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ABSTRACT

Aﬁ experiment to Qb§erv3 the atmpspheriC'berenkov iight
produced ih extensive air showers, has been‘under development at
‘the British Uniﬁersitiés' Jeint Air Shower Array at Haverah Park,
since 1972, This thesis-is concerned uifh the-Cerenkov light measure-
ments made at Haverah Park during the U.K. Qinter of 1975/76, when
tﬁe experimental equipment was.first imgroved to ité‘present
specification. . |

An_ihtrdduction to extensive air showers and the relevance
of Céreﬁkov'lighf s£udies, is folioued by an account of the thecretical
aspects.ofiberenkov radiation. The.most recent computer simulations
of tﬁe features of Cerenkov light in.eXtensive air showers are
briéfly described. A detailed account of the design and performancg
of the current Cerenkov light Hetéction equipment is given, and the
meqéuréments made are'reportad. Yery detailed measureﬁehts of the
Cerenkov_light iﬁ air showerg can be made with thg equipment,

Thé average chafacteristics of the Cerenkov light in showers
' _ofienefgies érounq-S X 10178U are established. fMeasurements of .both
the qutonidensity and~the details of the iight pulse shape are made
.at cﬁré.distaﬁces up to about 600 m. The curvature Of the Cerenkov
light.front-in air.sﬁowers is also_determined, from measurements of the
Vérrivai times of the light. A.Cerehkov light measure of primary
.parficle energy:is-identified{ The dependences of the Cerenkov light
.papamefers on shouer enefgy and zenith angle;are'quantified, and are
used.tﬁiestimate thevsensitivities of the pgfameters to depth of

shower cascade maximum. The data measured here agree well with earlier

" . measurements, where such comparison may be made.

The measured average characteristits of the Cerenkov light
»in‘air showers are found to be invgdod agreément with predictions

' from the recént computer éimulatidns. ‘Comparison of the experimental



‘.aﬁd théoretiCél data, leads to an eétimaté of the average atmdspheric
depth at which showers féaoh'ﬁascade maxima. It is not possible,
' houeyef,'to interpfet this estimate‘in terms of primary particle mass.

Fiﬁélly, the flucfuations in Cerenkov light signals are
examined,. by studyiﬁg the light measurements made in a small sample
of individuélAshowers.' It is shown that fluctuation values of
'Cerenkov-lighf parameters, contain information about shower develop-
ment, which ié additionalAto that aeriued ffom the average character-
istics of tﬁe light parameters. ~ An upper limit for the range of
atmospheric depths over whioh showers reach cascadé deﬁelopment
maximé, as a result of_uariations in the nucleon interactions in
their‘cascades, is derived.

"Ituis concluded that future Cerenkov light measurements in a

large saﬁple of showers, may contribute significantly tomards the

identifiéatidn of the masses of the primary cosmic ray particleé.

ii



iii
" PREEACE

This thesis is an account of'éxperimehtal work carried out
at'thg Bpitish Universities' Joint Air Shﬁmer.Anray at Haveraﬁ Park,
inthrkshire, An experiment to' cbserve the Cerénkov light in exten-
si&g 2ir sthers’has been under devélopment there, since 1972, 1In
the period'frbm 1974 to 1975, thé egperimental gquipment was.

completely rébuilt in order to make the improved measurements, which

are reported in this work.

. The author played e major part in the design, construction

and commissioning of the imprcved Cererkov light detection apparatus,

which is described in Chapter Z. He was wholly responsible for the

rbutibé operétion.and meintenance of the experiment during its first
periddtof operation,. in the U.K, winter of 1975/76. Together with
his colleagﬁes,fhe shared tHe werk of measuring thé film records
ggtﬁered in this perioc,

The informstion on the shower arrival directions,. core

bogifions~and>energies, which is used for the results presented in

‘this theéié;~was obtained from analyses of the Haverah Park particle

detedtor'dafa, provided by the University of Leeds. Using this

informétion, the author was wholly responsible for the experimental

:eéultS‘presentedzin Chapfers 4, 5 and 6, with the exception of the

' détefmihation of the light front radii of curvature described in

. Chepter 4.

 _N0né of the material in this thesis has previously been submitted
by the author to Durham, or any other university, for adnittance to a

degfee.
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 INTRODUCTION

1.1 The Cosmic Radiation

_ Thezpresence of an ionizing radiatioen at thelsurface of the
Earth, was first suggested fo account'fOr observations by C.T.R. Wilscn
(the originator of the Wilson Cloud Chamber). In 1900, hé observed
fhat an insulated gold léaf eiectroscope lost its charge even when the
greatest care was taken with its iﬁsulation;b The radiation ionized the
gas in thE'éieptroscope and resulted in its dischargé (Wilson (1901) ).
A series of balloon flights by Hess (1912) and Koihorster (1914) carried
électrdscdpes to altitudes up t0‘9200 m and showed thaﬁ the intensity
ofvthg radiation increased to ten times its sea-level value at this
height, thus establishing that the radiation was extra-terrestrial in
oriéin.~'1t.hés become known as cosmic radiation a&d its investigafion
hag led.fo.important discovériés in physics, including the discovery of

the'positrbn in 1932 by Anderson, and later, the discovéries of the

p~meson and m-meson.

The_majority of the known primary cosmic radiation incident at

the top of the atmosphere consists of atomic nucleij mainly protons and

light nuclei but .with a small proportion of heavier nucleij; together with

some electrons and gamma-rays. Its most remarkable property is its wide

S _ , )
rarige of energies which extends from less than_109 to at least 1Q 0eU per

nucleus., The energy spectrum of the primary cosmic radiation is now

relatively well known, and a synqpsis of the spectrum by Watson (1974) is

shown in fig.1.1. The-integral energy spectrum can be represented by a
simple’ pouwer iaw:-

N> E) o 7Y te. €QU.T.T
with the»eprnent, Y,'varying slowly with energy. In the energy range

1011 to 1075ev y has values of 1.6 to 1.7 (see, for example, Grigorov et




Figure 1.1. ‘Summary of measurements of
the energy spectrum of the
primary cosmic radiation,

(From Watsan (1974).)
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al, (1971) ). Betwsen 3 x 10" and 101?eV the spectrum is steeper with

Yy = 2.4, and at the highest energiss the slope is Y= 2 (see Edge (1974) ).
At the highest,energies-little-is known of the mass of the primary cosmic
'ray.particles.

142,  Extensive Air Showers

Direct DbserVatiche.of primary‘cosmic ray particles have been made
‘at energles up to about 101 eV, notably with nuclear emu181on stacks or
spark Chambers. These have been either flown at the top cof the atmosphere
by balloons or rockets (e. g. Fomler et al. (19F7) ), or placed on
satellltes (Crlgorov et al (1967) ).

'At primary energies greater than 1D1éev the decreasing‘particle
iflUX“makesjdlrect ebservation of the coemic radiation impossible‘(for
_example?.at ehergies'greater than l016ev,vthe flux-of primary cosmic ray -
partlcles is.lees thap one particle m-2 yr-1 at the top of.the atmosphere ).
StUdies cf.these high energy partlcleS»can be made only indirectly by
observ1ng at glound level the laterally exten81ve cascaeee of secondary
.partlcl produced'lnilcteractlons of the primary particles‘witp nuclei
‘ Df»atoms.cf the_upper'atmoaphere. The atmosphsre e”féctivelybacts as a
particleaamplitier and spreads the cascace of particles cver an'area'that
_ﬁay.be as large as tens of square kilometers at sea-level, SO VETY ﬁucﬁ
»_ipcreaslng.the chance cf detecting the arrival of atprimary particle.
Known as "extsnsive air showers", (EAS), these cascades of particles were

first.pbserved in 1938 by Auger et el: and by Kolharster et al. who found

o that.Geiger-Miller counters separated by up to 150 m, detected the arrival

of radiation in ccincidsnce.

A

1.2.1 The:Formatipn.GF an Air Shower

A primary particle incident at the top of the atmosphere interacts

strongly with nuclei of atmospheric atoms. t undergoes several inter-



actions wﬁiie{traversing:the 1ﬁ30 g u:m-2 of atmosphere before reaching
'seaileyel; ‘At eact interaction it is thought that ébout half the energy
of the primary particle is lost in producing a rarge of secondary particles;
mostly piéns together with kaons,.nucleﬁns, anti-nucleons ancd other strange
particleé. These nucleaf—active particles form a compact shower core.

:Some ¢f the charced pions produéed in the nuclgar interactions
interact catastrophicaily with other air ﬁuclei and produce more pions
(the intéraction_length of pions if air is often takeﬁ'as 120 g cm-z).
Dthers.debay by the reaction n: +.u: + v (lifetime of a_chafged'pion
is 2.6 x 10_8'8) and form the muor component of a shower. Thisjcomponent
is highly penétratiné and many of the muons survive until they reach
_ ground levei. The transverse momentum with whick the pions are produced
causes thé cascades of partigles to spread laterally.

