rather than decay“can be sxpected to produce roughly eqqal
numbers of positi%é, negative and uncharged pions. The
neutral pions will then decay initiating electron—photoq
cascades, Thus as the primary energy increases the pioés
at a given level have a higher chance of interacting rathef
than decaylng into muons and thepwtoss ths proportion of
muens falls,

Any sharp change in the muon/électron ratio with shower
size should superimpose itself on the general trand
discussed above. It should thus be possible by zccurately
measuring ths variation of N)U with N to opssrve any fairly
sharp changs in composition as is beling suggessted occurs

around 3x1015ev6

1.10(c) Energy Spectrum of Muons

The energy spectrum of muons in EAS has been determined
by running large area shielded magnetic spectrographs in

conjunction with detector arrays (Kazarov and Andronikashvili,



1957 ;Bennett et 519,1962;Rochester et ai;,1965)c At sea-
level close to the cors of & shower (r< 100 metreg) there
are very few muons with ensrgy less than 5 Gev, Thg integral
gpectrum however sharply steepens as the ensrgy increases
besyond 10 Gev up to the highest energiles measurable'én/SO Gav).
As the core distance increases the muon mean energy
decreages go that ai 500 metres about half the muons have
energy legs than 2 Gev,
Bennett et al. (1962) find the mean ensergy of

muons in EAS to be about 7 Gev and the total muon energy

éé;z 0.9x10%5 6§%i)3~75 eV.

t0 be glven by

1.,10{d) Charge Ratioc of Muons in EAS

Although unassociated muons show a sllight positive
exoess 1in numberg, muons in EAS appear to exhibit chargs
symmetry (Bennett et al.,1962;Rochester et al,,1965). .The
degree of charge syumetry among muons in showers might
imply thet muon production via K-megon decay is neg@?ibla

in comparison with pion dscay.
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l;lO(e) Fluctuations in Muon Density

The study of fluctuations in muon density is hindered
by the largs area of detector needsd to obtain good statio-
tical accuracy. However there is gtrong experimental
evidencs (ﬂasegawa et al.,1962;Chatterjoe et al.,l963) that

" the numbsr of muons does fluctuate considerably with réspect
to the total number of particles.

The causges of the fluctuations must be:-

(a) The fluctuations in the height of the flrst
interaction.

(b) The mass spectrum of the primaries.

{c) Fluctuations in the shower development process
arising from variation in the nuclear inter-
action procesgses.

The relative lmportance of thege and how much one can infer
about the primaries from a detailed gtudy of fluctuations

remaing an open quegtion,

1.10(f) Evidence for "Muon-legs" Showers

The exlstence of EAS containing very few muons (aboutb
1/30th to 1/100th) of the mean has been established at
Chacaltaya (Suga et al.,1963;Toyoda et al.,1965). The

relative frequency appears to be about 0.02% for showers
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in the energy rangs 1Ol5eV—-lolseV. It 1s suggested that
-thege may be due to primary gamma rays. As gammea rays would
"not be affected by galactlc magnetic fields, proof that thesse
are genuine rather than the result of extreme fluctuations
will come from establishing an anigotropy in their arrival
directions. A significant peak in right ascenslon (bestwesn
200°-220°) 1s reported but the result is by no means

conclusive,

1,10{(g) "Muon-Rich" Showers

Anwattempt has also‘been made to look for énisotropy
in muon-rich showsers, Such a search was initiated on the
agsumption that these nay be produced by multi-nucleon
primarisesa. Thig ls a consequence of the non-linear '
relationship between Nu and N (see Chapter 5). An apparent
variation in the distridbution of the showers of size lq6
in right ascension has been reported (Mantano et al.,1963)

but again the resulte are not really statistlically signiflcant.,

1.10(h) Conclusion
Studiss of the muon couponsnt in recent ysars has

greatly increased the detailed knowledge of EAS structurs.



- 20 -~

How much one can infer about the primary from the muon

content of a shower is however far from clear.

1.11 The Composition of High Energy Primariss

Protons and the nuclel of heavier elements feeum the
bulk of cosmlc rays reaching the vicinity of the earthg
Experimental investigatlions on the composition has beeﬁ
carried out chlefly using photographlic emulsions bornse in
balloons at high altituds.

Although there 1s soms soatter in thse avallable data
1t appsars that the chemlcal ocomposition of the nuclea?
component is roughly as given in Table 1.2(p.31}uptm e?ergies
at least around 10+4 eV. Also shown is the average chémical
composition of the universe as i1t is found in stars ané
meteorites. It is clear that the primary cosmic rays -
contain relatively more light nuoclel (L) and heavy nucleil
v(H) than are present on the average in the universe, ?

A small fraction (~1%) of electrons have heen detected
amongst low energy cosmilc fays (Meyer,1965). The primary
radiation 1s also sxpécted to contain fluxes of gamma rays
and neutrinos but there is 1little experimental evidence to

date on these components (e.g, 0da,1965).



GROUP % IN % IN
OF 7 COSKIC UNIVERSE
NUCLEI RAYS ]

P 1 93% 91%
Ho | 2 6.6% 0%
L | 35 0.13% 310~ 1%
I 6-9 | 0.40% | 0.09%
H >10 0.13% 0.03%
VH >.20 0.,05% 0,002%

Table 1.2 Composition of Cosmic Rays.

For snergles abpve 1014 eV evidence for the composition
gspeotrum is not very strong. From emulsion studlies there
i1s no indication at 10% eV per particle that any change
froum lower ensergles might occur. MNorsover comparison of
theoretical cascade calculations and experimental rssults
of intensity and‘momentum spectra at sea-level also indlcaie
that heavy particles ars presgent up to 1015 eV,

It 1s important to point ouﬁ that in the snergy range
of extensive alr showers the obgerved énergy spsétrum of the
'primary particles no longsr relatés to thé gnergy per nucleon
but to the total energy of the particles causing,the showsrs.

1If the composition of EAS primar;es'remains unchangsd fronm
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that shown in Table 1.2 the relative conient of protons with
a given total nucleus snergy ls about 49%. The abundance

of single nucleon and multi-nucleon priﬁaries should then
be almogt the same In any primary snergy interval,

There 1s failrly strong evidence from the studies of the
Sydney group on multi-cored showers (Winn et‘alo,1965)'£hat
very few protons exist in the primary energy range arouhd
-lO16 eV, Several other featurss of air showers in this rangs
tend to add weight to this conclusion.

Observations on EAS produced by primaries of around
1018 eV energy suggsst that protons may again dominate ét

this energy (lLinsley,1963),

It is neoessary to study in detail a parameter of
gshowers which is senslitive tc the nature of the primary
producing it. However 1t 1s not certain as yet whether the
muon component, core structure or degree of fluctuatlong
are true indicatlons or are influenced more by variations

in shower development,

1,12 Time Variations and Isotropy of EAS Primaries

Many types of variation in the intensity of cosmic rays
o .

are obgerved at low snergles (~~10 ev), agsociated ih;
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particular with activity on the sun, However at higher
energiss (>»1014 eV)'the intensity of cosmic radiation is
remarkabls for its constancy.

Two methods are used to try wo detect prefersential
arrival dirsotions of primaries. At lower ensrglss, around
1014-10'> 6V, the flux of EAS on small detsctor arrays is
quite high (~ 50 per hour). This enables the rate of
recording of showers to be analysed with respsci to slidereal
 time with a high degree of statistioal accuracy., However
the high rete-is offset by the low directional resoluti?n
ache4ved and the large corrections needed to eliminate'f
atmospheric effects (6.g. Jones,1965), .

For higher energies (>1015 sV) it is possible to pin-
point the dirsction of arrival of the primary by determining
accurately the direction of the axis of ths EAS produced.
These can then be plotted on celestial co-ordinates to ssarch
for clustering.

If the anisotropy is defined as

A w Igax - Imin
Imax -+ Imin
where Ipmayx 1s the maximum intensity recorded and Ipin the
minimum, uppsr limits can be placed on A for varlous
primary energies;

A < 0,1% for E~10+4 eV,
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A= 1% for E~10%0 ev,
A =32 for E~10%7 ev,

This extremse isotroﬁy, even fof the highest energy
primaries makes ths problem of the origin of these particles
very difficult to solve. A general stirring up in the
turbulent magnetic fislds in galactic spacs is theught to

be the main reason for the high degree of isotropy observed.

An asymmetry in the arrival directions of primayxy gamman
rays of energy around 1014*~ 1016 eV mipght be expected.y
These could be produced by nsutral pions from the ccllisions
of charged cogmic rays and the hydrogen in the universs, ths
distribution of which might not bs uniform. However
statisties on the anisotropy of "muon-less" showers (Section
1,10(f) are not yet good enough %o gome Lo any conclusion.

Evidencs in favour of an anisotropy in "muonmfich“j

showers is also not very strong /Ssction 1e16(g17

Recent attempts have besen made to find evidence for
some anisotropy of primaries of energy greater than 1017 oy
(Dennis and Wilson,1963;Linsley,1963), No signiflcant

effect has yet been found but results are still accumulating,
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1,13 The Orlgin of Cogmic Rays

Theories of the origin of cogmic rays must account for-
the fact that the totél energy denslty in the msighbourhood
of ths earth ig sbout 1 eV per c.c, If this is the same
throughout the whole Galaxy the total cosmic ray energyvin
the Galaxy is about 1070 ergs. If s mean 1ifetime for

8

gosmio rays of around 3x10- years is assumed then the total

power output from the cgources must be around 1040

sergs/gec.
In addition meteoritic data indicate that the cosmilec ray
intensity has not changsd appreciably over the last few
hundrsed million years,

Any theory of the origin which suggests that the cosmlc
rays are confined by magnetic fislds to a smaller regioﬁ
then the Galaxy, e.g., the solar system, falls down on power
output as the containment time would be far less than 108
years. Morecver direct observations of solar cosmic Pays
shdw that they have neither the snergy spectrum of chemical
composgition of the galactic ccsmic radiation. In addition
very high energy particles (:>1O14 aV) éould not be con-
talnsed inside such a reglon for sufficient time to render
them isotropic.

The total power output of ordinary stars, magnetic stars
or even high power stars like T Tauri, falls far short

of what is required. However supernovas and probably the
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more numerous, but much less powsrful, novas appear to be
quite capable of producing gt least 1040 ergs/sec, the |
required output. Moreover it seems possible that particies
of energy as high as 1017 eV/nucleon could be produced
inside the shells of the supernovas.

Ginzburg and Syrovatskil (1964) have therefore proposed
that the original cosmic rays are formed basically in
supernovas shells in which they are accelerated to high
energies., They are ejected from the source in such a w@y
that the original cosmic rays are prepondsrantly hsavy
nuclel, They then execute a random wsalk from their source
to the sarth, being scattered by the magnetic fields of the

interstellar gas,.
| In traversing space the nuclel will lose energy by
lonlsatlion and nuclear interactions, Heavy nuclel are
8plit to lighter particles by collision with the interstellar
hydrogen changing the chemlcal couposition to that of the
observed primary radiation.

Scattering of the particles by inhomogeneities in the
galactic magnetic flslds has a mean frees path of a few
parsecs (1 parsec = 3,3 light years). As the nearsst
supernovag is several hundred parsecs from the sarth isotropy

in arrival directions is undesrstandable on the supsrnovae

the ory.



There is & general diffusion of cosmic wrays out of the
Galaxy caused by scattering leading to the mean lifetime of

8 yearg assumed above,

around 3x10
Cosmic ray acceleration in interstellar space, for

example by the Ferml mechanism, cannot account for more

than a factor of ten up on the energy of a primary at its

source. Any galactic theory of cosmlc rays cannot thersfore

explain the presence of protonsg with energy above 1d8 ev.

They ocan nelther be accelerated to such energies in suppr-

novae, nor be contained inside the Galaxy long enough for

2 measureabls intensity to be bullt up. The Larmor radlus
refntevistel

for %(particle of energy E and charge Ze in a field of H

gauss ls glven Dy

rr = g T T 102
300HZ

For a proton with ¥ = 1018 eV and assuming a galactic
magnetic field of around 1070 gauss, r = 3x1021 cm.
(cf:v'lo21 cm, for radius of Galaxy).

iorrison et al,.(i1954) conclude that a marked fall off
in the number of particles in the radiation should occur
ét an energy of sbout 1015~1O16 eV owing to escape from
the Galaxy. It seems that metagalactic sources must bs
regponsible for the production of the highest snergy

primaries.
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Certain optlcal galaxleg appear to be in violent
aruptlon. Burbidge (1963) calculates the cosmic ray eusrgy
density one might expect from such events in metagalactic
gpace and arrives at a figure of around 10"13 args/cm3

=12 ergs/cm3 inside the Galaxy).

(ef.10

The recent dlscovery of quasl-stellar radio gources
and quasi--gstellar galaxies opens up the fisld considerably
(Burbidge and Burbidge,l965). There is without doubt
enough power output from these objscts for them to con+
stitute strong sourcesg of cosmic radiation. 6ntil moré is
known about their sources of ensrgy and general propsrties,
thelr posgition in ths overall solution of the origin of
cosulec rays must remaln open. ‘

Ths theory that the region of primary energy 1015ﬁ1017ev
ls & transition region from galatlc cosmic rays to metag&l~
actlc partlicles has recelved gome support during ths lést
two years or so. There seeug to be a falr amount of
svidence for an unusually high ratio of heavy nuclel in this
reglon, It has been suggested that above 1015 eV per nucleon
the galactlic magnstic folds can no longer contain the cosmle
rays so that as the total energy of the primary increases
the light elements successlvely escaps from the Galaxy.

The escape ensrgy 1ls charge dependeat(equation 1.2) so that
heavy mdlticharged nuclel would be most abundant inside the



Galaxy in the energy range 1016—-1017 av,

SEN

The prsesence of protons around 1 ¥V sould indiaate

the merging of the galactic and metagalactic fluxss witk
the latter domlnating above 1018 eV per particlse. However
this simple picturs will probably need considsrabls

adjustment in the light of future work.

1,14 Scope of the Present Work

The Haverash Park EA3 array of detectors is at pregent
detecting showers pruduced by primaries of energy around
1017 éV. The results presgsented in this thesis are initial
results obtained by running muon density detectors in
conjunction with this array., It 1s hopsd that the
veriation or muon content of showers, in particular with
gize, around this primary snergy wlll give a clear
Indlcation of the composition of thse primariss. Also
construction of the lateral distribution of the muon
componsnt is underteksn in order to learn meorse avout this

detalled development of EAS in the atmosgphers.
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CHAPTER 2

THE DESIGN OF MUON DETECTORS AT
HAVERAH PARK

2.1 The Haverah Park TAS Array

The Joint Universities' Extensive Air Shower Array was
set up in 1962 for the purpose of studylng primary cosmlc
rays of energy around 1017—-1018 eV by means of the EAS ﬁhay
produce near gea-lavel., The site chosen for ths experimqnﬁ
is at Haverah Park, Yorkshire, and at the time of writiné,
the Unlversities of Lesds and Durham, and Imperial Golleée,
London, are in active collaboration there. The main experi-
mental set-up has been described in detail (Lillicrap,l963;
Turver,1963;Dennis,1964).