The ngutrél‘pions produced in the nuclear cascede decay almost
insténtangously (lifétime of no is 10-16 s) 1into two gamma-rays, each
fdf whibt initiates a photon-eiectron cascede., This prcpagates primarily
by fhe processes of positron—electroh pair prqduction, Compton scettering,
’bremsstrahiuhg and ionization, The electron-photon component of an air
'shouergfcms by the shperposition of many of thesé individual cascades,
Qith enérgy_being cdntinuously fed from the nuclear component as more
'néutrai pions are produced, fhe electrons ére considerably affected by
'Coulaﬁb scattering, and‘éo the electron-ﬁhoton component of an air shower
is 'alsc laterally éﬁread out.

Averaged over = uholé shower, tre electrons ére by far the most
abundant:partiéleé, although.most of the energy of a shower is carried

by the nucleér and muonic components. Typically 80% of the total eneragy

is carriéd‘by 10% of the total particles.




.'Aé an airmshower develops in fhevafmosphere, the total number
.of particles'in the shdwer cascadé first incfeases fo a maximum and
 then, as the:énergy of the shower isvexpendeﬂ; the particle number
starts to decrease. .Dn average, fherefcre, showers initiated by
primaryiparticles of higher energies, penetrate deeper'into the
atmosphere ‘before reaching‘their’cascade develophent maxima, than do
showers_initiatéd by lower energy primary particles, The details of
“the cescade develohments.of individual showers will also depend on
variations in the ﬁuclear reactions faking place-ih the shouersz‘as
well as on the primaty pafticle energy. It is reasonable that the
méss of thé primary particle will considerably.influeﬁce the first
reactions in a shower'and may thus affect the overall development of
tHe éhdwer,_too. |

1.2.ii The Mass of the Primary Particle

Considerable interést in the mass composifion of primary cosmic
rays 6F"£hélﬁighest ehergies has been stimulated by the possibility
of'aétermining théir.place of origiﬁ. The radius of gyration ih the
gaiécti&Amégnetic fiéld of protons of eneréies about 10169U is comparable
with the extent of the magnetic field. Protons of greater energies are
thus expectédttd éscape f;bm our'galaky, and a protonic flux of higﬁest
enérgy.primary cosmic rays would suggest that these particles are of

-exfra-gaiactic origin. in cbntrést,.iron nuclei, with their greater
charge;lare less magnétically rigid and are expected to be cdntained in
the gélaxy.- A high eneray primary cosmic ray flux of iron nﬁclei would
indicéte;galacti? origin.

'Perﬁapstmofe réalistically; the magnetic cut-off rigidity of the
galéxy may brdgressiuely exclude protons, then light nuclei, leaving only

heavy nuclel in the prihary cosmic ray flux at the highest energies. It




haé been sgggested that“changeé in fhe slope of the primary energy

spectrum indicate'changes in-thé-massAcomposition of the primary particles,
At the loQ energies where direct detection is possible, the mass

composition of the primary cosmic raaiation has been determined with good

resolution from nuclear emulsion data. The relative abundances of the

elements.arg shown-in fig.1.2. There have been isolated cases of the

- direct identification of hkigher energy primary particles - protons, and

14 159\/ haVe been

‘oxygen and caicium nuclei of enercies befmeen 10'" and 10
found - but the number of observations is too small to indicate relative
abundances,

The chemical composition of the primary particles in the air shower
regidh'of tﬁé energy spebtrum is uncertain, Because of the very indirect
Anature;dflfhé'measurements, the resolution in composition is poor, but
it mgyfbe'possible to differentiate between a mainly protonic, mixed, or
mainiy heavy -nuclei primary particle flux, A reviéw Of‘the available
data oh_primafy cbmposition in the energy range 1010 to 10198U, together
with the iﬁterpretations with whiéh they were presented, has been given

by: Sreekantan (1972) but the implications, however, are inconclusive.

1.2.,iii Fluctuations in Air Shower Longitudinal Development

Thé.détails involved in estimating the primary particle mass
compqgifion at.air shower energies depend £o_some extent on the particular
parameter'(or parameteré) which is investigated. 'Houever, there is é
geﬁefal approéch which is appiicable to several observed shower parameters.
Compufer simulations show that the average charactefistics of air showers
do‘not vary strbngly with primary particle mass (Dixen (1974) ). In fact,
the~avefagé,vaiues of observed shower parameters vary as much betwegn two
different”(ﬁut plausible) modgls, as £hey do between a heavy (say iron

nucleus) primary particle and a proton primary particle. For composition




Figure 1.2.

" The relative abundances of the

elements in the primary cosmic

radiation at energies less than

10"%ey.  (From wild (1975).)
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deﬁérmination, parameters which are relatively model independent but
which still vary with primary masé need to be found.' The models
éuggest_that the study of* ﬁhé fluctuations in the vélues of various
pafémeteré measured in-individual shoﬁers, may help to identify protons
in the primary cosmic ray flux.

' The‘nuclear cascade, which is fhe backbone of a.shower, is
dominated by a very few high energy interactions - perhaps sometimes
only thé First interaction of the primary particle. It is reasonable
that a prihary proton will not Comﬁletely lose its identity on interact-
.ing, but that it will continue with a significant fraction of its
iacident energy. The proton wiil déposit this energy in "lumps"
distributed at ;andom along its path through the atmosphere. Variations
in the way the energy is aistributea will be reflected by variatians in
vthe‘vélUBS“oflobserved shower parameters.:

In‘cﬁﬁﬁrast, a heavy primary particle can be expected to -disinteg-
'rage into a large number of sepafatelnuclei at its first interaction.
Eacﬁ'ﬁoulﬁ.then continue independently, and thé superposition of the
bfsub-shomerS? so formed Qould lead to huch reduced fluctuations in the
'vaers of measured parameters ofAthe compléte shouwer.,

“The above situation will be enhanced by the longer mean free path
for coliisiOn with an air nucleus of a proton (wBO g cm-z), compared
‘with tHaf Gf:a heavy particle (w14 g t:m-2 for an iron nucleus). Only
hfoton priﬁary particles can_be expectédAto oocasibnally penetrate
Eéeply into the atmosphere before initially intéractiné, and the very
low depth of cascade ma*imum expected in the resulting shower sﬁould lead
'ﬁo uniqué ektreme fluctuations in the values of observed shower parameters,

The model calculations‘by Dian (1974) have simulated the long-

itudinal'dEUelopments of showers initiated by protons and iron nuclei of




enerqgy 1017eU. Fig.1.3 summarizes‘hou the developments of individual
showers in eaoh‘group vary, The two curves shown.for each primary
parfiole.mess fepresent the.extreme oeses of early and late cascade
developheots'in‘ohe'atmosphere, which are exceeded by about 5% of all
shouwers. ‘It'is seen toat the spread in the depths at which individual

proton initiated showers reach their cascade development maxima, is

much greater than the spread in the depths of the cascade development

maxima of iodividuel iron nucleus initiated showers. The model shous

that this is reflected by the fluctuations inthe values of many shower
parameters observed at ground level. The fluctuations are about five

times greater for proton initiated showers5'than for -iron nucleus'

initiated showers, according to the model.

-1.3 .__Cerenkod Light in Extensive Air Showers

Following the suggestion by Blackett in 1948, that Cerenkov
llght is emltted on the passage of cosmic ray particles through the
atmosphere, Galbralth and Jelley (1953) first detected Cerenkov light
from the night sky. They obserued llght pulses‘ln coincidence with
extensive air showers, which provided the high local electron concen-
trations necessary. to produce enough Cerenkov light to be visible above
the baokground iighf of the night eky.

" Many of the electrons in extensive air showers are sufficiently

.energefio to radiate‘uisible Cerenkov light. The detection of the

light provides an alternative method to the more. usual one of particle
defeotion_for‘investigating showef properties, Perhaps the most
distinguishing feature of‘this method is that, whereas all other extensive

aii shower measurements yieid information mainly about the lateral

. distribution of .partiole energles and.densitiesj and then only for the

particular atmospheric level at which the equipment is situated; the



Figure 1.3.

-\Variations in the longitudinal

developments of the electron

cascades of individual cosmic
17

ray shouvers of energy 10 eV

(5% limits). (From the

‘ simulations by Dixon (1974).)
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Ceréhgqq iight technique in prinéiple yields information on shower
lbhgifﬁdinalfﬁistory. -The light reécﬁing:the Dbservation level is not
proportiqnal to the local particle density;'but to.the path length of
all-those-particlés, wHich, at some time during shower development
'ahd'decay, were energetic enough-to radiate Cerenkov light.