The principal array of detectors consists of four large
area water Cherenkov dstectors spaced in a triaugular
arrangement wlth the cehtral station at ths centroid of the
other three (Figure 2.,1). Eszch of the outside stations lies
500 metres from the central detsctor. The 34 sq.metreg of
detector area at sach station are made up of 15 units. Each
unit is self-contained consisting of a galvanised iron tank,
4’x6' in cross-gectlonal area, and 4° déep, lined insids with
sheets of white diffusing P,V.C. (I.C.I,,Darvic) and filled |
with water. A photomultiplier dipping into the water
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converts gome of the Cherenkov rediation emitted by
relativistic charged particles traversing the detector into
electrical pulsges. The pulses from the Fifteen unlts at
each outslde station ars added together and then tiansmitted
through underground cables to the central station., Here the
pulgsg from sach station are displayed separately on the
cathods ray tubes of a four-fold oscilloscops,

The coumon time-tase circult of the four tubes is only
triggersd when densities greater than ten particles per
‘station are'detected in coincidence at the ceuntral station
and two of the outer stations. TheApulse heights frow the
four stations are then recorded on film. The pulss heights
are related to an eguivalent numbsr of vertical muons through
the detector by e standard calibration procedure. Blanking
pulses'exactly 6 mlicrosecs. apart on each tiwe-base enable
the small time differences in arrival of the shower front at
the four stations to be measured.

Under the chosen triggerinz conditions the array records
about forty events in every twenty-four hours. Fronm these J
the arrival of large EAS on the array can'be observed and in
the majority of cases thelr size, core position and direction
of arrival cen be determined to a falr degree of accuracy,
(Dennis,1964). The distribution in slze of showers triggering

the system is shown in Figure 2.2,
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2.2 Muon Densiiy Dstectors

The Chersnlkov water‘tanks are gensitive o ail types‘
of relativistic charged particles. Tou study the mucn i
componsnt iﬁ detail it 1s necesgsgary Lo absorb out completély }
‘the "soft" electron-photon component from the EAS, As only'
about a tenth of all shower particles are myons it would ‘
require prohibitively large areas of shielded dstector tgj
determine the gross features of a shower from its muons alone,
Invariably unshiselded detectors are relied on to determine

the size, position and direction of a shower and the muon

component is then sampled at one or mere polnts on the showsr

front.

The purpose of the present work is to investigate the
muon lateral density distribution in showsrs of size 1077108
~particleg., To do this a largs area shielded detsctor waé:‘
constructed. Lead blocks‘ﬁith their high densily anzl%ﬂgh'

atomic number (rediation length for electrons in lead is ehout

L

5.8 grms/cma.) are usgsed as an efficient and convenient means

2.3 The Siting of ths Dstsctor

Previous workers have shown that the proportion of onns

to all particles in showers increases with distance from the

|

| :

s of shielding.
|

|

|

|

\

core, ranging, at sea-level, from a few per cent. close in,
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to 50% or so at i;000 metrss from the axis (Greisen,i956).
Considéring this variation and also the availlebility of spaoce
on site the muon detector was placed in one of the outlying
stations, The rangs of cors distances covered and the
relative frequency of ococurence of svents at these distances
is éhown in Pigure 2.3. »

A lateral density distribution in the range 300-1,000 m.
from: the shower axis could be expected, 'This rangs cove?s
the region where the muons make an increasingly-significént
contribution to the density of all secondary particles. |

Because of accessibility by a tarmac road Hut 3 of the

slte was chosen for the expseriment,

2.4 Area Consglderations

To reduce statlistlcal errors it wasg desirable to have
the largest possible area of muon density detector. On the
other hand the high cost of lead absorber and the amount of
space availabls at the statlon meant a compromise had to be
made, - The criterlion taken was the area of detector needed
to record on average at least one muon per shower., Over the
range 300-1,000 metres about one in three of the secondery
particles are muons. At least two-thirds of all showers
triggering the array give greater than ten particles aﬁ Hut 3.

Such an event comes from & dengity of threse partlclss per
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10 sq, metreg of which generally one 1g a muon. Ten sq, nirs.

of muon detector would therefors be a workable area,

2.5 Dstector Details

The muon detector now in use consists of four units,
sach having 2.5 sq.metres of actlve area, Each unit la based
on the design of large area liquid sointillator detsctors
‘developed by Dr. J. C. Barton for his work on muon interaction
underground at Holborn in London (Barton et al,,1962).

Medioinal 1iquid paraffin (B.P.) with 0.6 grms/litre
of p-terphenyl and 0.006 grme/litre of POPCP as solutes ls
used ag a sclntlllator.

In sach unit approximately 60 gallons of geintillator
mnixture are ocontained 1n an open perspex tray 8'x3'6" in area
by 4”.deep. This is supported horizontally on ten 1" dlamster
duralumin rods {(to ensure a perspex to air interfacs for
total internal reflection of the scintillation light), inside
a light tight wooden box 12'6" long by 7" high. The inglde
of the box is painted black to reduce spurious reflections,

The tray 1s extended at both ends by a hollow rectangular
mirror light guldes, 16" long, The mirrors are thin, hack
silvered, and are gupported on a wooden framework.

The 11d of the box leaves the lagt 11" at sach end
open for insertlion of the photomultiplier and assoclated

- - e . —
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: head unit. The photomultipliers used are EGM.I; 95304 wWith
5" dismeter photocathodes., These are positionsed, one at
sither ond of the detector looking horizontally 2long the
centre of the detector in contact with the light guldes. The
photomultipliers are mounted on duralumin plates extending
the full width of the detsctor. The pulses from the ancde
of the photomultiplier are fed into en emitter follower on
top of the plate and matched into & 68 ohm cable (Uniradio 39)
through a co-axial plug. Supply E.H.T, and L.T. (-20v) are
also fed in through plugs ‘in ths plate, '

The dynode chain series resistor and emltter follower
circuit, shown in Figure 2,5, 1s a direct copy of that used
in the Cherenkov detectors, The emitter follower's overall
gain of 0.5 is stable against normel temperature veriations
and linear from a few mlilivolts up to voltagss in excess of
one volt output.

The response of each unit was taken as the addsd pulse
from the two photomultiplier tubes after their gains had been
carefully balanced by suitably adjusting ths E.H.T. voltage

applied to sach tubse,

R.6 Design Conslderations

The reasons for adopting the ubove design can bs discussed

under separafe headings:-

4
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(a) Geouetry:

Figure 2.6 shows a plan of Hut 3, the site of
the dstectors. To introduce muon dstectors with their
acoompanying shislding down the centre of the shed without
causing a significant scattering of the secondary partilcles
into the main array tanks, required a particle detsctor of
extremeiy thin geometry.  With the present design the overall
helght of detector plus sﬁielding is kept below 1'6".

The mean résponse of Hut 3 to events triggering
the array during the first six monthe after installation of
the muon detectbr has been calculated. Within the acouracy
of calibration the wmean density at Hut 3 was found to be the
seme as the other two outside staticns, .This 18 taken as

sufficient proof that any scattering occuring is tolerably

gmall,

(b) Optiecs and Uniformity of Response:

The arrangeument with a large rectangular glab
of scintillator, viewsd Tfrom its shortest sides, reliss on
total internal reflection at the psrgpex to air, and paraffin
to air, interfaceé. Perspex and liquid paraffin have very
nearly the same refractive index (1.49) and can thus be
regarded as an optically homogeneous block, Brini et al,{(1955)

gshow that thils is the best arrangement for uniformity over a
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largs area as well as producing a good ligh* collasiion
efficiency (Appendix I),

The plane mirror rectongular light guideg
were adopted for their simplicity of construction., They
replace the perspex tray extension guides filled with purs
mediqinal pearaffin and eliminate the difficult optlcal coupling
end leak-proof gasket sealg of the originsl design (Basrnaby
and Barton,1960). To ensure good uniforuity their length
should be comparable with the width of the tray. The 16" long
guldes used were the longest convenient to the space avallable,
The use of mifror light guldes gacrifices 1little resolutlon
for simplilclty of desiéﬁ. They also eliminate any spurious
pulseg of Ghereﬁkov radiation dus to passage of particleé
through the 1liquid light guides.

The active area of each unit, 2.5 sq. metrss,
is a factor of two up on any other detector previously bullt
of a similar design. The resson for going to such a large
area per unit were:- |

1) The average cost per sq. metre of detector
becomes much less.

2) The smount of lead shielding necesgsary per sd.u.
is considerably reduced.

%) It was necessgary to mske full use of the avallable

gpace in Hut 3,



A) Consldsrable reduction is achleved in the

amount cof associated electronic clrouits,

The increased size does not interfers too
much with the uniformity of response over the dstector.

This was to be expscted from some recent measureuments by

Barton et al.(1964) which showed the effective attenuation
length of scintillation light in such a mixture to be 195 om.

Teste on uniformity are described in 2.8.

(¢) Cholce of Scintillators:

. Medicinal liquid paraffin (B.P.) contéining‘
p-terphenyl and POPOP as solutes was used as the scintillaﬁor
following the work of Barton (Barton et al.,1962;1964).
Although paraffin is less efficlent than the more usual
organic liguid scintillators such as %toluene (abwuﬁ #th regpons
the advantages of cheapness and high flash point (22900) afe‘ !
most important, partic&larly in view of the largs quantitieav,!
to be used., Its advantages over plastic scintillator slabs
are mainly those of cost. Also it had become known_thatv

several workers have found distinct discolouring of plastic

-scintillators with age. In view of the long path lengths

involved this could produoe a serious loss of uniformity in

such a large area scintillator.



The concentration of 0.6 grms/litre of

p~terpheny1 was useﬂ'bécause‘of the trouble that could

~ be caused on cold nights when'a greater concentration

‘might become oversaturated and crystallise out. The loss

of efficiency (light output/cm. track length) from the
ofiginal/fecipe‘of 0.8 grms/iitre is about 20%.

_ J Sevéral workers have succeeded in improving
the efficiency of cheap scintillators. ‘Shéllsdl A gnd
Dekalin have béth been added to liquid peraffin with good
effeot (Wilson et al.,1963;Barton et al.,1964). Isyer ot
21.(1963) have added PPO and naphthalene. Although
efficiency 1s increasgsed in these cases the effective
attenuation length of 1ight invariably goes down, in some
cases_eonsiderably. Also thé stability of such mixtures
has not yet been proVen; In view of the importance of
the latter two propértiés it was decidéd to use the original

mixturs for thé muon detector.

1 (d) 'Liquid paraffin as a Scintillator:
: ‘Thé‘spintiilaﬂionﬁproéeSs‘tﬁaﬁ takes place
may‘bé‘briefly described ésffoilowéf A Charged particle
passing through ‘the sointillator will excite the solvenmt

mblecﬁies‘alongfitS'path by raising their less energetically

‘bound ‘electrons above the ground state. Some of the excitatio
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energy is tranéferfed to the primary sclute (p-terphenyl)

moleculés by collisions and'bebomes ﬁti*apped”. Emission

‘then occcurs. POPOP as secondary solute or spéctfum shifter

absorbs the emission and/or trapped energy from the p-terphenyl

and“émité its own characteristic, longer wavelength spectrum.

The advantages of the secondary solute are to bring the emiésio-
~ spectrum mo?e'closely into the specthal sensitivity of the |

photomultiﬁiier and also increase thg‘mean free path of

transmission through the scintillator (Brooks,1956) .,

The scintillation pulses from the detector

have very fagt rise timeé ( 221078g60.) and decay times of

around 8 microsecs, determinéd by the emitter follower circdito

A high energy muon passing through the detector will lose

about 2 Mev/grm.cm2 by lonisation. The phosphor will there-

fore absorb about 16 Mev from a vertical penetrating muon.

About 1% of this will reach the photocathode surface in the

form of photons.

2,7 Calibration and Single Particles Pulse Height Distribution

Calibration of the detector in terms of mV/ particle
output was carried out in the standard manner of finding the
mean réSpOnse to vertical cosmic ray muons. It was esgential

first to adjust the E,H.T. on the two photomultipliers so
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" that the gain of each was the same. This was done by feeding

each into a discriminator and counting the rate of pulses

from .cosmic Pay secondaries above a fixed discrimination level.
This level was equivalent to about_two particles passing
simultaneously through the detector le@dingitQKOOQnt rates

of about 1,000 per minute with good statistical accuracy over

a few minutes. The E.H.T. voltages were adjusted until the

' counting rates were within 5%, showing the gains %o be within

2%. As a check the rates were also compared at a higher

discrimination level,

Nearly vertical cosmic ray wmuyons wers selsected by placing
2. muon telescops over ths centré of the detector. The telesco
was made in two units (Fig.2.7). One contained two slabs of
plasgtic sointillator (6" dismster by &" thick) separated by
5 cm., of lead. The slabg were viewsd by 5" photomultipliers,
The other unit contained a single slab and photomultiplier,

Initially one unit was placed bslow the detector and the
otﬁer above to ensurs that muons went right through. When a
muon passed through the telescope the thrse-~fold coincidénce
obtalned triggered an oscilloscope time~basé. The addéd
photounultiplier output pulges were applied to;the Y-plates
through a suitable delay. The mean pulse height in millivolts

was taken as the mean pulse height per vertical muon through

the detector, with corrections applied due to non-uniformity
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and angular spread ol the particles.

Placing both units on top of the detector showed no
appreciable changse in the wsan, This wae an sssentlal
arrengement whern the detector wes lald on the floor unden
lead shielding. |

The dstector could also be calibrated by using the.
telesgcope coincidence trigger to gate a multichaunsi pulse
height analyssr to which the dstector output was connectsd.

A singls particle pulse height distributlon firow the dstsctcr
using the scintillator telescops and wultichammel analyser is
showa in Figure 2.8.

Algo shown i€ a Poiseosn distrlbution with a mean cf 8
fitted to the peak of the digtribution. This can be regarded
as the "effective” wean number of photoslectronsg emittsd froum
the photocathode. The aifective number will not bs ths sans
as ths tirus numbor bscause of factors which contribute to tue
gpread of the distribution, such ag:- |

1) The floite sngle of the muon telegcope, sbout
20° accepbance,

2) Ths Landew contribution dus to the gtatistical
variation in the energy absgorbed from the mucus
by the phosphor.

3) Unbsalance of the two photonultipliiers,
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A) Statisticsl variation in the multiplication of
the first few dynodess of the photomultiplier.

The mean number of phioto-2lectrons actually emitted
from the photocathode per muon i8 probably about 20.

Figure 2.9 shows the differéhtial pulgs height
distribution of secondary cosmic radiation in the scintillator,
with the photomultiplisrs added but not put in coiancidence.

The single muon peak appears superimposged on the photomulti-~

plier noiss.

2.8 Uniformity of Responss

A check on the uniformity of response over the area of
the detector wag made by placing the scintillator telescope_
over a varlety of positlons on top of the detector and
finding the wean pulse height for vertical muons in each
position.

Figure 2,10 shows a plot of the regponse against position
for o line down the centre of the detector. The responss
rises about 25% above its mid-point value when close up to
the light guldes, Provided the phototubes are well balanced
complete symmetry holds.

For positions midway between the photomultipliers, off
the central axig, the response is not significantly different
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from the central position. Moreover ithe respongs along ous
gide of the detector rises less towards the photomulizlplliers
then it does along the central axis. |

The mean rogponge for the whole detector was caloulated
to be about 5% above the value at the centre.

Tests Wiéh an inclined telesscops showed that within
statistical error the responss went up directly with seg 4,
where Z was the angls bstwesn the axlg of the telascope and
the zenlith. Tﬁus the response of the detector ig proportional

to the path lengih of a penatf&timg particle through it,

2.9 Stability

There has been no indication.after some twelve months
running of any detevioration sither in responsgs or uniformlty
of the detector unit. 4An advanbtage cof medicinal paraffin is
that 1t is relatively inert snd has no delstericus effect on
perspex. Nor doss 1t readily absorb oxygen which could lesad
to quenching of the scintillation energy (Barton et al,,1962),

The mains power supply to each station is stabilised and
the photomulitipliers are run off additlonally sgtabilised
E.H.T, units,

The main short term instability is the temparature co=-

efficient of the photocathode efficiency, about -1% per °C.
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LS the temperaturs of the FHut is kept eonstant within a Tow
degress this is not serious and averagus out over a parlod
of time, Alsc the calibraltlon runsg generally lusited s Tull

temperature cycle (l.e. 24 hours).

2,10 Shislding

The shielding of the detectors from the elsctron-photon
component of the shower is done by 12,000 lead blocks,
6"z 2"x 2" (supplied by British.Lead Mills). Lead walls,
8" high, enable the detestor units to be bridged by 1" thick
steel plates, 5'9" iong by 6" wide, Twenty of these coversd
each detector providing adeguate (12") overlap at sach end
to trap high zenith angle parﬂicles. The steel plates support
the overlying layers of lead.

Chapter 3 gsscribes an expsriment to deteramine the
thickness of lead necessary to ensure compleﬁe absorption

of the electron-photon component,



CHAPTER 3

THE ABSORPTION IN LEAD OF THE ELECTRON-PHOTON

COMPONENT OF EAS

3,1 Introduction

Early study of‘cosmic rays at seénlevel showed that
Gelger counters undef increasing}thicknessyof lead shield
reached an almost constant counting rate ﬁeyond 10 to 15 cm.
thicknesé (Gléj,1927; Auger,1938) . Rossi'(1933) found that
the rate of coincidences by a three—fold‘counter arrangement
under leaé, ﬁiotted,against thickness of lesad absorbsr above
it, first increéses, reaches a maximum at about 2 cm. of lead -
and then decreages for larger thicknesses, _Abdve 10 cm, of
lead howsver this Rossi transition curve showed no further
decrease. Rossl interpreted the sharp maximum as due to a
"soft" radiation producing eésily absorbed cascade showers
while*théfleﬁel*ﬁailfwasfdué;to<a'"hard"'fadiation.”
Auger et al.(193§)75HGWed‘%haééﬁAS‘also consigted of
- goft and hard componsentg. VThe soft component was identified
Tras élééﬁ%oﬁibhdton cascédes in the atmosphere, Many experiments
were~£Hénfundéfﬁakehiﬁd*éétébiish°th&t”%hé”behéﬁféting'éompoﬁent
consisted of muons. ‘Cocconi et al.(1949) messured R(t); the

fractional nduber of éﬁowéf*ﬁarﬁicles'éapablé'6f'penétratihg
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g thickness, %, of abgorber. Colncident rates butwsesn an
unsheilded‘array‘of Geiger counters and a shlelded gtack
wers invéstigated.. They established that at seu-level the
plateay of the Rossi curve for EAS started at around 15 cm,
of lead, whersas at 3,260 metres altitude at least 20 cm., of
lead were nesded to eliminate all the sdft component. Other
researchers have carried out gimilar experiments at sea-level
with the game type of techhique and with different amounts
of lead (e.g.Broadbent and Janossy,l94T;McCusker and Miller,
1951).

Results show that, for thickness above 15 cm., of lsad,
coinoidence rates between shislded and unshielded arrays of
counters, due to EAS, remaln almost constant for lncreasing
thioknesgs of absorbsr. This rate 1s about 2,5% of the
coinoldence rate of unshielded detsctors onlyo. This has
been interpreted as the proportion of penstrating particles
in showers, |

No attempt had been made to sort out how the thicknsss
of absorber“naededldepended on dlgtance from the core and
most ekperiments had sampled EAS within a few metres of
thelr axes,

In the present work, it was decided to carry the
investigation fufther and determlne the amount of lead neseded

as shialding to gtudy the muon density distribution in large
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EAS, An absorption experiment using the scintillator unlts

vas theréfdre carried out.

3.2 Experimental Detaills

In order %o Alnvestlgate the absorption by lead of the

gecondary particles of EAS g two-fold detector was set up.

One 2;5 sq.metres detsctor unit ﬁas supported dirsctly

abbve another with a gap of two fest between them. The

responaes of the two detectors wers initlally squalised on
~counting rates., The output from the top detector was fixed

at 20 uV, per verticel muon and both detectors werse calibratsd

absolutely by the muon telsesscope.

A block diagram of the slectronics system is shown in
Flgure 3,1, The’pulses from the two photomultipliers of the
top detector were added through an smplifier. The amplifisd
pulses weres wmatched into 1 microsec, of delay cable (Hackethal,
HH2500) and then inﬁo e mixing oircult. The pulses from the
bottom unit were likewiss amplified,4given 4 wicrosess, of

'-delay and fed into the mixer. The output was displayed oun a
Solartron CD 1012 oscilloscope.

The two-fold detector arrangement was placed in "Hut 3",

one of the outer stations of the Haverah Park 500 metre air

shower array (Figure 3.2). To get a simple but useful in-
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dioatidn of EAS falling on the station pulses from four
groups of Cherenkov tanks in 1t were displayed separately,
on the same oscilloscope. T
Pulseg from each group of tanks were extracted from ths
main electronics system at the station and fed by small
lengths of co-axlal cable to emitter followsrs in the sub-
gidiary adding unit. With relative delays the pulses were
then fed into the mixing circuit. One hundred metres of
co-axial cable (UR39), shorted at one end, clipped the
pulses to 1 microssc. width, allowing the gix pulses to be
‘displayed side by side on a 20 microsedc timeQbase.
4 second output from the top detector was amplified
and fed into a tunnel diode discriminator which gave a 5
volt negative square pulsge output, The amplifier had a
variable gain which effectively varied the discriminating
level. The output from fhe discriminator triggered the time-
base circuit of ths oscilloécope. The display could hs
photographed by a Shackman Mark IITI recording camera.

3.3 Expsrimental Procedurs

Once both detectors had been calibrated in terms of
mV, output per’vertical muon, the gains were kept constant

by checking counting rates at regular intervals.
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Thse first stags of the éxpariment was o measupe the
ratio of thse output responses of the two gaeintillators with
1" of gtesl plate plue the top detector and itsvuupports
(2" of wood) shielding the bottom unit.

« The recording oscllloscope was triggered whenever tha
output response from the top detector was eqﬁiValent to
AO or more particles (800 mV, discrimination). Standard
voltage pulses were photographed on each film as calibration.

The recorded pulse helghts gave directly the ratio of
the sghielded to unshielded responsss. They also gave detalls
from the Cherenkov detectors of the kind of shower‘that
caused the event. The method of classifylng evenis 1s |
described in section 3.4.

"A series of measurements was made, with an additilional
5 cm. (2") layer of lead at each stage. Al each layer two
or three'days‘ operation provided 1,000 to 1,500 events,

Of these about 20% were selected according to the criteria
below. As the shielding increased, the gain of the bottom
unit was raised on two occasions to bring thefoutput responge
into the range of the oscllloscops.

The experiment was discontinued after the effect of 30 cm,

of 1lead had been studled,.
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3.4 TIdentification of Core Pogitlona

The Cherenkov detectore were grouped in fours along
the length of the station away from the scintillator
arrangsment.

Two typee of event were selected:i-

(a) "Near" showers - those EAS which produced a large
pulge in the nearsegt group of tanks, a fell off
down the shed and a pulee in the furthest sel less
than 20% in magnitude of the nearest grdéup.

(b) “Distané" showers - those EAS which produced the
largest pulse in the furthesi group of tanks and
a fall off along the shed,

Thesge two types were chosen as being the easiest inter-
pretable svents and represented about 20% of all events.
Although other types did lend themselVes.to analysls the
above two classes gave adequate information about the
absorption curves.

It is shown in Appendix II that "Near'" ghowsrs have
cores falling within 5 metres of the detector and that
"Distant" showers must fall with their axes at least 10 m,
from the scintillators., The shower eizes covered were those

containing 104-10° particles.
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3.5 Results

Figure 3.3 shows plots of the resulﬁs. The ratio of
ghielded to unshielded responsge is shown asg a fuunction of
the thickness of the absorber. The ratios were obtained
by summing up the shielded response for all the selected
eventg and dividing by the sum of the unshielded pulse heights
The errors indicated are calculated on the total number of
eventsg and the broadness of the distribution of ratios of
indlvidual events.

The gain of the bottom unit was increased on two
occaslions by increasing the photomultiplier E.H.T. voltages.
Thess changes introduce a probable 2% error in absolutse
calibration between the three ranges’of absorber thicknesgs:-
0 to 10 em; 15 to 25 cm; 30 cm,. of lead,

Both types of EAS show a Rosgsi type transition ocurve,
Electrons and photons incident upon the absorbsr multiply
into showers by the repeated procsss of bremsstrahlung
and palr productlon. These showers reach their maximum
development at a thiockness of a few radiation lengths and
are then asbsorbed. Apart from lonisation loss the majority
of the muon component passeg astraight through without inter-
acting. In the casge of "Near" showsrs in particular, nuclear-
active particles from the core of the shower will fall on

the detector. These may cause nuclear interactions in the
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T_._,_,,__...*__._ﬂ.« e e e s e < e e 3 .— . -
Bottom/Top |Reopsnse
Thickness ]
___Bmetres | lzmetres
1
' No sbsorber | 1.00 1.00
1 GAIN 1 1'steel 1.62(45%) | 1.16(+D% )
CALIBRATION - .
(+2%) Sem Pb | 0.74(+4%) 0.28(+7%)
10cm Fb 0.41(+4%) | 0.066(+10% }
. 15cm Pb | 0.062(+5%) { 0.041(+10% %
2 GAIN . 20em Pb ] 0.048(+5%) | 0.046(+7%)
CALIBRATION »
(+2%) 25cm Fb 0,044 +10% ){ 0.050( +20% }
{ 3 CALIBRATION 30cm Pb | 0.036(+3%) | 0.043(+4%)1
] (+2%) 3 | : !

GAIN OF TOP DETECTOR +2% » o
GAIN OF BOTTOM DBTECTOR CHANGED AT 150m. & 30cm. LEVELS
CALIBRATION TO +2%

I+

Relative gains B/T 1
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B/T 3
B/T 10
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lead with subsequsnt multiplication,

The results for "Distant" showers indicate that, provided
observations are carried out at dlstances greatsr than 10 um.
from the core of a shower, detectors under 15 zm. of lead
raspond only to a slowly absorbed penetrating component,

This can be regarded as consisting predominantly, if not
entirely, of muons. A more detailed interpretation of the

results is attempted in the following sections.

%.6 Absorption of the Electrog—?hoton Component

Much theoretical work has been done on the propagation
of electromagnetic cascades, Rosgsil (1952) reviews in detall
the theorstical approach to.the study of shower cascades
produced by high energy elsctrons and,phétons incidsnt on
matter. ' Diffusion squations are set up represehting the
growth in'humbers:bf éiecﬁfoné and photons in a 6asc&§o as'
& function of energy and depth in the material. The Proce sses
thet are of importance in the transfer of ehérgy are:=
bremsstrahlung; pair production; Compton effect: ionisation
loss, N o |

'The’ radiation length is defined as the mean free path
for bremsstrahlung production by an electron. The critical

energy, 8,, 1is that for which the rate of loss of energy by
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collision ig equal to that by radisiion. By collision loss
18 meant the energy lost in excitation and iouisation of the
olectrons in the atoms of the propagating medium. The
values of both the radiation length and criticgl energy
depend on the nature of the material. |

Solutions of the diffusion equations are difficult
to obtain and approximations must be used for the varlous
theoretical cross~sections. Analytical solutions under
Approximations A and B are derived. Approximation A neglects
both Compton effect and lonisation loss and applies only for
energises well in excess of the critical energy. Under
Approximation B, the Compton effact is still neglscted but
collision losg is described by asymptotic formulas for:
complets scresning of the nucleonsg by the atomic electrons.
Thege approximatlions only lead %o rellable sclutions for
onergles sbove the critliosl energy, 8- At energles near
8, the asymptotic formulee break down and below the critical
ensrgy Compiton effect and ionlsation processss contfibute
considerably both to the absorption and production of snowsr
particles, Solutions of the diffusion equations taking all
the contributing procesées accurately into account have not
been obtained,

Recently, with the aid of computers, accurate caloulatlions

have been carried out by Monte Carlo methods. Rssults of
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random interactions over small intervals of thicknesg using
accourate theorsetlical cross—sections can be gsummed up and the
probabllity of a particular end result calculated.

Butcher and Messel (19607} have carried out detailed
calculations of electron numbsr distribution in various
absorbers, Accurate theorstical cross—sectioﬁs at low
energles were used and collision losses and Compton éffect
takén into account. Results were tabulated for a wide range

of elsctron and photon primary ensrgles,

(a) Energy of Electrons and Photons in EAS at Sea-level:

Several attsmpts have bsen made to detsruins
sxperimentally the enesrgy of the seslectrons and photons in EAS
as a functlon of distance from the axis (Vernov st al,,1960;
Hasegawa et al,,1962;Lillicrap et al.,1963), General agresmsnt
is obtainsed,

Figurs 3.4 shows the varlation of the mean
ensrgy per elsctron in the rangs 1-100 metres from ths cors,
The measureuents have been carried out on EAS of various sizes
(10° to 107) and the average energy found to be independent
of size,

Theoretlcal calculations by Kamata and Nishimura
(1958) are in general agreement, although for distances closs

to the axis the expsrimental rssults arc somewhat lowste than



theory predicts since the theory assumes & primary particle
of infinite ensrgy.

The experimental curve of Figure 3.4 (Hussgawa
et ale;1962) only gives the energy for the total slsciron-
photon component per electron. To interpret the absorption
curves something must be known of the divigion of ensrgy
betwsen tﬁe individual electrons and photons.

Electrons at large distances from the core
( ~100 m.) are mostly Compton recolil electrons of low energy
(about 10 Mev) produced by the numerous photons in that region
of the shower (Kamata and Nishimura,1958). The individual
electron energles do not differ greatly from those of the
photons. At these distances there are up to ten photons to
each slectiron.

Clogs to ths axls howevsr, in the reglon where
palr production and radiastion play the dominant role, the
numbers of electrons‘and photons are comparable,

Experimental evidence in accordance wlith these
conglderations comes from work on Cherenkov water detectors
(Allan et al.,1960;1962;Lillicrap et al,,1963). Lillicrap
et al, show that a valus of n , the photon-eliectron number
ratlo which increases to 2 or 3 at distances of about 10 m.
from the core lesads to reasonable agreement between theory

and expsrimental resulis.
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The above consgiderations of the radlal
distribution of the photon-electron ratio were used together
with Figure 3.4 to sstimate ths energles of the individusl
secondaries incident on the seintillator in the two
categories of showerg. In the following dlscussion the
mean energy of the elsctrons and photons in "Near" showers

will therefore bes taken as:-

—5—'@-—7]:_%‘3’—-(1"4501) = 250 Mev/par’c,icls

and for "Distant" showers:-

220 MoV (r>10m) = $50 Mev/particle.
ne+ 1

(b) Absorption Calculations:

Table 3.1 shows figures derived from Butchser
end Messel (1960) who tabulate calculations for alr and
aluminium, Their tables can be applied to all materials of
low atomic numbsr provided primary and secondary energlesg
are expressed in terms of criltical energy, L

Teble 3,1 1lists the expscted msan number of
secondary electrons of energy in excess of 2.5 Mev and 5 Mev
émerging from 1.5 radlation lengths (about 1") of steel. The

critlcal energy, e for steel 1is about 24 Mev. Each electron

0’

wlll be accompanied by sgeveral photons.

With absorbers of high atomlc number, such as
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SECONDARY | PRIMARY ELECTRON | DRIMLRY PHUTON i
ENERGY :
GREATER THAN| 100lev 250Mev 100Mev  250MNev
o.5Mev | 0.82  1.81 0.72 | 1.%6 |
5.0Mev 0.65  1.53 0.61 | 1.20

Table 3.1 Mean number of electrons and pholtons emerging
from 1.5 radiation lengths of steel due to
incident electron and photon as a function of
primary energy. (Butcher and Messel,1960 ).