Cerenkbv light measurements, then, would seem a good place to
start a seafch for parameters exhibifing flubtuatidns sensitive to
shdwer lpﬁgitudinél developmeﬁf(and primary pérticle mass.,

As is discussed more fully iﬁ Chapter 2, the Cerenkov photons in
an extensive air sther are very numsrous and so are easily and reliably
detected. Houéyer, experiments can. be cafried out only during clear,
moonless pights and so have a low duty cycle.

The,Firsi exploratory measurements of the latefal distributibn
of Cerenkov light in extensive air showers were made by Jelley and co-
workefg>(see,lfor example, Jelley (1958) )f Théée were fgllowed by the
uork.ofnChudakov et al;.(1960), who operated light receivers in conjunct-
“ion with an extensive air ghower particle detectdr array af an altitude
_of 3860 m, and made measurements of thé distribution of the Cerenkov

-light at doré.distances'beﬁmeen 10 and 250 m in showers of energies around
10158U,' |

N KreiéerAand Bfadﬁ_(1969) Qsed an array of Cerenkov light detectors
.at the Cﬁaq;élta?a_air éhower‘array to measure the rétio df Cerenkov

‘photon densitynto partiole density., Showers of energies between-1016 and

1017eV, which are near to cascade development maximum at the array altitude

\

of 5200 M, were studied. Using model calculations similar to those of
La bointe_et al. (1968), a simall number of showers rich in Cerenkov light
were interpreted as an indication of a primary cosmic ray flux of mixed

' Sy s 2
chemical composition, much as it is at 101 eV,




Nofe recently, observations of the Cerenkov light in showérs
of enérgies up to about 5 x.1017evfhave beennmade at the Yakutsk air
shower arfay; which is at sea-level. These observations have been
reported by Efimov et.al. (1973) and by Dyakanov et al, (1973). Some

measurements of the width of the observed light pulses are given by

'these authors as well as measurements of the lateral distribution of the

light.

1.4 The Scope of this Thesis

An experiment to observe the Cerenkov light produced in extensive
air showers of energies betueen about-']D17 and 1D1BEV has been developing

at the Haverahipafk extensive air shower array since 1972. This thesis

is concérhedhmith those Cerenkov light measurements made there during

_the winter of 1975/76, when the experimental equipment was first improved

to its present specification.

A description of the relevant theoretical aspects of the character-

istics of Cerenkov light, and a brief account of the most recent computer

simulations of its properties in extensive air showers, are given in
Chapter 2, -

Chapter 3 describes in detail the detection and recording equipment

used for the Cerenkov light observationé, and includes an account of the

-performance of the equipment.

'The'averéée éharaqteristics of the Cerenkov light observed in the
éhomers rééofded are giVen in Chaptef 4, Detailed measurements of the
shapeé of thenobserved'light pulses are described, as well as measufements
of the lateral distribution of the Cerenkov light. Some measurements of
the felaﬁive times at whibh the Cerenkov light arrivés at the various

detector,positions, are also reporﬁed.
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Ih:ﬁhapter 5,‘£he measured average characteristics of the
Cerenkov liéht-in extensive air showers, are compared uifh the results
from ‘the mpst recent Computep“simulations.A The simulation resulté
considered ;re those by Protherce and Turver (1977). The experimental
measurements are aiso_éompared with the results of other workers, where
such compafisons may be made.

:Finally, in Chapter 6,‘the Cerenkou.light measprements made in
éAsmal; number of individual showers are examined. Evidence that
independeﬁt Cerenkov light parametefs show correlated fluctuations that
arise from variatidns in shower cascade development, is found.

The overall aim of the program of-CéreﬁkQU»light measurements at
Haverah Park, is to detefmine how the measuremeﬁts can be used to |
iQVestigate the mass composition of the most enefgetic primary cosmic
fay particleé. The work described in this thesis.is a step in that

directioh. »The average features of the Cerenkov lightAare established

5énd thevparémeters most suitable for further study can be identified.

The studies.of the Cerenkov light measurements made in individual shouwers,

demonstrate that the measurements are sensitive to variations in shower
cascade déyelopment. However, the néxt stage of the argument - the
extensioh“to comment on the mass of the primary particles - must await

measurements of. Cerenkov light in a much larger sample of éhowers.
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CHARTER TwWO

THEORETICAL ASPECTS OF_CERENKOV LIGHT IN EXTENSIVE AIR SHOWERS

The theory of the prdduction of Cerenkov light is examined in
this Chapfe;. Radiation from a single particle is deélt with first,
“and tﬁen.foliows‘a brief revieu-of the most recent computer simulaticns
of the CHaracteristics of the Cerenkov light in extensive air showers.,
The implications of theée theoretiﬁal results for the design of an
experimentsto detect the light produced in.extensive air,shomers, are

considered.

2.1 Cerenkov Radiation from a Single Particle

vEléctromagnetic radiation is produced whenever a charged
paftible tfaverses a dieiectrié medium with a veiooity in excess of the
phase velbcit& of light in-that medium, ‘The first experimental
studies of ﬁhis radiation by Cerenkov (1934,1937) were followed by a
saiiéﬁa@tory:theo;etical interpfefation by Frank and Tamm (1937) based
on classical electromagnetic theory. For the purposes of this tHesis,
~ the acCants OFVtHe effect by Jel;ey (1958,1967), or that by Boley (1564)
are wHolly édequafe. |

The passage o%'a charéed particle through a medium sets up a
tranéiénf‘ﬁoiarization of the medium arognd the particle track, which
resgits in the‘emissiﬁnAof radiation, Fig.2.1(a) shows an electron
péssingisqmg poiht S in thé medigm. When the electron is ét point €19
the lqca;.Polarizationlvectdr at S, P1, will Be directed at the retarded
,pdsitibﬁ of the electrbn,e;. As the glectron proceeds to point 92,:the
polarization ertor turns and -points to the new retarded position eé.
Fig;231(b) shows the fiﬁe variation of the radial and aXial components

of the polarization vector at S. The radial‘components do not contribute
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Figure 2

Figure 2.2,

[he Cransienl. polarization
ﬁroduced by the passage of

a charged particle through

a dielectric medium, showings-
(a) the locél polarization
Qector, P, at a point, S,

and (b) the tiﬁe variation

0% ité resolved compcnents,

(From Jelley (1958).)

(a) degen's construction to
illustrate tHe coherence of
Cerenkov radiation.

(b) The formation of the
Cerenkov light conme. (From

Jelley (1958).)
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Afo fhelradiation since they are axially symmétric and so lead to no
resﬁlta&t fiEla ét'larée distances. The axial components combine to
form a resuitant axial dipole.fieid at large distances, thch takes
the form Of the deriyative of.aAdelta-function, and it is these com-
ponents which are involved in the production of Cerenkov radiation.
The. discussion so far concerns only a single element of particle
tréck, of length comparable to the wavelength of the emitted radiation.
In generél,:éhe radiated wavelets from all parts of the track will:
~interfere destructively so that there is still no resultant field at
large disﬁancesf However, if the velocity of the passing particle is
greater than that of light iﬁ the medium, iﬁlis pbssible»for wavelets
from different portions of the particle track to be in phase and so
to prqduce.é resultant field. The Huygen's construction shown in
fig.2;2(é) %hbms that_tﬁe radiatiﬁn produced is obéerved only at a
parficulaf angle,‘ 0, with respect to the particle track, at which
the Qavélets from all parts of the track are coherent, Thevcoherence
.CCnditiqﬁAQCCurs if the particle traverses AB in the same time as the
light prOpogétes from Avto C? If the particlé velocify is Bc, then-in
a ti‘me At the particle travels a distance:-
AB = PBc At
and i? the-refractiQé inaex of the medium is n, the light travels:-
| AC = 2 At
Sovfrom_the'coherencé condition the fundamental Cerenkov relation is
obﬁained:- _" |
| cosB = é? ee. £QU.2.1
Thrée‘conditions follow immediately f:om thiss-
| (i) Only particles for uﬁich Bn >1 can produce Cerenkov light.

Thus for a given refractive index there is a threshold
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“particle velocity given by

. -1
» Bmin “n eee BQU.2.2
(ii) For an-ultra-relativistic particle with B =1, there is
a maximum angle of emission given by
' 1

, -1 i ,
emax = cos (rj) ees BQU.2.3

(iii) Cerenkov radiation can occur only at those frequencies for
. which n > 13 in the microwave, infrared, visible and ultra-
violet parts of the spectrum, but not in the x-ray and y-ray

regions,

Fig.2.2(a) has been drawn only in one plane. Because of the
axial symméfry, the radiation does in fact occur over the surface of a
cone ofvseﬁifapex angle O, the axis of which is the particle track (see
fig.Z;é(b)’).; The electrbmagnetic'field on the surface of the cone is
such that the electric field:vectbr is everywhere normal to the surface,
and the magnetié Fieldrﬁector tangéntial to it.