THICKNESS - "NEARY SHOWERS | WDISTANTYSHOWERS
OF ABSCRBER
Radiation| B.M. Experi- |B.M Experi-
Length Theory | mental Theory | mental
2.5cm 8t | 1.5 1.6 1.62 1.0 '} 1.16
5 cm Pb 10 0.80 O0.74 0.30 0.25
t 10 cm Pb 20 0.07 0.41 0.01%7 0.066
15 ecm Pb | 30 0.004 | 0.062 0.001 | 0.041
20 cm Fb 40 0.001 | 0.048 0 0.04:6
25 cm Pb 50 0.000 0,049 0 0.050
30 ecm Fb 60 L 0.000 | 0,036 0 0.043

Table 3.2 Comparison of experimental points with e.m. theory.
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lead, scattering‘becomes important at low energies. Macssel

et al.(1962) have carried out calcﬁlations fqr.l Gov primariss
incident on lead upvto depthé[ofvlo radiatioh lengths (5 cm.
of lsad). Wbischnig and Burmeisgter (1964) have taken these
oalculations.up to depths of 25 radiatlon lengthe for a range
of primary ensrgles (Figurs 3.5).

An gtitempt ls wade in Figure H.5 Lo grvend Ll
published curvea up to 40 radiation lengths, Such a procedurs
is justified since the dominant propasation process at theas
depths willl be Compton loss by low energy photons. At minimum
absorption, the photon absorption length in lsad ls almost
constant over a range 1-10 Mev at 35 grms/bm? At minimum
ionisation (1-10 Mev esnergy rangs) electronsg in lead lose
-2

1 Mev/grm.cm Photons with thelr longer absorption length

will be sgeveral times mors abundant.

' " 'The ‘curves of Flzure 3.5 repregent statistical
averages. Thus when the number of particles is indicated to
be less ‘than one, ‘the curves describe the probability of
finding such a particle in a shower. R

R ‘Although fthe curves are plotted for incident -
eleotrona only, fbr depths ‘in excess of one radiation length,

they also hold for photons Of the' gaue energy. P i f”d
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(¢) Interpretation of the Absorption Curves:

In Tabls 3.££%he gxperimental resuits are
compared with the mean multiplicitles of responss as gxpected
from the Monte Carlo caleculations. The figcures are based on
the curves of Figure 3.5 together with ths estimated detector
response to low energy secondsries.

In correlating the experimental points with
the theoretical absorption of electron-photon cascades the
following considerations must be taken into account:-~

1) The secondary energies under discussion cover
the rezlon neer the critical energy where some
of the theoretical cross~sectiong become difficult
to apply.

2) Absolute wultiplicities are difficult to determine
from the experiméﬁtal curves as a particls |
penetrating the absorber needs to give up 16 Mev
of ionisation energy in.the geintillator to be
recorded as a single particls.

3) There ig a spread of particle energies incldent on
the sbsorber,

4) A signi?icant flux of nuclear active particles is
preseh£ near the cores of EAS (Section 3.,8).

| Nuclear interactions at vafying depths of absorber

cauge huclsar and electromagnetic cagcadesg to



develop. By-products of such inisractions may

emerge from the absorber,

Plots of the distribution of shielided to
unshielded response for individual events (Figure 3.6) confirm
experimentally the importance of 3) and 4) above, The
distributions are much broader for "Near" showers than
"Distant" showers. This reflects the steep variation of the
energy per particle with radlal distance, 1n the region
covered by the "Near" showsrs and the higher probability of
nuclear Iinteractions occuring., The fall off of density with
distance from the axls ls such that the nucleon conponent is

only important for "Near" showers.

5) Poisson's Distribution-cannot be used for the
calculation of fluctuations as the particles of
a cascade are not genstically independent. Any
deviation from the average bpehaviour occuring
in the sarly developmsnt of the shower influences
the successive generations. This must increase
the statistical fluctuations in the numbser of
particles observed at a given depth (Rossyl952)

Calculations have been carried out uslng Furry
and Polya distributlons derived from statistical

models of shower processes, by Furry (1937),
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Bartanza and Martelli (1954) and Avilsy (1948)
Ratlher drastic simpliflcatibns hava %o be méﬁe
to obtain numerical values, Ths Meoave Cario

* method howsever does enable accurate probabili®iss
to be calculatsd. In any case albt Largs depths
('7 10 radiation lengitha) Poilsson's distribution

clogely epplies,

With these consideratlons in mind a falrly
gquantitative agreement between the experimental curves aﬁd ,
elsctromagnetic cascade thsory is obtainsd., For "Distanﬁ"
showers the glectron and photon initlated cascades develop
quickly reaching their maximum afiter about 1.5 radlation
lengths of absorber. Thsy ars then rapidly absorbed so that
the probability of detection aftec 10 cu. of lead (20 radiation
lengthe) has been g&ded is very small, ‘he plateau frrow 15 cum.
onwairrds must conglst almost entirely of muons.
| For "Near" showers the eleciron-photon cascades
reach their maximum somewhat leter than 1.5 radiation langthg.
The secondaries are quickly absorbed sc that after about 15 cm
of lead the probability of detection is negligible. The
glowly absorbed remnant must then consist of the nuclsar-
active component and its secondary products as well as the

muon couwponent,
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3.7 Interaction and Absorption of the Muon Component

Nearly all of the energy loss of muons on traversiilp o
absorber can bs accounted for in terums of electromagnetic
interactions° Collislon processges arse the dominant mecharism
of energy loss for energles lesg than 100 Gev. At highsr
energlies bremsstrahlung’and palr production bscoms important
(Cousins and Nash,1962;Hayman et al.,1963).

The ensrgy of muons in EAS at sea-level has been determined
by shieslded magnetic spectrographs run in conjunctioh wilth
arrays., Bemnett et al.(1962) have calculated the msan energy
of muons in EAS frowm expsrimental curves to bs T Gov. Ths
méjority of muong lie in the rangs 2-10 Gev,

| As in most measurements the gpectromeisr had a 1Low snerygy
cut—-off near 1 Gev. This lower 1imit 1s unimporcant close
to whe shower axls (less than 100 m.) where usarly all the
muons have Snergy in excess of 1 Gev. Further ouw Irom ths cors
(around 500 m.) however the integral specirum le 3tili qults
steep near 1 Gev indicating a sgignificant proporﬁion of muouns
with ensergiss less then this,

The maln sources of snergy loss of 10 Gev muons ars siown
in Tsable 3.3 with their mean energy loss per grus/cmc. The
total rate of loss of energy is almost independent of energy
in the range 0.5-100 Gev.

The differential cross—ssction for ionisation loss variles
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Mev/ . LOSS I
PROCESS Jern.cii2| 20cm.of Pb.
Ionisation & Excitation. 1,1 250 Mev
Direct pair production, | 0.008 2
Bremsstrahlung., O,le 2
Nuelear interactions. 0,006 1,5 4J
Total | 1,12 255 Mev J

Table 3,3 Main sources of energy loss of 1O2Gev muons with
their mean energy loss per gri/cm”. '
(Rosss,1952;Hayman ot al.,1963).
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as 1/v2, where v is the fraction of snergy tr@asferred G0

an electron. Generally, therefore, Ionisation is an almqst
continuous process.of small energy losges. Occaslonally a
high energy knock-on electron ( z 1 Mev) is produced. Lloyd
and Wolfendale (1959) showed expsrimentally that the
probability of a muon emerging from a lsad plate acoouwpanied
by a single knock-on electron is 5,8% in the momentum range
0.5-> 200 Gev/c. Stoker et al.(1961} have plotted the mean
number of knock-on electrons as a function of lead thickness.
The curve rises rapidly tc about 6% at 1 cm., and flattens off.
The number of knock-on electrons eﬁerging with energy above

10 Mev is about 1% of the muon flux {Walker,1953;Stoker et al.,
1961). The mean effect of knock-on electrons on the response
of the shielded detsctor will be to increase the effsctive
muon density by less than 1%,

| The probabilities of direct pair production, bremsstrahlug
and nuclear interactions by s wuon are so small that the

effect of any energetic secondary emerging is negligible whsn
averagsd over all showsrs, Also the probablility of a 1 Gev
muyon deceying in 15 inch thickness (shielding plus detector)

is extremely small (4110"6).

Muons requirs about 250 Mev of ensergy to penetrate 20 cm,

of lead because of lonisation logs. Ths absorption curves



of "Distant" showers ab thicknesses above 20 om. of lead
should then reflect the integral energy spectrum of wmuons
abovs 250 Mev, As this is excsedingly flat for a shower
falling within 25 metres of the detector the levelling off
of the experimental curve is in agreemsnt (Bennett et al,,
1962), For "Near" showsrs the muons alsoc do not contribute

to the absorption.

3.8 The Effect of the Nucleer Active GComponent -

The mean senergy and’density of the nuclear-active
particlegs in EAS decresass witﬁ distence from the core to
guch an extent that heyond 10 wmetres the nuon somponent is
much the more important component of the two (XKameda e% al.,
1962;Cocconi,1961). Within 5 metres of the axis the nucleon
density is greater than the muons and can be. sxpected to make
a glgnificant contribution to the absofption curves of "Near"
showsrs. Cloes to the core they represent aboubt 2% of all
gecondary particlss,

The interactlon mean free path of nucleons in lead is
160 grms/cu®, (of. 80 grms/cm2. for alr)(Sitte,1961). The
longer Interactlon length 1n the dense medium can be aocounted
for by conslderation of the "self-shielding" effect of the

closely packsed nuclsons.
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For the highly energetic nucleons (1011-10° &V) close
to the shower axlisg, plons will be the most abundant secondeary
products 1n nuclsar interactlons. In a dense material Like
lead the charged pions produced will havs é éagﬁa,proabiliﬁy of
interacting before decaying and will thus contribute to the
propagation of a nucleon cascade. The. attenuation lsngth in
lead is about 400 grms/bme. (ef.120 grms/bmg. in air).

The multiplicity of a nuclear interaction is energy
dependent (an%)J For energies above 1010 ov geveral pions
wlll be produced in an interaction. Neutral pions will
decay into two high energy photons iniltiating elsctro-
magnetlc cascades.

For shielding thicknesses up to 5 cm. of lead the
nucleons will have 1little probability of interacting. For
increaging thickness the nucleon component will play a
significant part in the absorption of "Near" showers. Large
fluctuations In multlplicity below the lead shield are to
be expected. Thie is borunc out by the histograms of Figure 3,.6.

The absorption of the "Near" showers observed experi-
mentally beyond 15 cm, of shield can then be accountsd for
by the attenuatlon of the nucleon couponent and its gecondary
products. A component with an attenuation length of
FAOO grus/cn™2. (35 cu. of lead) could fit the experimental

points for "Near" showers in Figure 3.3 quite closely boyond
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15 cm. thiékness if the estimated muon coumponunt is first
subtracted.

The absence of a significant contribution of nuclear-
active particies in "Digtant" showers is clear from the
extreme flatness of ﬁhe gxpsrimental curve after the absorptlon

of the slectron-photon has taken place.

3.9 The Proportion of Penetrating Particles

For "Distant" showers { >10 metreé) the proportion of
penstrating particles is 4.5 (1§O,5)% of all secondary
particles (Fig.3.3). This agrees weil with other workers
who have selescted showers at these distances,

The curve for "Near" showers also appears to flatten off
at around 4%. This 1s significantly higher than earlier
workers havé obtalned with counter techniqdes.' Results of
colincidences between unshielded and shielded counters have
yielded conglstently a value of about 2.5% (Broadbent and
Janossy,19473Cocconi et al.,l949;McGuskerrand Millar,1951).
The moagt likely explanation is the sffect on the detector
regponse of nuclear interactions in the liguid scintillator.
The dspth of the scintillator is about 0,1 of an interactiocn
mean fres path. Therefore about 10% of the nucleons

penstrating the lead can be expected to interact in the
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sointillakor. Secondary prodhbts may cause a large response
in the detvector.

The histogram in Figure 3.6(c) indicates thet a Tew
large pulges due to the above cause could s28ily explain the

discrepancy in the mean response of the shielded detector.

3.10 (CQonclusions

The conclusions in regard to showers in the size range
104«106_15 falrly clear cut. To study the muon denslty at
distances greater than 10 wetres from the core of such showers
a. shield of 20 cm. of lead around the detector ls suffisient
o absorb out completsly the unwanted secondaries. liuons
ef snergy greater than 250 Msv, arciving vertically; will
penetrate to the detector. There is a small probability of
an ensrgetlc knock-on elsciron accompanying an semsrging uuon.

Extrapolatlion of this conclusion to the study of wmuons
in showers of slze greater than 107 is aléo justifiable
gince -

(a) The average energy per particle in the electron-

photon componsnt chénges very little with shover

size (Hasegawa et al.,1962),

(b) The extent of the onergetic nucleon component does
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not chengs with shower size, and is certainly
negligible ror dilistannss greater thax about 100 m.
from the core (Greisen,1960).

Ths experiment duscribed in this Chapter therefore
oonfirms that 20 cm. of lead shield is adsquats o study thes
lateral distribution of denslty of muons In showsrs of slze

>107 for distances greatér than 10 meires from ths vore.
Witn thls thickness above the detector a wertical muon wWill
lose on average slightly less than 250 Mev of ensrgy by
lonisatlon in the avsorber., The detsctor wlll therefore
respond to all muons of energy greater than 250 Mev ilucident
verticelly on the detector. For lnciined showers thig Lower
licit will be slightly greater due to ths incressed +hioknwss

of absorbsr that must be traverssd,
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CHAPTER 4

THE PULSE HEIGHT SPECTRUK FPRODUCED BY

SECONDARY COSMIC RAYE

4.1 Introduction

Comparisgson of the integral pulse height spectrum
obtalned with the different cosmic ray dstectors at present
in use at Haverah Eark has raised a number of questions
that have made a thorough investigation necessary. The
problems have arisen as a conssequence of thé‘monitoring

.- procedures whereby any change in the counting rate from a
single detector dt a fixed discrimination level has been
used to give an indication of a Ehange in gain. This fixed
.discriminétion level 1s generally set at a response equiv-
alent to 2 or 3 vertical psnetrating cosmic réy muons.

‘This Chapter describes experimsnts performed on the
ligulid scintillator detector and comparss the results with

the spectrum obtained from other types of detsctor,

4.2 Apparatus v
A detailed description of the detector units is glven .

'in Chapter 2. For the purpose of the present experiment ons

uﬁit,'2.5‘sq.metres in area, was used. The scintillator's
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depth of 10 cm. amounts to an_absorbtion daptn of abeut
8 grms/cm=.

The added output from the two photomultipliers was
taken as the detector's response. The unlt was calibrated
by using a narrow angle telescope t0 select muons which
‘g0 vertiaglly through thoe detector (section 2.7).

The detector unit could be covered with lead absorbsr
up to a height of 30 cm, with one inch of stesl as support.

To obtain the pulse helght spectrum the output of the
detector was fed into a single channel pulse height znalyser
(Nuclear Enterprises, NE5103) and intc a scaler. For low
counting ratss a 400 channel pulse height analyser (Ticﬁoreen
400M) was used.

Calibration of the analysers was carriled out using a
pulse generator glving a standard 1 volt pulse output and
e variable attenuator. A constant check was kept on the
galn of the detectors during experiuental runs and the

baroms tric pressure was also rscorded.

4.3 The Integral Spectirum Obftained from the Liquid Scintillator

Figure 4.1 shows a plot of the integral pulse height
spectrum obtained from the liquid scintillator. Also shown

ars the spectra obtained under 1 inch of stesl, 5 c¢m, of lead,
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and 15 ocm, of lead shisld.

The uncovered spectrum below 10 mV is interpreted as
due mainly to thermal noise in the photocathods of the
photomultipliers. Betwsen 10 and 50 mV the spectrum is
due to the distribution in responée of the detector to thse
large number of single unassociated cosmic ray secondaries
(mainly muons) péssing through the detector. The rate of

EX].O4

corresponds closely to what is expecteh from the results
of other workers at sea-level, |
Between a pulss height equlvalent to 2 vertical muons
and 200 muons the unshielded spectrum can be accurately
represented by a power law of the form
R(> n) = &n"
where n is the number of sequivalent veritical muons. The

exponent,y , has a constant value within three well defined

regions’
(a) for 22nc4 Y = -3.3(f .1)
(bv) for 54n< 20 oY= -2.7(% 1)
“(e) for 404 n< 200 ¥ = -1.56(% ,15)

4.4 8Single Particles

Region (a)‘can be regarded as determined predominantly

by the distribution of pulse heights of single muons passing
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through the dstector. The two contribuyting factors eru tha
statlstiscal distributlion of regponse per unit track length
in the scintillator, and the variation of totel track
length psr particle with zsnlth angls.

The contribution of the latter effect can be calculated
1f 1t 1s assumed that the intensity at a zenlth angle, 6,
ig given by

I(8) = Iocosee P §

This relatlon appears to apply fairly accuratsly for 0 «80°
(Wolfendale,1963).

The intensity of particles per sg.metrs of detector
with a zenith angls, © within 40 will then be proportionai
t0 0826 sino ae.

Integration yieldsifqrAthe rate of particles, with
zonlth greater than ©:-

“R(>6) = sec"%

the track length inside a flat detector of infinite avea,
for a ZEnith’éﬁéie‘e“'will”be 5fdﬁ6rﬁionéi to se¢@, Hence
the rate of track 1engths greater than d for fully penetfanlrz
particles 1s of the form - '
R(> d) = R(>sece) = Gsec 4"
where C is indspendent of @,
Thus dus to the zZenith angle distribution, the integral

'sbectf@m'dué‘to'siﬂglé mions should have an exponent of
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about -4. The glight flattening cbeervsd (JS.B)\is prokably
due to the statistical broadening of the 1response par unit
track length and the ineaccuracy of equation 4.1.

The"kink"™ in the spectrum in the 4 to 5 particle
region must indicate a fairly sharp cuv off of whe angular
effect becaude of the finite dimensions of the dstector,
Although the maximum track length would yield a respounse
egual to about 10 vertical muons, beyond 4 to 5 eguivalent
particles the proporitlon of the detedtor unit in which

longer path lengiths are possible rapidly diminishes.

4.5 Ths Contribution of Extensive Air Showers

In the region beyond 40 equivalent muons the curve
assumes g glope of about ~-1.6 up to densities as high as
it is practicable to measurse, This region ie interpreted
as due entirely to the effects of EAS,

To & first approximation the density spectrum is
8imply related to the number spectfum of showers if the
integral number spectrum for EAS near sea-lsvel is repre-
gsented by a power law of ths form::

F(>N) = KN ¥ .. 4.2

In order to contribute to a density of n at a particular

point the axis of a showser of size N must fall at a distance r.
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The differential density spectrum due to EAS 1s then
R(n)dn = /mf‘xéwrF(N)der e o v e 425
where from equation 4.2 0o ‘
Fnay = kv Ly,

If £(r) is the structure function for charged'particles in
+ EAS, then

| n = Nf(r).

If this structure functlon is assumed to be independent of

shower size N, equatlion 4.3 can be integrated,.

-~y -1
Then R(n)dn = const, n , an.

-y
from which R{(>n) = const. n =,

The exponent,~f , of the integral number spectrum for
showsrs ig thus the same as that of ths density spectrum,
The value of ¥ obtained from figure 4.l agrees closely

with that of other workers.

4.6 Local Showers

Below a response equlivalent to about 40 particles the
effect of EAS is smothered by a contribution of much
greater intensity. The observed intensity of responsé in
this region has been found to be independent of area. The
soﬁrces of the pulses must be confined ﬁo 8 narrow region

and these pulses have therefore besn called local showers



(Green and Barcus,1959;Miyake,1962)., These authors have
suggested that the local showers can be attributed to
incident nucleons.

In their responsge to ilonisation, scintillation counters
are quite similar to pulse ionisation chambers. A detailed
study of the "burst" spectrum in such lon chambere has been
made by Carulchael and Steljes (1955).

4 single muon traversing 10 cm, thickness of seintill-
ation gives up about 20 MeV in energy of lonisation, In
the sgame thickness a slow proton can losge 100Mev, while 1f
it travgis horizontslly 1t can lose considerably more., The
flux of nucleons at sea-level is about 1% of the total muon
flux (Brooke and Wolfendale,1964). Thus it i1s reasonable
to expect pulses of lonisation five timeg larger than for
a single muon at a rate 10"2'that of the muons., Morsover,
thers 1s an approximately 10% chance of an incident nucleon
interacting in the scintillaﬁor 8,2, With a carbon nucleus,
leading to the production of two or mors outgolng protons
with similar ensrgy. Pulses equivalent to ten muons at
rate 10”2 of the muon rate could thus also be explained.

If it could bs assumed that the scintillation light
output is proportional to lonisation independently of
whether the lonisation is produced by muons or protonsg, the

observed pulse distribution would thus be fully accounted for.
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However, a more realistic estimate ig that in the scintill-~
ator liquid, the scintillator efficlency 1s about 10 times
less for protons than for muons (Barton,1965). The inter-
preftation in terms of nucleonsg thersfore remaing In doubt.

Measurements have been made of the spectrum when ln-
creasing thicknegses of absorber are placed over the
scintillation detector. A 1" thick steel platé gave an
increase in the number of large pulses presumably due to
cascades from the soft component. However thers is vsry
1ittle difference in the pulse spectra for no shielding;

5 cm, of lead; and 15 cm. of lead, One would expect nucleons
to be reduced in number by a factor of two or so by absor-
ption in the lead, and the observed attenuation is more
consistent with a muon origin of the pulses.

The barometer coefficient for the ionisation of
counting rate with pressurs was measured with a scintillation
counter under lead, at a discrimination level equlvalent to
sbout six vertical muons., The result, 4% per cm. of Hg,

18 'in eloser agreement with the known barometer coefficient

for the muon component rather than the nucleons.

4.7 The Spectrum from a Plastic Seintillator

The integral pulse height' spectrum was mlso determined
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for a 1.1 sq.metre area plastlc scintillator detscwoi; of
7.5 cm. depth. The scintillator was viewed with a SN
photomultiplier by diffuse reflection (Dufresne,l965).

The density of the plastic (NE1G2) is 1.03 grms/cmz.'
go that the absorption depth o? 7.7 grms/omg. was little
different from the liquiad scinﬁiilatov ugsed previously.

The integral spectrum is shown in Figure 4.2 where
the response has been normalised to give the same rate as
the 2.5 gg.metres of liguid sclntillator above a level
corresponding to about l/3rd. 6f a vertical muon., This
means that the rates recorded byvﬁhe plastic scintillator
have been increased by the ratio of the areas of the two |
detectors, ‘

The discrepancy at the EAS end of the spectrum is
sasily explained as due to the difference in area of the
two detectors. Although the rates have been increased in
the ratio of areas (2.3) a shower producing a density
equivalent to a response of n particles the plastic will
produce a response of 2.3%n particles in the liquid scintil-
lator. The rates of these diffsrent responses should be the
same,

A more significanﬁ difference bstween the two spectra
18 the disappearance of a "kink" at around five equivalent

muons, This might be explained as a diffsrence in the form



s \ ‘ /,,Daf{-id., .;.Z ?‘ [? 210
Kabss = -
. /ﬁl;'ﬁ . N .
St~ é‘ | glens ~N \ .
‘f(«_ k » ~ —————mrreee . n[c- ;i}uxtl 5 ‘«K;"l("-[ {&éa/
‘ N — e m m o Plagler scinbillabor
sy \ —e e v — C/i,‘(_)r?nklav Lanks .
- [05
- 0%
1D
FIGHURE 4 R. \
Cc-m cz_l,—;:-sc*r-x a.f m-é:—j/m(_ Zize .{};t‘cvérm . \ o
obteinedd L e on & :é//b% ; \
ajﬁ lobretor, \
&
r/ : '\ ’
loarbic. = 4 o =0 ) Folew
f n L q i . * S g St




- 10T -

of the "local shower" regponse in the plastiu ceausing ths
gpectrum to run smoothly into the singls particles. Bince
both types of detector repressent approximately the same
thickness of matter (8 grms/cm®.) it is difficult to see how
the obgerved effect could be so great on this explanation.

A more likely reason appears to lie in the different
optical set-up of the detectors and in particular their
different distribution in uniformity of response (Figurs 4.3).

In the case of the 1liquid scintillator the mean of the
response curve lies above the mode, leading to a broadsning
of the single particle responsse towards hlgher pulse heights.
The effect of this broadening is to raise the single muon
region of the spectrum abovey the local shower curve leading
to enhancement of the change-over at around five particles.

For the plastic scintillator arrangement the mean lies
below the mode, broadening the single particle response r
towards lower pulse heights., This broadening merges the
single partiéle region into a smooth spectrum with the local
showers. | | |

Experimental evidehce in févour of sudh an exblanation
was obtained by introducing a largs noh«uniformity into the
plastic response by reducing the light reaching the photo-
myltiplier from about & of the detector by‘a factor of about

2, leaving a region of normal response. An integral spectrum
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taken with such an arrangement showed a sligbt changs of

slope at around the 5 particle level,

4.8 The Pulgs Height Spectrum from a Cherenkov Tank

Also shown in Figure 4.2 is the integral pulse height
spectrum obtained from a large Cherenkov water detector,
2.25 sqg.metreg in area and about 1.2 meires deep., The
gpectrum shovws distinct differences from that obtained from
the scintiliators.

The most important result however, is the continued
presence of "local showers" in the region 4 to 46 equivalent
vertical muohs. Since ths Chsrenkov tank résponds only to
relativistic particles (v/c~0.7), processes involving slow
protons must now be disregarded.

4 pogsible cause of these local showers is the production
of electron-photon casbadea in the water due to single incident
high energy electrons and photons. Casgcadss produced in the
alr a few radiation lengths above the tank are spread latsrally
to an extent which greatly reduces thelr effectiveness for
generating Cherenkov light in the tank, Howéver to explain
the high flux of local showers it is necessary to assume that
the flux of unassociated high ensergy elsctronsg and photons at

sea-level ig considerably greater than the published values.
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An alternative interpretatlon of largs raéponses from
the Cherenkov detector in the region around 10 squivalent
muons can‘be sought in the optical properties of the detec-
tor. ..J3ingle particles with large zenith qngleé (> 40°)
traversing: the water near the photomultipller. could be ex-
pected to emlt .a.relatively.large amount of Cherenkov light
straight onto the photocathode of the tube. Caloulations
indicate ﬁhis might well explain the presence of 1ogg; showers.

In order to clarify this problem a detailed set of
experiments has been uhdertakén on the Cherenkov detectors
(Allan et al.,1965). The experiments so far performed, both
at sea-level and underground (60 m.w.e.,), lead to the con-
ﬁlusion that the "local showers" are muon induced. However
the explanation offered above in terms of direct light onto
thé phptocathode cannot hold since with a black bottomed tank
(i.e.lnonéfeflééﬁing) the ﬁhéﬁomenon of "local showers"

iargely'disappeafs."

4.5 "Goneltsion”
556&665& iéiétiii ﬁbt'diéééfﬂeli"sgéﬁstfﬁ§088iﬁié”fﬁéﬁ“an
éiﬁiéﬁaiiéﬁ“Sf“éheipaiéés“in*ﬁﬁé Cherenksv tanks caxd be mads”

in terms of inclaént nucléons. It does however seem likely
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that the source of these pulses>is the same}for both types
of detector and experiments to date indicate that their
origin should be sought for in muons.

It maybe that the local showsrs really represent a com-
bination of a number of effects and a further series of exw

perimente is planned to help solve the problem.
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CHAPTER 5

THE MEAN LATERAL DENSITY DISTRIBUTION _OF

MUONS TIN SHOWERS OF

s1zE 5 X 10°—10°

5.1 Introduction

The lateral spreading of muons to distances in excess
of one kilometrs from the cors of an EAS indicates that the
angular sprsad of the parent plons must play the dominant
role in determining the lateral distribution in showsrs
observed at gea-level. Coulomb scattering by atmospheric
nuclei and deflections in the earth's magnetic'fiéld also
contribute to a smaller extent (~100 m.),

The low interactlion cross-section of the muons and their
relatively long mean lifetime enable a large prdportion of
those created high in the atmosphers o reach the earth's
surface. Thus a small angular divergence of muons from the
shower axls at their production level leads to a large radial
spread at sea-level.

The density distribution of muons in a shower as a
function of the distance from ths axls can thus bs expected
to contain information both on the character of the sarly |

nuclear interactions and on the nature of ths primary
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,partiolé. ﬁihe»density distribuﬁion_iﬁtegraﬁe&over”tha
whole sghower:front allows the total nuumbsr of wuons &s a
functionvpflshowe;>size to bs dstermined,

.. For.ghowersg of glze arounq-los particles‘the lateral
distribﬁtiqn has been accurately measursd out to distances
of several hundped‘metras¢from_the:core, Grsisen (1960)
using results obtained by the M.I.T. Group (Clark e% al.,
1958) derives an.emplrical. structure funotion for muons

/éz(N,r) = la(N/1o 1‘3 “[i+—(r/32oi] =23 » o o o Dol

whsre /éz_represents‘the number_ofjmuons;of‘engrgy greaten
than 1 Gev per sq.metre at a disgtance r metres from the
shower axis. Grelsen also concludes from experimental points
that the lateral distribution ls not a strong function of
the shower size, N.

In recent years intenslve effort has gone into 1ooking
at’ the muon content in indlvidual showers in the SlZS range
around 10%= 10° partieles. This work has been undertaken
targely with the-view to picking oq&ﬁ“m&on—less“ and"muon-rich’
showefsfaﬁﬁ°étbdyihg“théir*disﬁribﬁtibn”of:éfriﬁélfairections.
EAs?afféyé;1n*BéliVié,‘Mbsdéﬁg*anadekyciihcbrbcraté'large
shiclded ‘detectors for' this purpose’” Correlations in the
fluotuations of the muon numbers with fluctuations in the
othey secondary components are alao being 1nvest1mated

(Chatterjes ot al. ,1963).
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On the other hand, 1little work has been done on
establishing the muon density distribution in showers of
slze >lO7 particles at dlstances excseding 300 metres fronm
the core. In view of the importance at present belng attached
to the question of the composition of the primary partio;ea
of energy greater than 106 ov an eccurate determination of
the mean muon latsral distributlon is important.

The present expe}iment was sst up wlth this aim in @ind.
The experimental detalls and Initial results are presented

in this Chapler.

5.2 DIxperimental Details

A detalled description of the detector units is given
in Chapter 2. Conslderatlons of minimum useful area, cost
and avaellable gpace led to the constructlon of 10 sq.metres
of 1liquld scintillator shielded with lead. Thils conslsts of
four separate units arranged in one of the outer stations of
the 500 metre array as shown 1n Figure 2.6,

Twelve thousand lead blocks (6"x 2"x 2") are used to
shield the detectors from the electromagnetic component. The
lay-out of the shielding of one of the units is shown in
Figure 5.2, A 20 cm, (8") thickness of lsad ocovers the long
sldes and top of the detsctor. The overlap (9") of the
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shislding at the photomultiplier ends of the leteotor
enaures that only particles from showers haviug both a
zenith angle above 60° and an azimuthal angle within a
small range can reach ths actlve ares of the detector
without passing through at least 10 cu., of lead. Such
shovwers can be rejected in the analysis.