'F#qm fhe résults first derived by Frank and Tamm (1937) the energy
dE 1bst tovperenkov photoné ofiwavelengths between 11 and RZ’ by a

particle of éharge ze, in traversing a path length dL, is:-

. » xz -
g%“ = ¢n22282- Jr( 1 - ; 5 ) gg , ee. £QU.2.4
o : Bn A A
A

Qhere n is.ﬁﬁe;pefractive indéx of ‘the medium and Bc is velocity of the
particle. ‘Tmoﬂpoints of interest arise from this:-
(i) The rate oﬁ‘production'bf Cerenkov photdns is inversely
proportional to the sguare of the wavelength of the photons.
So the spectrum of Cerenkov light is much enriched at the
éhorteét wavelengths at which its production is possiﬁle,

in the ,V, and blue regions.
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v(ii), The»rate.cf‘prdduction of Cerenkov photons is proportional

- to the sguare of the charge cftthe radiating particle,

2.2r Cerenkcleadiation in-the Atmcephere'

‘ Afhe refractive.index of air at S.T;P. is n =A1.00029 and is so
‘close tc unity that the features of Cerenkoe radiatlcn in the atmosphere
fdiffer con51derably from those encountered wlth solid and liqu1d media.
The.prpductipn threshcld.energles of particles are higher; the emission
angles smaller, and the production rates lower tnan for dense media:-
- (1) Equ.2.3 leads to a value of 6 = 1.3 ° for the maximum

angle of emission. of Cerenkdu‘light emitted in air at S.T.P.
| by a particle ulth B . 'Thds, iniair, the radiated light
-, is qu1te clcsely directlonally related to the path of the
Vradlating particle. |
' (ii) Equ:2.2 alloms the threshold:kinetic energieslcf’varicue
.particles in air at S.T.P; to be fpdnd. ?They are 21 MeV
'forielectrpns; 4,3 GeU‘fpr mudne§ and 390 GeV for protons,
.(iii)i.The prpducticn rate of Cerenkcu photons by a particle of -
. one electrénic charge in air at_S.T.P. can be cbtained From
equ;2.4. .lt-is'abouttﬁo photons m-1'fcr emission at wave=-
" lengths in-the range 3500 - 5500 A (typical of the response
‘ offmcst.photcmultipliers). |
A “ * '.* S
'ADflcodrse, therebcveiresults apply-cnly at sea-level and at other
A.eltitddee muet.be mcdified to acccunt for the differing refractive index.
lielﬂelley.(1967)'deriyesfthe fclloming reeults by mriting the refractive
.index of air ae‘n'z_(1_+~n) and pointing out that'ﬁ varies with altitude

‘eimilarly %o atmospheric presstre, as a first approximation:-
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_(i) - The maximum Cerenkov angle at an altitude h, at which

the pressure is-Dh, is related to that at sea-level by:=-

N

o= : . : o0 e -0205
Gph epo ( ﬂ_’) . eQu.

eb is the maximum angle at sea-level and Py is the sea-level
o .

pressure.

'(ii)' The form of the variation with altitude of the threshold

. kinetic energy of a particle is:- .
E . = E . 2 ee. ©0QUL2.6
min,p,, mln,po(_p_o_) q
Ph
- where € in pi is the threshold kinetic energy at altitude h,
-at which the pressure is p_, and E_. is the sea-level
T : . h. . min,pg

" threshold kinetic energy.
(iii) For an isothermal atmosphere we have the eltitude veriation
of refractive index contained ins=’
N = 2.3 x 107" exp(— E_)
‘ . 0
.where hD = 7.1 km, is the scale height of the atmosphere.
.Jelley shouws that thke production rate of Cererkov photons

is proportioral to M, and so for the altitude variation of

_the prodUctionIrate.we have:~

(), - ()

b exp(—L> ces equ.Z..'?
h .
h=0 0
* ¥* A *
The features of Cerenkov light in the atmosphere described so
far will be consideratly modified.by multiple Coulomb scattering of the

radiating barticles. The Cerenkov angle,-ec, in air 1s so low that the

scattering angles, 98, even for the relativistic energies of particles
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in éxtensivé éir éhowe:s, are éften larger, so that many of the
.direcfional féafﬁres of Cerenkov radiation are masked by the scattering.
:The mean square scattering'angle h;s been derived by:Rossi and Griesen
(1941) as:- |
<es2> = ( Zsz)t radians ees ©QU.2.8 .
. . ,

where,ES = 21,MBV’ is a constant; p is the momentum of thre particle;
and t is the particle path length éxﬁressed in radiation lengths, For
aif, the rédiafioﬁ length is XO = 37.7 g cm-z, and from egu.2.8 we find
:that for p = 1060 mfﬂ, typical of the momentum of eleétroné in an ex-
tensivevair,shdwer, QS L= 120, much larger than the Cerenkov emiséion
angie.

| Other procésses wnich affect the observed charecteristics of
Cerenkov light préduced in theAatmosphere are ozone ébsorption,'aerosol
aﬁtenuafion and>Rayleigh scattering. Allen (1955) gives for the absolute
trénsmission-of the atmosphere in the zenith 63%, 73% and 80% for the
wavelengths 4300, 45QD and 5000 R, respectively, For ohservations away
from- the zenith thesé figures.will; of course,-be reauced; atmospheric
'transmission varyihg aé the secant of the zenith angle (for a'sdurce
ou?side the atmcsphere,.strictly). Detailed information or aeroscl
atteruation and Rayleigh scattering has.beén civen by Elterman (1968).

| The prﬁcessés of cispersior, diffréction anc refraction do rot

significaatly éffect‘Cefenkcv light produced in. the atmosphere (Jelley

(1967) ). -

Any experiment to observe Cerenkov light in the atmospkere must

operéte in the presence of the tackgrourd light of the right sky. Jelley

(1958) quctes a figure of bg = 6.4 x 107 photans en %5 1™ for photons
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in tﬁe maﬁelehgthvfahge 4300 - 5500 R as the Eighf light flux, but
poinfé but_trét this figure may vary gredtly_with site location and
conditioné.: Commentinglon the spectruﬁ of the nigﬁt sky, Allen (1955)
sfétes'that‘the intensity of the cortinuum radiation rises steadily by
about a factor of si* betﬁéen 3600 and 6500 R.- This is fortunate for
the Qbée:vation of Cerenkov light, the specﬁrﬁm of which pezks towérds
the blue, gs already discusséd. Tﬁe continuum radiation is composed

of starlighf, diffuse galactic light and_zodiacal light, Superimposed
on it:are mény lines and molecular bands; in-the visible region the

03‘ line at 5577 R and the OM bands between 5600 and 5900 f are, notable,

(See; for example, Blackwell, Ingham and Rundle (1960).)

2.3 Ceréhkoleadiation in Extensive Air Showers

The large majority QF the Cerenkov light produced in extensive
air showere 'is radiated ty electrons. This is so because the Cerenkov
light ﬁroductionthresholdgof an electron is much lower than that of any
'otherlbarticle, and because electrors are by far the most numerous
‘particleé in a shower cascade. About 85% of éhower electrons arriving
at_éea—level,havebenérgiGS'above thelsea-levél production thresﬁold of
21 MeU.

Fcr:each shé@er electroh'reaching sea~level there are abéut 100
radiation lengths of e}ecfrdn path in the atmosphere.. Equ.2.7 leads to
the resuit'that about 4 xv105'Cerenkov photons are prqduced for each
eiéétrdn-éfriving at sea-level (Boley (1964) ). fhe numerical excess
ﬁf Cefenkov photons over particles in an extensive air shower makes them
_mucH &Dre»ea;ily detected., At large distances from shoﬂer‘cores, measure-
ments G?VﬁhE CErEDkOU light flux can be made without the statistical
limitatiohé inheren% in the meesuring éf the véry small particle densities

that occur at these positions in showers,




The uniqre aspeuf ot the Coienkov light arriving at ground
level in én éxtensivé air sﬁouer. is that if is not proportional to
thé local particle number, buﬁ to its integral over the whole history
.bf ths shower, The signal regiétered by a particular detector will
be a Comﬁlex sum of the contributions of all thaose electrons that,
at one time or éanher-in their participation in the shower development,
radiate 1igﬁt into the acceptance solid angle of that detector., In
principié then, the chéracteristics'qf the light reflect the overall
dgvelopment of the shower‘through the gtmosphere. They may relate to
the depth into fhe atmosphere of the initial intéraction of the primary
- particle, and hence ﬁo the mass of the primary (és outlined in |
Chapter 1).,

2.4  Computer Simulations of Cersnkov Light in Extensive Air Showers

Simulations of the characteristics of Cerenkov light in air

700

showers of energies similar to those detected at Haverah Park (>10
have been carried out atiDurham'University as part of a larger program

.of work involving many aspects of extensive air showers.

2.4.i The Model by Smith and Turver (1973)
The first simulations were of the Cerenkov light produced in
proton initiated showers, and were carried out by Smith and Turver (1973

‘The model of the hadron cascade by Cocconi et al. (1961) wss used to
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).

calculate the numbers of pions of various energies produced in the nucleer

cascade at various héights in the atmosphere. From this pion distribut-
ion, the éiéctrons giving rise to the-majority of the Cerenkov radiation

were derived. The development of the electron cascade was followed by

using casCéde theory under Approximation A to consider the initial higher

-energy patticles, and then the results from the 3-D Monte-Carlo calculat-

ions by Messel and Crawford (1969) to trace the lover energy particles.




The total electron track length was evaluated and the numbers of
Dptiéal Cérénk0V~photons reachihg groﬁnd level at various cdre‘

distéthS»wére caléulated, Fig.2.3(a) shows the results for the

o averége.lateral,distributibn of the Cerenkov light (in the wavelength

range 3500 - 5000 R) produced in showers initiated by vertically
incident'protdns of énergiesA1O15,'101§, 1017 and 10189U._ The

latgral‘light‘spréad'ié seen to be broader in the lower éne:gy showers,
';_f[Fluctuations in the points bf_inﬁeraction'anﬁ in the inelastic-

ity of thé nucleons, cause individual'shquers to reach'their cascade

".deVé;bpmenf?méxima:af different depths in the atmosphere. The affect

éf éUdhvfiuctuatiDns on the lateral distributionudfdthe Cefenkou
f‘lighﬁ‘in 1017éU proton initiated éhowers Qas aiso simulated, Fig.2.3(b)
'shdws the results uhich'sUggest-ﬁﬁat'the'lateral-extent of the licht

_lﬁistribUtion‘is_an indication of showerAdevelopmént: the distribution

- —broadens with decreésing dépth into the atmospheréAof shower cascade

~development maximum. However, in the region of 200 m from the shower

;.éoré,”fhe'phbtéﬁfden$ity:is seen toAbe_independenthof éhouéf deyelopﬁent.
,andrsdiéhﬁUld.rélate.Qe;i to the primary barticle ENergy.
| .",,If'uas iafgély Qp6n:Ehe’basis of thésé simuléfion data'that the
'ihiéseht_p:ogram-of"eXpérimenfal work'to‘ithétigate,the.characteristics

;‘of Cefenkov'light in high énergy extensive air shouwers was commenced.,

.Vi‘2,4;ii Tiie_Model by Protheroe and Turver (1977) "

.The.most_rebént'éimulations undertaken at Durham are tHose‘by

‘Protheroe and Turveri(1977}. They incorporate the Feynman scaling

.R:hyédtﬁééié in the model of the pion p:dduction. ‘The production of -

Cerenkov phofons in space and time is rigorously simulated using
fNontefDaﬁlo‘ﬁebhhiqu93‘énd the effects of ozene zbsorption, aerosol -

: afténuation-éndiRayleigh scattening-on the: progress’ of the Cerenkov




Figure 2,3,

Characteristics OF_the lateral
distribution of the Cérenkou 1light
in vertical, proton initiated showers, |
according to the simulations by
Smith ancd Turver (1973).

(a) The average light distributions
in showers ofAfour primary enerqgies,
(b) The sensitivity to depth of
shower  cascade development maximum
shouwn Ey the light distributions of

individual showers of energy 1017eU.
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light through the atmosphere are‘inpluded. Details of the light

pulse shapa'and tpe_arrivaivtime of rhe Cerenkov light are given, as
uail as thé lateral distribution of the light. The results of the
simulations are made specific to the 1975/76 Cerenkov light detection
experiment at Haverah Park (describad in Chapter 3). - The spectral
response of the detectors used in that experiment is folded into the
simulations; and the effects of the system bandwidth are accounted for
py conyolutihg the temporal results with an appropriate response
fuhction;_'The averape'charactaristics of the Cerenkov.light produced
in ahowers initiated by vertically incident protons, alpha particles

16

and iron nuclei of energies 10 °, 1017 and 10189U are determined,

The’results of the simulations suggest that the average

features of the Cerenkov light do not uniquely reflect either the

primary particle energy or mass, but that several parameters are well
Correlatéd uirh depth of shpwer pascade development maximums- |
.*(i) The lateral light spreads in'shpmers developing higher in
| b'the atmosphere~are broader than those in showers déveloping
lower in.thé atmpsphere, in agreement with the model by
Smith_ana Turver (1973). The exponent of a power law
.descriptiom Df the light distribution increases monotonically
with increasing depth of shower cascade development maximum.
(ii) The:ahape of the Cerenkov light pulse is also sensitive
-,fo depth pf.shower pascada development maximum, At all
‘ppre distances the rise-time (10% - 90%) and the full-width-
' Half—maximum (SU% - 50%) of the light pulse increase mononton-
.:ically'with increasing depth of cascade maximum; although
' the variation of.the pulse rise-time is much less fhan that
~of the full-width-half-maximum., Other light pulse shape

parameters - the top-time (90% - 90%).and the fall-time




(90% - 50%)_-‘also Qary with depth of shbuer cascade
.developmgnt maximum, but not in such a simple way,

(iii) ‘The'curvaturé of the Cerenkov light front in extensive
air showers indicates depth of shouep cascade development
maximum; too, The iight front is near-spherical:and its
,radiqs decreases monotonicelly with increasing depth of
Ashouep cascade maximﬁm.

Thg simulations also suggest that at core distances greater than

abeut 1DD:m, the temporal structure of the Cerenkov light pulse mirrors
the ovérall form cf the development of the shower electron Cascade.

Despite‘the effects of the refrastive index of the atmosphere, the first

J1ight reaching‘ground level originates highest in the atmosphere, and

S0 on., Thus; the rise-time of the light pulse in principle reflects
the growth. of fhe electron cascade. Similgrly, the top-ﬁime of‘the
lightlpulsé isva-measure‘of.the width of the elecfron cascade in the
regior of -the baspadé dévelopment maxiﬁum, and the light pulse fall-
time relates to .the deéay of the electron cascade.

The fés&lts of the simulations by Prcthepqe and Turver (1977)
are cdmparéd with the'éxperimental measurements of the present work
in Chapter 5. ‘fhere, soﬁe.pf the simulation results are illustrated
in the épbropriaje.figureé.

2.5 Implications for Experiment Design

The theoreticai results presented in this Chapter clearly shouw
that measuremerts of several Cerenkov light parameters can be made in

large zir showers, They give much guidance for the design of an

_ experimert to make the measurements,

The réSults of the computer simulations suggest that Cerenkov
photon fluxes well above the background‘light of the night sky occur

oﬁt to core distanéeslof about. 500 m in showers of energy as lou as ’ID1
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An array ot simple, small arca light detectors should be guite

adéduatc fbr observation. of the light. PMeasurements of tﬁp light

flux with an éccuracy of :5% should be precise enough to shouw up the
predictéd differences in the shapes of tﬁe lateral light distributions
in showers reaching cascade development maxima at different atmospheric
depths. Also, this measurement precision should be sufficient for
shower core lﬁcatioh analysés on the basis of the Cerenkov photon
density méaSufements. ‘It may be possible to eétimate primafy particle
energy from the photon density at ZDQ m core distance, |

It“is also evident, from the simulations by Protheroe and
Turver (1977), that with a system of 10 ns response time, useful
meaéuremehfs ofvarioﬁs Cerenkov ligﬁt pulse shape parameters should
be obtained.ét:core distances greater than about 200 m. (Closer to
>£he éqre fhan this, fhe obsepved light pulses are likély to be
“banduidtﬁflimited".j The values of the Cefenkov light pulse shape
paraMBteps véry monotbnically with core distance, making shower core
locéﬁion'énalysesﬂon the Easis of measurements of these parameters
- just aé feasible as the_mdre conventional use of signal density
meaéureménts for shdwerAanaiysis.