Figure 5.3 shows g block diagram of the recording
gsystem. Pulses from the photo-tubes are first addsd in
palrg, allowing the total response of esach detector unit
to be sampled and the regpongses of the four units are then
added. The output pulses ére clipped to 1 microssc,
width by a shorted cable and fed into 10 microseccnds of
delay cable. The output from the cable was fed into the
Y~amplifier of a cathode ray oscilloscope. The osclilloscope
was set to give a time-base length of about 20 umicroseconds
and a maximum Y deflection equivalent toc the response of‘

10 particles.

Whenever an alr shower causes the main 500 m. array to
record, a colncidence pulse lg gent back to the outer station
through an underground cable, This coincidence pulse triggers
the time-base circuit of the oscilloscope so that a pulse
due to the passage through the shielded scintillatpr of any
muonsg assoclated with the EAS is observed., The time-base

output from the oscilloscope triggers an automatic camera



COINCIDENLE PRLSE
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whigh records the muon pulgs hsight on film. A messags
reglgter number which is advanced every + minute is also
recorded on each frame, Thls allows the event %tw e eaglly
correlated with the corresponding event on the main array
film record and ensbles the time of its ocourence (in GMT)
to be determinsd,

4 delay of 10 microseconds ln the recording circult
is agsential. This delay allows tiwe for the Chsrsnkov
pulses produced in the outer station by the shower to be
transmittsd to ths central station (2.33 microseconds) to
be recorded there ag a coincidemcé betwsen three statilons
(within 4 microseconds) and for the master coincidencé pulse
to be sent back to the outer Hut (2.33 wlcroseconds).

Recently 1t has been found more convenient to have ths
recording oscllloscops aﬂ the central statlon, sending the
detector pulseg there by underground cablse (Aerialite 363%) ,
This has enabled a considerable reduction to be mada in the
anount of delay cable uged with a consequent improvement
in the sharpness of the rige-times of the pulses.

A twelve posgition switch enables the output pulses from
sach tube and the added pulses frowm esach detector Lo bs
monltored separately. By passing these pulseg through a
discriminator and into a scaler, & convenient check on the

gains of the photomultipliers is obtained (Section 5.3).
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5.3 GCalibration and Checks on Response

Galibratioﬁ of the detector units was carried out
using thé procedurs outlined in Chapter 2 for finding the
mean response to gingle vertical muons. Dus to the layout
of the detesctors the three units of the telescops had to
be placed above the lead shield. Such an arrangement
yieldé a mean pulse height not apprecilably diffevent from
an arrangement that ensures that the vertical uuons pass
right'through the dstector.

Dbring calibration & coincidence from the telescops,
placed over the centre of a detsctor unit, was used to
trigger the time~base of the recording oscllloscops.
Conditions were othsrwlise the game as during'the main
running of the experiment. This ensured that errors such
as mig-matching did not creep in during calibration. The
moan pulse height, with a 5% correction to allow For non-
uniformity and a small corréction for the finite angls of
the telescops, was taken as the mean rssgponse for a vertical
myon,

A mercury contact relay pulse generator set at 1 volt
output was used to supply pulses to calibrate the film.
‘These "standarad" pulses were fed into the recording system
instead of one of the tubss and recorded on the beginning

and end of sach film, The same pulge generator and procsdure
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was used in putting calibration pulses onto the films
recording the muon densitles in EAS. The stability of ths
pulse generator wag checksd at intervals with a standard
AVO meter; | |

Initially one unlt was calibrated accurately to within
2% so that its output response was about 75 mv/baftiéles
The other three units were aligned with this by ad justing
the B,H.T, applied to the tubes t11l1l the counting rates
above a fixed dlscriminating level (eqﬁ1Valent to about 2
vertical muons) were the same for each detector unit.
During adjustment the pairs of tubes in sach detector were
kept clossly balanced.

The ocallbration of all four detectors was then checked
using the scintillator telescope and the multichannel pu}se
height analyser. _ |

For iertical showers the active area of total shielded
detector is 10 sg.metres. The thin geometry of the detector
units means that the projected area of the detsector in the
éléne of an inclined shower 1s very closely a linear function
of sec ©, where © 18 the zenith angle of the shower axis.

Because of the small angular deflections of muons in
EAS it 1s safs to assume that within the limits of accuraocy
of calibration the muons arrive with the same direction as

the axis of the shower. Hence the path length of the muons
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in the detector will increass in proporiticn to ses 8.

Tegts with sn inclined telescops have shoewn that the
regponse of the photomultipller is directly propsrtiqgal to
ths path length. Thus tﬁé rsductibn'in area of the déiegtor
in the plane of the ghower front (With © gresater then zsro)
is exactly offset by the inoreaged path length inslde the
defector; In practice this méans that the rssgpouse ol the
detesctor to showers of any'zenith angle, in unlts of vertical
muyon regponss, is acocuratsly the density per 10 sq.metres in
the ghower front.

Gonfidence in the calibration procedure was obtained by
piotting histograms of the reépanse\of the detsctor to
ghovers fof different zenith engles. The histograms ghow
that‘the output pulses are broadly distributed into uhiﬁs of
inﬁegér vertical muons with the unit increasing for large
zenith angles in keeping with the increase in path length.

Checks on the responge 6f‘the detector were made és
oftén as possible, ab least several times o week. TFor this
pﬁfpcsé the counting rates from the separate tubes were
recorded through a discriminator set at a fixed voltage
lévsl, Recalibration of the detector units was undertaksn
whensver the normal running of the detector had besen upset,

for example by a power-cutb.

-



54 Shower-Analysis

A brief ‘description is glven in Chapter 2 of the
operation of the 500 metre array. The film record for sach
event ylelds nine quantities for use in calculating the
main parameters of the shower. These are:— the relative
times of arrival of the shower front at the four stationg;'
the nominal particle density at sach statlon in units of
equivalent vertlical muons psr sq.metre;Aand the time of

occurence of the event, in GMT, to the nearest + minute,

During the running of the muon expsriment analysis has
been oarriad out using an IBM 7090 computerfat Tuperial
Géiiége. Although t0 a certaln extent this has duplicated
thé anslysis performed by the leeds University Group on an
English Blectric KDF9, the facilities of the 7090 have been
very useful in extracting the information most relevant to

the muon experiment,

The programme procedure hag been to calculate flrst the
arrival direction of each shower wlth respect to a horizontal
plane. The times of arrival at the three ouislide statlons
are generally usged for this, on the asgumption of & plane
shower front., The zenith angle, 8, and azimuthal angle, ,

(meagured eastwards from north) are detsrmined for the
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direction of arrival of the shower axlis. Small corrschions
have to be applied since the four detectors do not lie In a
horizontal plane, The time of ocourencs of the =zvent wo-
gother with © and ¥ then enable the right ascensicn and
declination, on the assumption that the direction of ths
shower axis 1g identical to this. An attempt is also mads
to determine the rédius of curvature of the shower» front
ffom the relatlve times.
The core positidn and shower size are calculated Lfirom
the "nominal densities". 4 structure function of the form;-
" D = kNp™R e o 0 s 52
ig asgumed, where D 1s the nominai dsnsity, k a normalisation
constant, N the showsr size, r the distance from the axis,
end n an empirically derlved sgtructurs function exponent,
Using squation 5,2 an initiai core position isg founé
for each showsr. Thié?ihﬁdlﬁéé'sdlvihg three sinultansous
equations containing the ratic of the nominal densities and
the three unknovns, X and ¥ (the do-ordinates of the cors
pogition) and the structuré’fﬁhcﬁidn’éxpénént’hﬁ"The exponent
n is varied wifhin défined limits to glve the best fit.
"7 'Dhe next stage 18 to adopt an empirically derived mean
value -of n (dependent on zenith angle) and usé this to
aétermine'thelbést*pésition of the axis by the method of

least squares fitting. This involves minimisihg the functlon
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2 A (.0bs. o cala,y2
X = =1W1(Di — Dg° ')
where the weights, Wi, are squal to the savara ¥ the
gtandard error in the obgerved density, Di°b3=°
The calculated nominal densities, Dicalc.’ are obtaineﬁ
from equation 5.2 by using a best fit value of kN at each of
the trlal core posltions. ‘
In order to calculate the normalisation cénstént, k,
agsumptions havs to.be made concerning the absorption of
EAS secondaries in the Cherenkov detectors. An equation
expressing k as a function of © has been derived by Dennis
(1964) for a 107 particle shower aﬁ saa~level, , o
The shower size, N, is then determined from the
calculated best fit value of kN at the final core position.
Using couputed results from artificial showers Demnig
has estimated that there is a probable error in core loocaltlon
of about 60 metres and that in the arrival direction deter-

minatlion there is an average totel angular srror of 6~7°;

5:5 Treatment of the Muon Density Measurements

During the rumning of the muon experiment some 5,000
events were recorded by the array up to Auzust 1965. Accurats
glze and core positions were obtained for asbout 60% of these

showers. The others were rejected elther becauss they fell
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~ in positions whioch rendered as unaccsptable the probavls
error in the denslty measurements at one of the statloas,
or because the empirical structure function could not be
fitlted clossly snough to the ‘densities.

An average of just over 2 muons were recordsd per-
shower, although 1n only 50% of the events Was more than
one ﬁuon recorded, In ordef to obtain sufficient statistical
accuracy 1t has béen necesgary to average a particular
parameter over a large number of showers, This means that
various agssumptlions have had to be made durihg the analysis.

It became obvious from the regults that the density of |
muons in a glven distance interval from thse axis does not
increage directly in proportion {o the shower size, N.

It 1s important in normalising the’range of shower sizes to
a partlcular shower gize to determinse the appropriate power
law dependence.,

On the assumption that the denslty of muonsg as a function
of size and distance,/f;(N;r), ig given by an expression of
the form:- o

S N) = O £(x) | -
it is necessary to determine o before statistically
significant curves for f£(r), the 1atéra1 dlstribution functlon,
can be obtained by normalisation over a wide size range, For

this purpose 1t must be assumed, in the first instance, that
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the form of f£{r) 1s independent of shower size.

e

5.6 g£ize Dependence Qfl'féu

Initially showers én a narrow size range, 1x107-2x107
particles, wers solected, A "log-log" plot of the mean
againsﬂ distance.for these showers yiélded a best stralght
1ine slope of ~2,1 bYetween r = 300 metres and 1,000 metres.
This slope is almost the same as that gliven by Grelsen's
equation 5,1 for the same distance range. This supported
other experiméntal evidence that the exponent of the lateral
distributlion is Independent of the size in the size range

100108

partleles,

On this assumptlon the points at varying distances
within a slze range can be normalised to a particular distance
wilthout introduoing a bias dependent on the size interval
chosen,

In order to make usé of such a procedure the showers
were divlded up Into eleven size intervals from 106-—108
particles and elght distance intervals from 300-1,200 ﬁetres.
In sach size range the muon densities were "normélisedg to a

_ dlstance of 550 metres using a -2.1.exponen% law and ﬁéighted
by the total number of muons in the interval fange.

Showers in two zenith angle ranges were selected,
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Figure 5.4 shows the results for zenlth engles 0<40° and
40049«—/-650a Best straight lines are fittsd to the polnts.

Two important resultse are svident from the graphgi-

(a) The exponent O< increasgsss with increass of zenith
angle, Thls is to be expectsd at high zenith
since ths gecondary particles in a shower become
mainly muons due to the largs thickness of atmosg-
phere traversed.

(b) The mean nuuber of muong, in the distance interval
300-1,200 metres from the core, varies with shower
gize ag:~-

/6(550xn.)= aw©-56( £.05) -
wherse A ig indepsndsent of N,

It should be pointed out that N here repregents the
slze of the shower ag determined by the Cherenkov detectors
on the agsumption that equatlion 5.2 holds. If the size
dependence Of/ﬁ« given by equation 5,4 is corrsct than the
agsumption that the shower sgize varlies directly proportional
with the Cherenkov responss .at a fixed distance from the
axis, no longer holds,

The water Cherenkov detectors, although sensitive to all

relativistic charged particleg, respond differently to the |
incident slectromagnetic and muon components becauss of

their largs depths (3.4 radiation lengths).
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Caleculatlons on the ef'fect of cascading and absorphlen
yield a value of 0,42 equlvalent vertlcal muocus per incldsnt
glectron as the response of a Cherenkov dstsctor to ths
electron-photon component. The "nominal density' as detectsd
by the Cherenkov tanks 1s thus more dependent on the
behaviour of the muon component than direct density detectors.

The effsct that this "muon sensitivity"” haé on shower
glze determination isg diffioult to caloulaté exactly.
However a quantitative indication of what 1s involved can
be derived.

The proportion Qf muong to electronsg increages Trom
about 1% near the axis to 50% or so at 1,000 metros.
Typicaliy at 500 metres the éroportion is about 35%.
Assuming the 0,42 fachor given above the "nominal density”
as determined by the tanks at this distance is about 45%
due %o the electron~photon component and 55% tb the muoﬁs.

Ag the number of muons ig not broportiénal to shower
slze neither therefore will be the nominal density at 500 m.
The normalisation constant in squation 5.2, k, will not thsn
be indépendent of size. The showsr gize determined using
this equation must result in showérs greater than the
"pormalisation size" of 107 being underestimated in size,

gince the proportlon of muong deciesases,
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Ti a powsy law of ’r,he:fox'mr,-~
¥ = np
is assumed wheire N ig the Gharenkov=determinad aizs ani N,
represents the actual total number of sscondary partlclss,
B will be less than 1.

To determine B , a typical distance from the axlis was
taken as 500 metres and the effect over the rangs 1O7w108
particles oélculatsd. Over this size range 1t then appears
that,

N = Noo°90(approx.) o o & o Db
This indicates that at a shower size of 108 particles the

glze is undersstimated by about 20%.

The effect of thls undsregtimation on the size spscirum
a8 obtainad at Haverah FYark can e easlily calculated, Denuile

{1964) obtained a gpsctrum of the form,

A ""
I(>N) =xf N > o o s o 56
2x1.0
at sea-level where ¥ = 2.2 #0,1 in the size reange

2x10 7> 2x1085.

Asguming that N as calculated from the Ghersnkov tanks
varies as given by equation 5.5 the size spectrum,'equatlon
5.6, ghould be corrected to

N "2.0i0a1
I(> N) = K(..._a_.p

.oo~5°?

axlof
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This value of "y 1s in far closer agreement with the valua
obtained by other ressarchers at sea-level (Muira and

L
Hesegawa,1962;Delvaille et al.,1962;Clark et al.,1961).

Equation 5.4 must also be modified to give the relation
1

between /6;” and Ng. Applying equatlon 5.5, equation 5.4

now becoumss,

/2, (550m.) = 5,00 RNCR:

5.7 Discusgion on " 2 - N " relatlon-
T L&)

The fact that o is less than 1 1s consistent with
gimple theoretical lideas applied to the model of shower
development outlined in Chapter 1.

A largs number of the muons rsaching sea-level are
produced by plon decay near the top of the atmosphers.
Gharged.pions formed in the nuclear cascads lower in the
atmogphere tend to interact rather than decay becaugs of
the higher density of air nuclei encountered.

The number of charged plons formed at the top of the
atmosphers increases ohlybslightly with a higher pr-imary
energy. The pions that are produced ars therefore more
eﬁergetic and collimated. Théy will then have an increased

probabillity of interacting rather than decaying, since ths
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nymber of grms/cm.2 of air encounterecd within their mean
lifetime will increase, The proportion of muons in the
shower as a whole thersfore decrsases with respect to the

alectron component.