Neasurémenﬁs of tﬁe relative arrival time of the Cerenkov light
at spatially separated detectors would allow the curvature of the
light frﬁnts of individqal'sthers to be determined. Good timing
accurécy uéuld be nécessary: inla shower with a spheriéal light front
of radius B.km (typiéél of the light front radii ﬁredicted by the-
gimulations Ey Protherce and Turver (1977) )light would arrive at a
detector situated at the shower core impact point only 47 hs before
its arrival at a second detector 500 m distant. So pursuing timing
éﬁéuracies as precise as I2 ns would be worthwhile with a detector

baseline of this order.
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As far as £Ee interprététidn of experimental results in terms
of primaf}_particie mass 1s concerned, ﬂhe aim of the present work
is to avoid relianCe on ‘model calculétiohs.. The simulation results
suggest tﬁét_many:Cerénkov light parameters measured at ground level

are related to depth of shower cascede development maximum, However,

' while.estihates of this depth may be cbtained by comparing experimental

measurements with the simulation results, subseguent identification
of prihary particle méSS is éntirely dependent on the model of the
high energy nucleér physics assﬁmed in the simulations. A possible
approech to the problem of finding the primary particie mass without
réliénce on detailed simulation results, ma; be to study the fluctuat-

: _
lons from average, of values of various Cerenkov light parameters,




CHAPTER-THRLE

THE7ATNDSPHERIC CERENKOV LIGHT DETECTUR ARRAY AT HAVERAH PARK

B Since 1972, an experiment to measure the characteristics of the
. . : R e
Cerenkov light that is produced in laroge cosmic ray air showers has

béen under development at the site of the Haverah Park air shower array,

near Harrogate in, Yorkshire (latitude 530 58.2' Nj; longitude 10 38.2' U;

méan altifude above sea-level 222 m). Thig Ehapter describes the
cufreht expérimental‘arrangements theré. A bfief survey of the previcus
work is giveﬁ first, sinée it is from this that the present system has
Beeﬁ dériued. Then follows a deta_jiled description ofithe present
equibment and a report of its performance during its first period of

operation,
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3.1 Previous Observations of Atmospheric Cerenkov Light at Haverah Park

Thé‘Firét attempt to observe Cerenkov light produced in showers
dé%ecfed by the Haverah Park aif shower array was made by Smith and
TurQef during tHe U.K. winter of 1972/73. A single 7" diameter photo-
muitipliéf (E.M.I.'type 9623) pointing vertically upwards and without
any oﬁticéi.system was-used'to oEtain measurements in ébout 100 showers
,of‘energies in the'ordef of 3 x 1Dq7eV, incident at zenith angles less
thén 60°.

A THE following wiﬁter (4973/74) the same workers extended the
'sysfeﬁ £O an array éf six lighﬁ detectors, all similar to the one 6?
the initial experiment, to meke ﬁeasurements of the laﬁeral distribution
of.the Cerenkov light'in individual showers. The light signals
reéiste:ed-by each.detector were fed along relay cable to a central
recordinélsﬁation, suitably delayed, displayed.on a ﬁulti-beam
oscilloscope and recorded photgraphically. The éscilloécope was
triggered>by the Haverah Park.SDD m particle detector array and the

-total'bandmidth of the system was about 1 MHz, At the time of writing
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the results of tﬁis experiment remain unﬁublishéd.

‘Neither of the experiments at Haverah Park had attempted to
preserve defails qf the shape of-thu Cefenkov light pulse or teo measure
the time of arrival of the light, and it was the improving of the system
bandwidth to try to measure these temporal parameters that gave rise to
the uqu reported in this thesis. _

During the next winter (1574/75); an array of 7 fast response
iight detgbtors was commissioned at Haverah Park. Again the type of
detector - a simple E,M,I. type 9623 photomultiplier with no optical
system - and‘the ﬁethod of recording -the photography‘of oscilloscope
displays - remained eésentially the-same as before, but the bandwidth
of each chanéel was imprqued.td_about 10 MHz, chiefly by using better
quality cable Fofvthelsignal delays. The results of ﬁhis experiment
inclqded further ﬁeasurementé of the lateral distribution of Cerenkov
light§ the observation of a burvafure to the light front; and measure-
. ments of ﬁhe-light puise'riseatime and full-width-half-maximum as
Funcfions of:core distance., The details of this experiment and the
Afesults'obtained have been reported by Ocford et al. (1975).

| It was the findings, both sciéntific and technical, of the
'1974/75 wdrk that moét inflgehced the design of the current Haverah

Park Cérenkov iight defecfidh experiment. Although no speéific details
of .the 1974/75 expériﬁent,ror'of it; resulté are given here, reference
to certain aspects of that work will be‘méde when dgscribing the present
system, és-a means of highlighting sohe design considerations.

3.2 The Désign of the Current Atmospheric Cerenkov Light Detector Array

The current experimént to detect the Cerenkov light produced in
the extenéive air showers selected by the Haverah Park particle detector
arfay, was commissioned in the U,K, winter of 1975/76. It uses an array

- 2 )
of eight light detectors spread over an area of about 1 km, as shown in




Figure 4.1,

rhulluyuut of- the array of
atméspheric Cerenkov light
detéctors, commissioned at
Haverah Park during the

winter of 1975/76.







Figure 362,

Schematic diagram of one complete

channel of the stmospheric Cerenkov

light detector array. (Signal paths

are indicated by double arrous;
single arrows represent other

functions.,)
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fig.3.1. The 1light detectors are mounted in the roefs of the huts

_at Haverah Park, and six ol them (labelled 2,3,4,22,23,24, in fig.3.1)

are_in-fhe same posi@ibns as the parvticle detectoré. The light
detector'loéatioﬁs'are known to within ébout‘30 cm;

Liké its forerqnners, the experiment employs an analogue data
reéording éystem and this.is lbcqted in the hut housing detector 12.
fig.3;2 is.a §Bhematic diagram of one bomplete channel of the system

and it 'is seen that two cables connect each detector and the data

.recording system, Signals from each detector pass along the signal

transit cable and on arrival at the recording system, are displayed on

oscilloscopes and photdgbaphed. The commend cable carries a command -

from the data recordihg system which causes E.H,T. to be applied to
the detector photomultipliers during night running periods.

The data recording system also automatically calibrates the

. defectors and recording oscilloscopes, and monitors the night sky

clarity.
“In the detailed descripfion of the equipment that now follows,
the reader'mill find it useful to refer to fig.3.1 and fig.3.2.

3.2.1 ‘Triggering from the Haverah Park Particle Detector Array

l.The‘HaVErah Park extensive air shower particle detector array
has been déscfibéd many times (see, for example, Wilson et al. (1963)
or Tennent (1967) ) and only a very brief account is given here,
chiefly térélarify the-arrangehents for the triggering of the atmospheric
Cerénkoﬂ-liéht detectior equipmenf.
fhe.layout'of thé Have:ah Park SUd m and 150 m particle detector

arrayé is shoun in fig.3.3. Three water Cerenkov detectors, A2, A3, A4

‘are Syﬁmetrically spaced at a radius of 500 m about a fourth similar

detebtor; A1. Each of‘thése detectors is built up from 15 tanks of

uatef, 120 cm deep, each vieued-by a photomultiplier which .detects a small
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Figure 3.3. The layout of the array of
particle detectors at Haverah

Park.
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. text and occur at a rate of about 1 hr” .
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-

fréqtion of the Cerenkcu light emitted by particles traversing the

water. The signals from each tank are added giving a total sensitive

: e 2 L 2 ¥
area of ‘32 m", . Detectors, 22, 23, 24 each consist of 2 m~ of the same

water tanks and’ are spaced 150 m from the central detector A1,
The 500 m particle detector array reccrds an extensive air

shower .when the density of particles at detector A1 and any two of

detectors A2, A3,-A4'give a signal corresponding to an energy loss

o . . -2 ... e
greater than 0,3 equivalent muons m within a 4 pys coincidence windouw,

- The triggér pulse obtained when this coincidence requirement is met,

occurs no soorer than 4,0 ps after the central detector, A1, exceeds
the'0.3.mQQns'm-zfdiscrimination level, Signals from any detectors -

must be délayed'by at least this time if they are to be displayed on

an.oscilldscope located at the central detector and triggered by this

,"500 m particle detector trigger". In practice, delays of 6.3 ys are

uséd”to'ailqw for the time taken for a shéwer to traQerse the array
as_uéll aé‘tﬁé timévtaken>td generéte the‘cDincidencé pulée. (For
each 500 m ﬁé:ticle detector, about 2.3 ps-o% this delay is in the
Qnﬂérgrdﬁnd.tfansmission:catlé that»briﬁgs.the signals to.the centpa;
becqrdihg.statiﬁh.); - |

: Air~sﬁousrs detected as a result of coincidences between 500 m

| -ﬁérticle_détécﬁor signals are referred to as "500 m events” in the

1
* ) * - *

:Usually; all subsidiary experiments at.Haverah Park are triggered

"by thé 500 m‘particlé detector triggér. The 150 m particle detector

array ‘is not used to generate coincidences tut.only td provide additional

: énergy loss measurements in sheowers selected by the 500 m particle

detectors. However, for an znalogue experiment to observe the temporal

.characteristics of-atmuspheric Cerenkov light, the 500 m particle detector
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trigcér hﬁciﬁ'distinct disadvantago, Tho LOmpOPdthbly long time

(about G. ps) that any light olglmll must be delayed before belng
recofded on a&displayltriggered'by it, leads to an unaqceptablé

lowering ofithe syétem bandwidth in an aﬁplicatién in which the reéponse
time should be as fast as poséible in order not to distort the light

pulse shape., (For example, the 1974/75 atmospheric Cerenkov light

éxperimentxét'Haverah Park hed shown that as far as 300 m from the

-shower core, light pulses with full-width-half-maxima as short as 40 ns

are observéd.)

To- overcome the long generatlon tlme of the SDD m particle detector

'trlgger, the present Cerenkov light detection experiment uses the 150 m

particle detector arrayvto select the showers recorded., In a manner

similar to that of the larger srray of detectors, showers are selected

whien Coincident particle densities greater than 0.3 equivalent muons

m . -ocour at the central detéctor, A1, and at any two of detectors

22, 232‘24._ The smallerlspatial $eparation of these detectors reduces
tﬁe tfigger'géneration time to 1.75 ps and}also iﬁcreases the rate at .
whlcr shouers afe récorded to-about 11 hr 1. |
This ™50 m partlcle detector trlgger" responds to all but the

most distant or inclined Df the showers selected by the 500 m partlcle

detectors. (Of the 86 500 m events recorded during clear .nights in the -

‘'winter of.1975/76, 68 were alsd'regisiered by the 150 m particle detector

trigger; the remaining 18 Falling’odtside the bounds of the 500 m array.)

In additioh, it also registers a much larger number of showers, of

-énérgies lower than those of 500 m events. These additional showers are

referred.to as "150 m events" in the text. Shower analyses on the basis
of particle detector measurements are available only for 500 m events,
and ‘150 m events-must be analysed solely on the basis of the. recorded -

Cerenkov -1ight signals if these louer energy showers are to be studied.
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3.2.iiAThe Cerenkov Light Detectaors

 Each Cerenkov light detectof consists of an R,b.A.'type 4522,
5" diameter photomultiplier mounted vertically upwards in a simple
aluminium box, as shouwn in fig.j;d. There'is no optical sysfem and
the photomuitiﬁlier views the sky through an almost hqrizontal, 2"
thick glaéstindow-in the roof of a Haverah Park hut. The dimensions
of the windém and detector housing are sQCh that almost the complete
sky is Qithin the fieidAof view of the photqmultipliér. The dynode
éhaiﬁ is constructed on two.circuit bdafds mouﬁted veftically at the
sides of thé neck of the photomultiplier. E.H.T. is applied to the
photomulfiplier by a relay, which is mounted inlthe lower part of the
'detecfor bog and 'is é;tiyated by the "on command"” fed along the comhand
cable Fro&xthe-central data recording system.

A ligﬁt emitting diode (L;E;D.) is mounted on thé upper edge-bf
the photoﬁultiplier housing and is used for the regular Calibrétioq of
the detector gain. The light generated when<if is illuminated, is |
directéd'over the uﬁole éf the bhotomultiplief face by a small-mirrof
- (see fig.3;4). A green L.E.D, is used in preference to the more
Commonlred ones because its light output has a spéctrum.mbre similar
to that of atmosphefic Céreﬁkoy.light;"

A Nuclear Enterpriseé type ‘N,E, fSO radio-active light-sourée
is mouhfed on the face of each photomultiplier. It consists of an
américiumba;émitter isotropicélyembedded in type N.E, 102 plastid
scintilléﬁér; and it provides an essentially delta-function ligﬁt
pﬁlse of ébput 2000 photons, at a repetition rafe of about 700 s’1.
This lighf source enables tﬁe gain and temporal Charac£eristics of

the detector to be.checked by an alternative method at various times

during the operating season.




‘ Figure 3.4.

Dné of the atmospheric Cerenkov
light detectors. The side panel
of the box has been removed to
show the photomultiplier and
dynode chain. Thé L.£.D, and
small mirror at the top edge of
the bo% are used to calibrate

the gain.of the detector.
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When viewing the night sky, a photomultiplier is required to ooerate

in the presence of a background of starllght and other scattered light
sources, The applied E H.T. must, therefore, be sufficiently low that
this ambient-background light does not cause the maximum permissible

D.C. anode current of the photomultiplier to be exceeded. Also, a

dynode Chainscurrent much greater than the O0.C, anode current is

neeoeo to aooid large charges in photomultiplier gain as the ambient
oaokgrounoﬁlignt varies,

The R.C.A, type 4522 photomultlpller has an absolute maximum D, C.
anode Current ratlng of 500 MA and the eight detectors were set up
firstly by setting the E.H.T. applied to each, to give D;C. anode
currents of aoout'ZDO LA on a Clearimoonless night. The E,H.T. values
were then trimmed,to make the complete channel gains of thevmore |
distantly‘looatedAdetectors (2,3,4 and 5) approxrnately equal and
twice that of tne more‘centrally placed detectore (12, 22, 23 and 24),
the gains of which were‘also'adjueted'to be similar.. The final E,H.T.
Ualues ranged from 1,90 to‘1.§8 kU,_whioh witn dynode chain resistanoes
of 0.67 MQ,‘reeulted'in dynode currents of 3 mA. These were some 15
times greater than the 200 KA D;C. anode currents ano the photomultiplier

gains varied little as the background light level changed. Between the

brightest, cloudy and darkest, clear, night skies, the gain changes

were neyer_more than a factor of tuwo.

In the present experiment no attempt is made to stabalize these
photomultipiier gain variations, but rather, any changes in gain are
taken into account by freqoently calibrating the detectors, This is
in contraet'uith the method that had been employed in the 1974/75
experiment, for ohich 7" diameter E.M,I. type 9623 photomultiplrers had
been'useo;'again with high dynode chain currents and low applied

E.H.T.S; but with an optical seruo-loop to hold the phototube gains




ccmpletelyhconstant. The encde current of each chotctUbe had been
monitored hy sensing the voltage across the anode load resister: if
thlsﬁdrcpped, tcur L.E.D.s in the field of view of the phctcmultiplier
were brightened, raising the ahcde current once more and thus
'stabilizlhcuthe gain. | |

.lhe‘cisadvantage uith such an'optically fed back automatic
gain control (A.G.C.) is its addition to the backgrbund sky noise
which lowers. the sighal-tc-ncise ratio of the detectors. Itluas for this
reasOh that’frequeht calibration to take account cf:gaih changes, was
used ih preferehce.to an optical A,G,C. in, the present experiment, In
fact, wlthout the A.G.C., no detectable galh Changes occurred during
the course of any one acceptably clear night: the only observed gain
‘changes were between different nights.,

The‘delta—fuhctioh light pulses of the type'N.E,-13D radio-active
light sourceslpcsiticned on the photomultiplier faces gave_signals at
the phctotube'cutputs that uere ten times the background noise from a
typical, clear nlchtisky. However, the signal-to-noise ratic of a
complete chahnel was reduced from this figure, malnly by the bahduldth
limit Of ‘the 31ghal transit cable, making the smallest confidently
measurable 81gnal about 2000 photons (i.e. that given by the radlo-

active, llght sources).

Betore finally commissioning the detectors, various checks of
the phctcmultlpller perfcrmahces were carried out in the laboratory
us1hg an artlf1c1al night sky background llght

The manufacturer claims that using a delta-fuhction light.
input, an output pulse with a rise-time ct 2.3 ns and a full-width-half-
maximum of 6 ‘ns can be obtained from atype 4522 photomultiplier cperated

at an E He T. of 3 kv, although the perfcrmance at lower E. H T.s is
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expecﬁed té‘bé.slouer. Testiﬁg;uith the type N,E, 130 radio-active
light sources achieved rise-times'bettef thén 7 ns and full-width-
half-maxima of 12 ns from all the photomultipiieps, when operated at
tﬁeir.working E.H.T.é around 1.9 KV,

The lingarity of éach of the photomultipliers was checked by
plac;ng fuolpolaroids between each phototube face-and a green L.E.D.
light soufbe; and vérying, in a way knouwfroﬁ Malus's Law, the amount
of light iﬁcidenf,on the photqcafhode by adjusfing the angle between
the polafoids. The photomﬁitipiiers were fouﬁd to be linear overva
dynamic range of at least 50:1, the lower end of this range corresponding
to the aﬁplitude of thé smallest signalé-readily distinguished from
the backgroupd noise of a typical clear night sky;

Finélly, g'check for differences in spectral response from tube
to tube maé made. THe_detectiqn efficiency of tHe photocathode and
window as a function of_uavelenéth,claimed by the manufacturer,is
shown in fig.3.,5. Similarity between the photomultipliers was .checked
by placing a rénge of.filters from deep viélet to deep red betweenban
incandesceat buib light source and each photaotube in turn;’ For each °
épectral range the photomuitiplieré were found to have responses similar

to.within X10%.-

3.2.iii The Local Defector Electronics

| Mith each.lighﬁ'detector is a set of electronics, comprising a
signal amplifier, a Célibration pulse generator and-a stabalized E.H.T.
suﬁply. -These are hounted close to the photomultiplier housing.

| The signal amplifier uses a tyﬁe SN52733- video amplifier integrated
Cichit, the two differential outputs of which feed a double-sided emitter
follower ‘line driver. Its gain is nohinélly 5, its bandwidth is 70 MHz,

and it is non-inverting.