Table 5,1 compares the value of a obtained in this
experiment wlth that obtalned by other worksrs,

Greigsen's formula, equation‘5.1, 1s basged largsly on
results presented bvalark gt al.(1958). Linsley et al.
(1962) used only a limited éhielding of 10 cm. of lead,
The results of Hasegawa et al. repressent only the upper
odge of their NyN 7plots; their mean valus is probably

somewhat higher,

It ig clear from Table 5,1 that there is a wide spread
in the observed values of a . In view of the number of
variable factors that enter into thesgs experiments it is
perhaps not surprising that closer agresment is not obtained,

The value of o obtained in the pregsent expsriment is
congiderably lower than has previously bsen obtained at
sea-level. The experiment is however unique in the radial
distance covered (>300 metres) which could suggsst that
o is a function of distance, r. Thig would lead to a size

dependencs in the lateral structure function for muons, f(r)
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Authqr
Greisen
(1960)

Clark et al.
(1958)

Vavilov et al,
(1957)

Linsleg et al,
(1962

Hagegawa st al.

(1962)

Egcobar
(1963)

Chatterjes
(1963)

Chatterjes
(1963)

Presgsent
Experiment

«75
.70

N

o9

A4

«50

Minimum

Energy

1Gev
1Gev
1Gev
10cum,Pb
.1Gev
.5GeVv
SGev
1Gev

.25Gev

Distonocae |Size
Near corse 106—108
200m. |10%-10°
200-400m. |107-107
200m., 10°-10°
10-50m. |109- 107
501, 102-107
50m. 10°-107
|550m.  |5x106-108

Aliitude

Sea—lsvel
3,86bm.
820grus/on”
Sea-level
5,200m,
800grms/cn®
800grms/om=

Ses-level

Table 5.1 Comparison of ¢ values.
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{equation 5.3). However if f(r) 1s assumed tc be a simple
povier law over the distance range under observatlcen,

regults to be shown in section 5.12 are consistent Wwith a

8

constant exponent over the slzs range 107~10 partlicles,

There is a possibllity that some of the nomproportionality
in the Nj-N relatlon 1s caused by a blas In the detesotion of
showers by the array. Showers of size below 2x107 have to
fall in preferred‘positions within the "eollecting triangle"
in order to trigger the array. The "collecting triangle" is
the reglion enclosed by the three perpendicular bisectors of
lines jolning the three outer gtations to the central one.

All showers of size greater than about 2x107 falling within
this region will trigger the array. A bias might occur due

to the part played by smaller showers with abnormally flat
distributions (l.e., low value of n in equation 5.2) triggering
the array from positlons at which a normal shower of egui-
valent size could not. Thls produces a detection bilas

towards flabt shovwers at small sizes.

Results presented in gection 5.12 confirm that such a
blas probably does occur. However this ig unlikely to be
the causge of the experimental results as even for efficlent
showers ( >2x107) a value of a not far d1fferent from 0,56
must be fitted to the expsrimental points on Figure 5.4.



- 1' 35 o=t

Another biés effect which might apply to showers over
the whole size range ig a systematic error in snower aualyein
causgsed by fluoctustlons in the dengity meagursments. The

importance of guch a bias ig discussed in gection 5.,12.

5.8 Dependence of o on Shower Size

4 more significant conclusion which is suggested by
the results of Table 5.1 is the possibility of a size
dependence of & , The low value of a could be peculiar
td the glze range around 107-108 particleg.

Thisg would tie in clogely with theoretical suggesiions
made recently to explain the stespsning of the size spsctruum
of EAS in the range 5x105 —— 5x107 particles., It is
suggested that this region of shower size marks the change-
over from showers producsd by galactic primariss to those
produced by metagalactic particles.

The galactic magnetic field is too weak to contain
primary particles with energles much in excessg of 1015 ev
per nucleon. Particlés of higher energy could escape into
metagalactic space and a measurable intensity would not be
bullt up inside the Galaxy as at lower energles,

The escape threshold depends on the rigidity of the

particle and heavier nuclei will remain trapped to a higher
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wotal energy than protons, Thus in the {ransition region
a higher proportion of heavy galaotic primaries than A
lower ensrgles will be expected. |

Experimental regylts on mylti-cored showers (Winn et al,,
1965) lends support to this theory. Morsover experimental
results on showers of size greater than 108 particles suggest
that protons may predomlnate at these highest energies
(Linsley,1963).

It is known experimentally that the proportion of myons
decreases with increasing shower size. Thus if an EAS
produced by a multli-nucleon primary can bs regardsed as a
superposition: of a numbsr of lowsr snergy proton initiated
showers, the proportion of muons will be higher than in an
equivalent size BAS produced by a single proton.

In the transition from galactic to metagalactic
primaries it would therefore be expected that & fairly high
value of o appliesin the region 5x105—-5x106 particles and
a muych lower valﬁe in the reglon 107~—108 particles'where
Vthe heavy gslactic primaries give way to metagalactic protons.

Above a size of 108 partlcles o< should then return to 1ts

pre~transitlion valus. .

It is suggested’that the present experimental value ofa

=0.50 for-the shower size rangs 5x106~108 particles adds
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weight to a theory as outlined above., Closer examinaiion
of the M.I.T. results reveal that both sets of data (Clark
et al.,l958;Linsley et al.,l962) are not.ipconsistent with
this idea.

The earlier M,I,T. figure of a & 0.7 was derived from
a best Etraight line fif{ over the whole size'raﬂge 1O5o~108
and'ﬁﬁé results are by no means inconsigtent with a change
ofrtx (from high to low) at around 107, Linsley's results
cover the range 1O7~109 particles but a much lower valus of
a than that quoted in Tabls 5,1 could be applied to hisg

points in the narrower size range of 107--108 particles.

5.9 The Mean Lateral Density Distribution of Muons

In order to plot the mean lateral density aistribution
of muons the dlstance rangs 300-1,200 metres was divided up
into 6ight intervals. A mean density of muons normalised
to a shower size of 2xlo7 wag then determined for eéch
diétance interval.

To caloulate this'méan density the complete size rangs
5x100-10° was divided into twelve size intervals., In each
size interval the total of the muon densities for the events
were added and the sum normalissd to 2x10! by using the

/%L(X_NO“?6 relatidh; The total of the muon densities in
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each event were giveh a statletical weightvproporﬁional o
“the squars root of the total number-of muons in that intewval,
The sum cver all size intervals was then made. The mean

muon density in-the distance interval 1sg given by:-~

(r) = [}%ﬁ%(ﬂNgdr)(gxloTZN 0.5
/6& = E;nW(dN,dr) ,

[4 -] o ° 509

whers n-1s the number of events in each interval, and W is
ig given Dby;- ‘

w(an,ar) = /E(EN AT)
vwhere t ie the “total number of muons detected in the size
“Interval, This weighting is necsgsary to offset the importan
given by the ncrmalisati;n vrocsdure ko the 1ow'd%msitiesb
and thsrefore the most susceptible to fluctuationsg, in the
smaller sizse rengs.

- Flgure. 5,5 shows a plot of the results for the zenith
angle range © £A0°. The srrors shown are based on the
total number of muong detected in sach distance interval,

. The zenith angle distribution for Haverah Park shovers
is rather broad due to the different relativs sensitivity
of the detsctors to the various showsnr coﬁponents (Wilson
et 8l.,1963). The mean zenith angle for ©<40° is about 24%
The mean depth of the atmosphere for showers plotted in
Flgure 5.5 1s therefore about 1,loorgfms/bm2.

A best fit straight line, of slope ;2,1 ( +0,1), has

been drawn through the points. This line can be represented
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by the equation:-

2.1

SI'» . [ ° » 5 alo

ﬂ (I") = 1035}{10
for a mean shower size of 2x107, zenith <:40°, energy
> 250 Mev in the interval range 300-1,000 metres from the

core.

5.10 Comparison With Other Work

The exponent of the muon density distribution, -2.1
(ﬁ;O.l) is in close agreement with Greisen's 1960 review
equation (5.1) over the dlstancs range considered. This
was based on results obtained at M.I.T. by Clark et al.(1958)
for showers around 106.

In figure 5.6 the experimental points obtained from
the Haverah Park results are compared with Grelsen's
formula USing the energy dependence derived by Besnuett et al.
(1962) to adjust the'idw‘energy thfeéEo1d down to 250 Mev,
The éxpéfimehtal points df:CIafk et al., fof‘showérélof slze
1 =-3x107 are also shown. 'The points at 200 and 275 metres
wers cbtained under 60 cm. of lead (E>1Gev) gnd the 850 m,
point under about 30 cm. (T >0.5 Gev) for 0<25%, Also
shown ere the results from the Moscow group (Abrosimov et al.,

'1960) using a large area detector shielded by 5 cm. of lead

plus 5 ¢m;’irén‘ﬁéviﬁg'a LoW threshold of &bout 100 Mev.
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Within the 1limit of quoted errors the prsseat resulie
are in good quantitive agreement with both sets of regults.
Greigsen's formula appears to underestimate the number of
muons per sq.metre by about 35% in this distanée rangs,
even after thé.mxugy/correctioﬁ has been wade, It should
be noted that the formuls was normalised from a shower size
of 105 using the §°°1° aependence.

The Russian workers assumed that ¢ = 1 for thelw

computations. They say however that if a value of O0.75 1is

assumed no significant change 1s obtained.

Hillas {1965) has computed the muon density distribution
oxpected at sea-level from a lO17 eV proton corresponding %o
~ a shower gize of about 2x107 particles. In preliminary
calculations the muon distribution was attributed entirely
to the initial projectlion angle of the parént piong and the
subsequent slowing down, decay and magnetlc defiection of
the muons in an exponential atmogphere, were taken into
account. ' The effect of Coulomb scattering was shown to be
small and wasg ignored in the preliminary calculations.

These theoretical calculations are in close agreement
with the experimental results obtalned (Figure 5.6). Beyond
500 m, from the shower axis the integral uuon energy spectrum

(a8 cowputed by Hillas) is no longer flat in the reglon



- 1AF =

-

bolow 500 Mev. The difference between the lowar %H?esﬁalﬂ
of muons assumed by Hillas (540 Mev) and that set by the
thickness of absorber in the present experiment (250 Mev)
can almost completely account for the discrepancy betwesn

the theoretical and expesrimental results bsyond 500 metres.

5.11 Variatlon of Lateral Distribution with Zenith Angle

In Flgure 5.6 the lateral distribution for showsrs of
zenith angle 40°%20<65° 1s slso shown, Again the showers
have bsen normalised to 2x107 assuming that o = 0,8, It
should be pointed out that the distances from the axis are
calculated in the plane of the shower front, normal to ths
shower axis.

The results are consistent with a best gstraight line
slbpe rather flatter than that for smaller zenlth angles.
This is to be expected, since at these zenith angles the
atmospheric depth (mesan of about 1,900 grms/cma.) is such that
showers are well past their maximum development, The
nuclear cascads with its accompanying slectromagnetic
component will have almosgt died out. The lateral density
distribution of the muons 1s glightly flattened by radial
spreading.

There is an apparent increase in density of the muons



\

5.

- 144 o

becaugse at these zenlith angles a large propopﬁiéu of ﬁhﬁ
gecondary particles making up a shower of size N particles
are muons., Congequenily in normalising to ox107 particles,
the normalising factor (generally much greater than unity
at these zenith angles) will raise the integréted number
of muons in the recorded shower to a gizeable fraction of
2x107, with a corresponding increase in the computed muon

density.

120 Varlation of Lateral Distribution with Showsr Size

In Flgure 5.7 an atteupt is made to plot the lateral
distribution of wmuons as a function‘of shower gize, Showels

6 e
< N< 1x10!t:

ares selected in three size intervals:~ 5x10
b d [’

107N <22:07s 22107« w2108, The muon densities ars

normalised to a mean shower size in each range as dcne in

sectlon 5.7.

Although the resulting plots are not statlistically very
accurats the following comments can be made ;-
(a) For showers of less than 107 particleg there 1s
a bias towards detscting flat showers (i.e. with
low value of the exponent n), This is indilcated

by the slope of ~1.9 which is lower than that
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obtained by other workers for the same size rangs.
(b) There is no significant change with size for
showers of around 10'7 particleg,
(¢) The absolute density of muons at a fixsd distance
from ths core appears to incrsage roughly in
proportion to NO°5 in ths size rangs lx107—-1x1089
» This confirms the results of Figurs 5.4, |
(d) A significant distortion In the distributlon occurs
betwsen 400 and 550 metres from the axis for ail
three size rangss. |
Thege distoritions are probably caused by a bias intro-
duced by errors In the axls location of showsrs, arising from
gtatlstioal fluctuations in the nominal denslties at the four
Chersenkov dstectors. A large numbsr of showsrs in this
distance range from Hut 3 fall in regions whers fluctuations
can cause a systesmatlec error in axis location and'consequsntly
in the size determination (Glencross,1963) (Figure 5.8).

The effsct will be made larger than that suggssted by
Glencrosgs for a smaller array due to the higher proportion
of muons detsctsed. bThe Statistiéal fiuctuations on an
obgerved density of n electrons at 400 metres ffom the axis
ars much less than n% bscause the number of assocliated
photons is large (about 10n). Howsver with m muons the

1
Polsson error distribution is just m2 and this could be ag
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high as 50% of the total for showsrs just &riggering the array
I% was .shown sarlier that about 55% of the nominal demsity

at 500 metres is due o muons.

Without undertaking the difficult task of calculating
quantitatively the sffect of such fluctuations 1t seems
unlikely that the errors are largs enough to explaln the

discrepancy in the size spectrum or the low value of @ .,

5.13 densral Conclusions

The lateral density distribution of muons presented in
Figurs 5.5 will be 1litils affodted by the errors discussed
above, The agresment with other workers 1s good and little
significance can be attached to ths discrepancy with
Greilsen's Tormula which was based on a small amounit of
experimehtal data. There appears to bs no significant
chengs in the exponent of the latersl aistribubion with size
at these dlstances. This is true over the full size rangs,
10°-109 particles, as aovered by published work.

- .7t 18 suggested that the low value of the exponent, a ,
is probably associated wlith a change in couwposition of the
primary particles in ths energy rangs 1017~1018 V. The

possibiiity of instrumental hias contributing to this liow
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value cannot however he dlsregarded.

Before a definite conclusion along these lines can he
made a more detailled analysis of fluctuations iniroduced by
a four detector array, as at Haverah Park, wmust be under-
taken,

Future experimental work on muons over a wider range of
size (105~108 particles), making use of the extenslons to
the detector array now belng introduced at Haverah Park

(see Chapter 6) should help o elarify this issue.
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GHAPTER 6

FURTHER INVESTIGATIONS OF THE

MUON COMPONENT OF EAS

6.1 Introduction

In addition to the determination of ths muon lateral
distribution of muons, ths shielded detsectors are ussful
for studying e numbser of other characteristics of EAS,

In this chapter a description ls given of the work done
up to present and of the plans for futurs investigations.

A comparison of the latsral distribution of the 1o 8pONnss
of unshielded and shielded dstsctors has been carrisd out
in the distancs range 300 — 1,000 metres from the shower
axls, The initial resulits from such a study ars presentsd
in the following three ssectlons.

The rest of the chapter 1s devoted to an outline of
future plans. The 10 sq.metre shlelded detector has just
been moved to the central statlon where thellateral distri-
bution experiments are to be continued and extended. Here
the muon detsctor will be in opsration closs to a large
shielded magnetic spectrograph which has bsen installed by
the University of Durham Group to measgurs ths energy of

nuons in EAS.
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The construction of two smaller EAS detector arrays
ingide ths present 500 metggfﬁas Jjust besn coumpleted.
These will snable a detailed study of muons to be carrled
out over a much wider size rggge (1o5~108 particles) than

has previously besn the cage at Haverah Park,

6.2 The Ratio of the Resgponge to EAS of Shisldsd and Un-
ghislded Scintillators

A 10 sq.ustrs arsa of unshielded plastic scintlllator
(NE102), 7.5 om. thick, was ingtalled for soméﬁime above the
myon dstector. This enabled a direct comparison to bs wmade
betwesen the regponses of the unshiselded and shielded
sointillators as a function of radial distances from ths
axis.

The wide statistical variation 1n the small number of
muong detected for sach svent necegsltaitss the use of average
valusg taken over all showers wlthin a certain distance
interval. The ratlo hag therefors bsen derived from the
experimental mean latersl distributions of the muon and
unghielded detectors.

Figure 6,1 shows a plot of the radial distribution of
the ratio for zenlth angles, 6, less than 40°, The densities

were normalised to showsrs of gize 2x107 particles,
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The density response of the plestic scintilliator 1ig
expressed in units of mV per vertical psnetrating umuon.
Results have indicated that at these distances from the
axls of EAS the response of the plastic scintlillator
represents falrly clossely (within 10%) the actual density
of oharged particles (Towers, privaté communication) .

On this assumption Figurse 6.1 represents thse proportion
of muons to all charged particles in EAS as a function bf'
radial distances. It is olear from the curve that at
1,000 metres from the core of a shower some 45%-50% of the
gecondarlies ars still slectrons., The agreemenﬁ wiéb other
workers at sea~level is well within their statistical errors,

There hag not been sufficient work at lowsr shower gsizesg
to dstermine how the muon:electron ratio variss over a wide
showsy size rangs. .Such a determination over a range 10°-108
particlss should yisld an important clus for any changs in
the composition of primariss, It is hopsd that with ths
expanglons now taking place at Haverah Park (Section-6.6)

a dstalled analysis over such a wlde showsr range can be mads,

6,3 Comparison of Muon and Water Cherenkov Dstector Responss

The deep water Cherenkov detsotors (3.4 radiation

lengths deep) used in the main 500 mstre array at Haverah
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Park yleld a mean responsge to shower gecondarles interwmediate
betwsen the ghieldsd and unsghislded scintillators when ex-
pregged in units of equivalent vertical penetrating muons.,
Whereas most showser muons go right through the tanks to give
one unit of responss, the responge to the electron~phbton
component expréssad ag equivalent vertiocal muons per elsctron
is lesgs than one. A comparison of the two types of detector
should help to detsrmine tha amount of energy loss of this
'soft'! oomponent in the Cherenkov detectors,

| - The radial distribution of the ratio of the shielded
gecintillator response to that of the Cherenkov tanks is
“shown in Figurse 6.1 for 94400. The curves show c¢learly the

higher gensitivity of the tanks to the muon component.

Using the two curvesg shown in Figure 6.1 onse cah
cglculate how the mean rssponse of the Cherenkov tanks to
the electron-photon component of showers variss with distance
from the shower axis. Flgure 6.2 shows a plot of ths mean
regponge to the electron~photon component per electron
expressed in units of equivalent vertical muons as a function
of distanoce.

The golid line curve is obtained asguning that in the

plagtic scintillator there is a mean rsgponge psr shower
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alsctron of 1.0 vertical muoné. Therse is still soms doubt
about the ascouracy of thls figure and the dotted curves arc
calculated from lower and upper limits.

A gradual decrease in relative response ls observed
with inorease in distance from the cors. This indicates
the way the energy of the slsctron-photon component fallsg
off at large distances from the axis,
’ The curves ars in ressonable agreement with what is
ex@ected theoretically, If 1t 1s assumed that at these
distances most of the energy in the elsctron-photon component
is carried by photons (see Chapter 3), the most psnetrating
of which have an absorption length of around 60 grms/cm?,
a limiting valus of 0.42 is obtainsd for the relative regponsse
(Lillicrap,1963).

A more detailed analyslis of the data obtained by
comparing the sointlllator and Cherenkov responses will be

presented in subsequent theses from the Haverah Park Group.

6.4 The Ratio of Muon to Cherenkov Regponses as a Functlon of
Zenlith Angls

In Figure 6.3 the variation in the ratioc of muon to
Cherenkov response with zenith angle is plotted for three

mean dlstances from the shower axis. Table 6,1, calculated
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from the curve, repregsnts the proportion of elsectrouns %o
all cherged secondaries assuming the equivalent“Vertica;
muon response discussed above.

Ths errors on the @ercentages for 60° are quite largs
but there is an indication that the proportion becomss
practically independent of distance at these high zeniths.
If such is the case 1t would be reasonable to conslude
that these electrons are secondary products of muon decay
or knock~on processes, At 60° zenith the atmospheric d?pth
(~ 2,000 grms/bmz) represents about 25 nuclear interaction
lengths. The elsctron-photon component produced as the
result of nsutral pion decay in the remnant N—-colponent must
be small at these distances from ths core.

At 60° zenith the results indicate that around 15-20%
of the charged particles ars still slectrons. However @hé
thickness of the lead shield also varies with zenith angle.
At tigh zenith some muons may be stopped in the lead without
penstrating to the detector. If such is the case the
proportion of slectrons will be less than is apparent from
Taﬂe63°

Agalin a mores detailed study of this effect will be
possible with the increased statistical accuracy obtained

wlth the muon fsetector moved to the centrse of thes 500 uetre

array .
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6.5 Further Study of the Lateral Digéribuiticr of Showsars of
Slze 2x10! Particleg ,

The 10 sq.mstrss of muon detector is now being set up
at the central station of the 500 metre array. Here
experiments on the lateral distribution of muons will be
continued. The‘distance range covered at the centrs is shown
by the histogram in Figurse 6.4. A distribution over the
rengs 100 ustres to 500 metres froum the shower axls should
be obtained. This overlaps the distance range coversd by
the results obtained at ths outside station (presentsed in
Chapter 5) as well as extending the results much cloger to
the cors. A mors accuratse comparison with other workerg?

rseults can then be made.

6.6 The Small EAS Arrays

Two smaller Cherenkov detector arrays have now bsen
built at Haverah Park centered on Hut 1 (Figure 6.,5).

The 50 metre array will dstect showers of size around
10° particles at a high rate of reoording (~1,000/day)
while the 150 metre array will detsat 106 particle showers
most efflciently.

The 10 sq.metre shielded detector will be operatsd in

conjunction with both arrays. Although for sach array the
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lateral distribution of muons will have to be determined
over different distance ranges the arrays have been designed
go that sufficient overlap occurs to make comparison
possible., In particular an accurate determination of how
N)u, varies with shower size, N, over the size range 105—108
particles ghould be possible. Such results should prove
"~ conclusively if any sharp change in mean muon sontent of

showers occurs within this size rangs.

6.7 ZEnergy of Mucns

A shielded magnetic spectrograph has been in opsration
for about a year at the centrzl station of Haverah Park.
Usging neon flash tubss as track indicators a gtudy 1s being
made of the energy spectrum of muons in showers (Rochegter
et al,,1955)., With the density detector also at the centre
a detaliled assegsment of ths total energy carried by the
muon componsnt in showsrs should be possible, Also
gorrslation betwsen ensrgy and dénsity of muong in individual
showers coulﬁ lead to a better understanding of the develop-

ment proocesges,
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6.8 Time Spread in Arrival of Secondary Particles

The arrival time of secondaries in an EAS at a sgea-
level detector can bes sprsad over intervals up to at least
one microsec. Recently analysis has been carried out on the
rise times of Cherenkov tanks pulses from EAS at Haverah
Park (Baxter et al.,1965). It is found that 25% of the
shower particles arrive within 25 henossconds of eaoh'other
and 1t ls suggested that this groué is largely muons.

During the film analysis of the muon detectors 1t has
been noted that occasionally muonsg arrive with substantlal
relative time delays (up to at least 3.s). 4 detailed
analysis of this phenomenon has not yet been carrised out.
| It 1s hoped to pursue the study further, using the
shlelded detector to identify muons. BSuch experimental
investigation can again be usefully tied in with theoretical

models of shower development.,

6.9 Search for Anisotropy of "NUOn—Rich" and "Muon-Lesgs"
Showers .

By moving £o the centre statlon a larger number of
muons {(mean about 4) than previously will bs recorded in the
showers, It should therefore becoms possible to selsect

showers on their muon content and search for anisotropy in



arrival directions.

Therse i1g some evidence that such agymmetries do ocsur
in both "muon-rioch" =znd "muon-poor" showers. If agresment
could be Tound betwesn different research groups for the
dirgction of guch an anisotropy then greater confidence

could be placed in the results.

6.10 large Array Extension

Congtruction 18 also under way on a large scale
extension of the detector array. Six small arrays are being
set up at a distance of about 2 kilomstres from the central
gstation, spaced roughly symmetrically, in a circle around
the 500 metre array. This will enable the upper limit of
shower size racorded‘at Haverah Park to bs raised to around

1010

particles. Even over such a large area array however
the rate of recording even 109 particles showers will be

extremsly slow, about one per week,

6.11 General Conclusions

The experiments described in this thesis and the results
obtained are just the beginning of an intensive invegtigation

over three or four years of the muon component of EAS
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observed at Haverah Park. Although no definite concluslons ca
cen yet be wmade from the results concerning the naturs of
the primaries and the detalls of shover devslopment, a
number of guestions have been raised and interpretations
propossd.

The gilgnificant result presgented in Chapter 5 of the
way the mean muon content of showers varies with size, N
oannot_ds yet be rsegarded as a definiﬁely real sffect
relatsd t§ the primary composition., However it should not
be difficult to establigh this with the operation of the
new detector arrays, i

The lateral distributlon of muons pregented in Chapter
5 over the range 300-1,000 metrss appsars to be thc most
statistiocally accurate so far obtalned., Extension of the
meagurements into regions clossr to the core will enabls a
falrly complets structure function of muons in showsrs of

slze 2x107 particles to bse ssgtablished.



APPENDIX 1

A, 1 The Optical Design of the Dstsctors

Since the refractive indices of liquid paraffin and
pergpex arse ﬁery nearly equal (n = 1.49) the scintillator
and tray can be regarded as a homogensous slab.

Light ie emitted isotropically from any point P in the
slab due to the passage of a bharged particle (Fig.A.l.1).
The absorption of light in the scintillator i1s assumsd
negligible in the first instance and the surfaces are con-
gldered as plane smooth pserpendicular sides.

The angle betwsen a given light ray insidé the body
and the surfaée norual is denoted by r, and the corresgponding
angle outside the slab by i. Then

gin 1 o n
gIn T

and the critical angls, rc,,for»total internal reflection
at the 1iquid (or perspex) to air interface is given by
| re = sin_l"%fm 42° (approx)

All rays of light from the point P which are not totally
internally reflected by a plane surface will lie within a
cone whose axls is normal to the surface and with a half
angle squal to r,. In the case of the rectangular slab there
are six plane surfacss, so that six escape cones exist

(Mg.A,1,2). Raye that 1ie within the cons of one surface
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may be reflected internally by anothsre perpendicular
surface, but such reflected rays will still lie within
their original cone and will escape.

Rays emitted from P outside the sscaps cone -l
always be internally reflected and wili rewmain trappsd
within the slab,

The fraction of light ¥, thus trappsd can be calcul-
ated, sincs |

F = 7%_ﬁLext »
where SLext 1s the total solid angle that liseg cutsids
the esgcape conssg.

Sincse rd<'45° the cones do not overlap and hence

[{loxt can be easily calculated:-

Mext = 4 - 6/Loone
and Slcoone = 2 M(l-cosry)
hence F = 3cosrg~ 2

= 0.23

i.6. 23% of the light emitted from P is trapped inside the
- alab, The fact that this amount of_trapped light is
independent of the position of P is important for the
uniformity of the dstector.
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In the optical arrangement of transpset sides, light

from four of the six escape cones ls logt. Light in the
remaining two cones (26%) emerges through the two viewing
faoes of the scintillatér.

To ensure that the light received by the photomulti-
plisrs 1s independent of the scintillation position 1t 15
best that the scintillation should not take place at a |
distancse lQSS than ¥y = 4 tanrc from the photomultiplier
face, where d is the diagonal of the viewing side (Brint
et al.,1955): With the dimensions used here L = 36",
Although for?complété uniformity, in the absencs oflabsorp*
" tion, the 11gh£ guldes should theoretically be at ieast
this length, 16" long guideé were used due to shortage of
space in thé_detectbf units. Tests describsd in section

2.8 show that satisfactory uniforuity is obtained with

guch an arrangement.

- The influence on light collectlon of the absorption
in the scintillator and at the gsurface wells should also
be consgldered. Exact information on the emission and
absorption spectra are needsd for a detalled study of the
problem. There will certainly be a reduction in collection

efficlency because of thess effects.
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Since sach photocathods covers about 10% of the viewing
8lde about 1% of the light output will finaliy reach the
photo~cathodés. |

One possible way of improving on thisg 1light collectlon
is to capture the entrapped light by having the’phototubés
In optical contact with the sides of the detector. The
efficiency thus gained would be offéet by the dirfficulty
of ensuring good contact and the troublesoms technigues

involvsd.

It is possible to capturs theylightkfrom the other
four escape conss by making the walls of the detsctor
reflecting. Such a counter would have a uniform collection
if it were not for absorption and a reflsction coefficisht
vwhich is always less than one. The rays with large angles,
- r, at the viewing surface reach the surface after many
reflections, They thus undergo an attenuation through
reflsction and absorption which grows with Increasing dist-
ance of the scintillation from the coliecting surface, Such
a counter will be very non-uniform.

The usge of a transparsent walled llight guide with such.
an arrangemen£ will help to eliminéte the wofst of the non-

uniformity.



Diffusely rellecting walls are only of Use in deteaqtors
of approximately spherical shape, and even then only whqn
the collecting surface is small and direct light has littis
effect,

The design adopted in the pregent sxperiment, l.s8. &
rectangular parallelepiped with transparent walls, leads
to good uniformlty provided the sbsorption length of the
1ight in the scintillator is not shorter than the length
of the detector. However the fractlon of light collected
ié falirly low.
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APPENDIX 2

A.2 Interpretation of Selscted Shouwsrs

In the following it will be assumed that all showers
fall vertiocally. The detsctor responss structure function
is asgsumed to bs of the form:- 4

o 3r)ocr™,
Then for a small Cherenkov tank array Lillierap (1963) shows
that the best value of m is 1.48( £0.2).

SHOWEX AXS

SCINTILLAR
SRHDWICH A

If the regponse of the nesarest group of tanks to the
sointillator is denoted by 4, and that of the furthest by D:-

A - l%~7 "69 ~1.48

where a, d ars the distances of the shower axls from groups

A, D respectively.

Fbr""Near showers, the selection criterlon requires

a minimum value of A/D such that
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i.e o d '17%@8
U ; 7= (5) %% = 3.0

From Figurs A.Z2.

aCoa@ = 3 — rose

blos@ox 12 - rlose

aSinﬁi: r8ine

bSin¢2= r3in®
where r is the distance of the shower axis from the scin-
tillator. |

Then a? (3 - rCoed)2 + (rSine)?

il

= r° - 6rCo88 —+ 9
(12 - 1C086)% + (rSine)?

loj}
i

- 12 - 24rCos® +144
From equation A.2.1. for "Near" showers

9(r2 - 6rCose +9) = re - 24rCose +144

i.e, 8re - 30rCos8 - 63 = O.
Maximuym r occurs when Cos® m= +1, 1.6, 6 m O
Then 8r° - 30r - 63 = 0O
From which Ppax = 5.2 metres.

Hence "Near" showers have cores lying within 5.2 metres of

the scintillator.

For "Distent" showers as D>C >B >4, the core of the
shower must fall nearer Group D than Group ¢ of the tanks.
Herice its core position is greater than 10 metres from the

gcintillator stack.
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