Figure 3.5, The detebtion.efficienoy of
the photocathode and windouw
of an R.C,A. type 4522
photomultiplier (menufacturer's

specification).
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The calibration.pulse generator illuminates the calibration

L.E.D., of each detector whén activated by the‘palibration command
genefat0r~of the.data'recording system. A positive going calibration
command signal is sent back up the signal franéit Cablé and its
afrival aﬁ,fhe‘signal amplifier output is sensed by the Calibration
pulse éenerétor, which then drives the calibration L,E.D. with a
constant current source. Negative going Cerenkov light signals from
the deteéto£ are unaffected by the célibration_pulse generatof.' The
teﬁperatd:e'stability of both the Célibration pulse generator and the
L.E.D. were tested and -found to be excellent over the small rangé of
témpepatures encountered in the huts in which the detectors are
mounfed;

:The'phatomultipliers afe pouered by stabilized negative E.H.T,
supplies with a cupren£ Capability-of 8 mA, and Harwell 95 Series L.T.
unité pouer the signal amplifiers and calibration pUlée generators.

3.2.iv The Signal Delays

.It is necesééry‘to délay-fhe.signals %pom the Cerenkav light
detectoré toiéllow fime for the 150 m-particle detector.trigger to’
be:génerated'and reléyed to the data recording station, and also ta
adjust fhe affival timé of the light éignalsito suit the.requirements
Df fhevrecording systém. (These requirements_are‘determined mainly
by the.recofding oscilloscope timebase sweep speeds.) The length
of the siéﬁéi‘déla? in each channel varies betuéen'2.3 us and 3.0 us
and comprises mainly the signal transit cable that conveys the signals
from the detector to the data recording station, plus the additional
signal display delay..'For all this.delay either Aerialite type 4305
or type‘4303 high quaiity relay cable is used. A

* * *
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The bandwidths of the signal delays were tested by bassing a
serieslofjpulses, of 'shape similar to that of atmospheriC:Cerenkov
light signals, along the cables and noting the effect on various
pulse shape parameters. .The delay cables of'allAchannels were found
to have esséntially the same bandwidth and fig.S.é shous HDQ the
rise-time (10% - 90%), the fall-time (90% - 50%) and the full-width-
half-maximum of the test pulsés were affected by fhe cables., It is
seen that even the faétest pulses achieved with the type 4522
photoﬁultipliérs will be only very slightly diétorted by the signal
cables., 4 |

* * *

‘Tﬁe‘bandwidths of the complete signal channels could be
conveniently ghecked with the type N,E. 130 radio-active light sources,
perhanently mounted on the photbmultiplier faces., The delta-function
;ight outpﬁts produced by the ligﬁt sources were passed through the
complete system and dbserved'on‘the‘recording 6scilloécopes. The
pﬁlées seén all hadjfull—width-Half-maxima in the range 17 to 19 ns,
and rise-#ihes between 8 .and 10 ns, indicating the fastest signals to
which fhe s&stém would usefully respond, and confirming that the

channel bandwidths were all essentially the same.

3424V The Data Recording System

| :The‘data recording éystem records the Cerenkdv light signals
detected in the air sﬁopers selected by the 150 m particle detector
ﬁriggér,.bylphotographing oscilloscope dispiays. It also automatically
éalibrates tﬁe system,'controls the operating periods of the'equipment
ahd monitors.thé night sky conditions.

'Dealing.first with the signal ﬁaths, a Cerenkov light pulse

proceeds froh thé signal transit cable, through the display delay and

arrives at the signal intefface, where it is interrogated for dynamic




© Figure 2.0,

The offect of the signal

delay cables on test pulses

of shape similar to that of
atmospheric Cérenkov light
signais. The pulse -shape
papameters considered ares-

(a) the rise-time (10% - 90%)
(b) the fall-time (90% - 10%)

(c) the full-width-half-maximum.
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range purposes. A fast‘discriminatof monitors the signal amplitude
and onjthe-arriual.of a pulse too large for the oscilloecope Y-gain,
switches on a 10 de-ettenuator conneeted in the signal line at the
inpet of the‘recording oscilloscope. The signal passes through the
:aftenuetbr delay cable,a.nominal 100 ns of type U.,R. 203 cable, to
aliow'for the ewitehing eime of tHe aftenuator, aqd arrives at the
input of the recording eecilioscope; when_the signal attenuator is
acﬁivaﬁed_by.the pelse of é:recorded event, i;e. in coincidence with
the'ﬁSD ﬁ eartiele eetector trigger that.is'fed to the signal interface,
an L.E;b.ﬁin the camera field of viesw is illumihatee to iedica£e>that
bfee:recerdee pulse has been attenuated.

- * * o

Three recording 0501lloscopes are used in allj two Tektronix
' tvpe 7403, each with dual input amplifiers, and a Tektronlx type 556
.:double.beam, with two dual input amplifiers, Signals from two
eetebeors are eisplayed on eacﬁveseilloscdpe'trace and are distinguished
by inﬁerting one'0F eaeh bair. The signals from the more centraliy
”‘iocatee deeecfcre are recorded eeing timebase sweep speeds of
. 1DDnesediv-j, and thoee Ffoﬁ the remaining detectdrs are displayed'on
' ZDﬁ ns di\/-_lI timebaees, the lenger sweeps accohmodating the iarger '
:a:riveiifimevjitﬁere.of the more distant detectorlsignals. A type
P.11:blue phosphor'C.R.T; is'ueed.in each oscilloscope to make -the
phdtoerapﬁie writing'speed‘as fast as possbile and all the oscilloscopes
have a bandwidth of 50 MHz. .

Pulses of ampiitude”D.S div-on tHe oscilloscdpe screens are
abouf;tﬁe smallesﬁ'measureble and se the use of the»one stage'signal
:afeeeuetor.gives a dynemie range of abdet«50:1 Fef the recording v
, system,=-The gain of ‘all Ehe oseilloeeepe.amplifieﬁs ie 50,mV div-1,

.and is such that theblower,end of the dynamic range approximately
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corresponds_fo the amplitude of the smallest signals' readily
distinguished from the background noise of a typical clear night

sky, after.they have passed through the complete detector channels,

Thé gain of ééch detector channel,. and the oscilloscope
tiﬁebase sweep Speeds, are automatically calibrated at half-hourly
intervals dufing operating periods. The master clock in the data
fecordiné éystem actiyates the calibration command generateor, which
then sends the positive going calibratidn command pulses, via the
signal interfaces, back up the signal transit cables to each of v
the,deteqto:s; The calibration L.E.D.s of the detectors are
illuhinated, and the>trigger distributor is iﬁformed at the
appropriate imstant, so that the calibration signals are recorded.

Thé gains of the deteetors can be calculated from ghe amplitudes of
the_"artificial"_light puises registered in such 'a "caiibration event".
For the calibration of the recording oscilloscope timebase

yelocitigs, the z-blanking -unit is also triggered by the célibration
cohhaﬁd genérator}v A series of avalanche transistors is uséd to
produce a véry short, high Qoltage spike, which is bounéed down a
Fixed length of Aerialite type 4301 relay cable, the z-blanking

delay (ii). .Thelperiod tetween the initial voltagé spike and its

echo provides a.constant time interval standard. The two voltageAspikes
are fed tofthe z-modulation inputs of the recording oscilloscopes and
produce timing markers cn the oscilloscope traces of thé calibration
events., Thé z=blanking delay (i); between the calibration command
generator and the z-blanking unit,'i; included so that the first
z=blank §Ccurs just after'the start of the fimebése sweeps. The length

of the time interval determining z-blanking delay (ii) is such that




Figure 3.7.

Examples of the film records.

(a) The atmospheric.Cerenkov light
pulses registered in a shower
selected by the Haverah Park
particle detector array. The light
detectors producing each of the

signals are identified.







(b) The "artificial" light pulses
regiétered,in a calibration event.
The amplitudes of the pulses inaicate
the channel gains, and the z-blanks

are timing markers for checking the

oscilloscope timebase velocities.







the second z;blank aécurs just before the ena of the suweeps.
x % *

The recording oscilloscopes are automatically photographed .
aftef each;shouer with Shackman type AC2/25 35:mm cameras fitted
with £1.9 lenses, Kodek type 2485 high speed recording film is
used, and.with the type P.11 pHospho: oscilloscope screens, a
photographic writing speed of about 140 cm us-1-is achieved,
This is»sufficient to show up the details of all'but the Qery
largest énd fastest Cerenkov light pulées observed. A Haverah
.Parklhalf;ﬁihute solar time register is illuminafed in the field
of vieuw éf each camera, immediately after each shower, before the
film is aavanced. A 7-cegment L.E.D.,displéy indicates which type
~of shower has occur#ed (either a 150 m evert, a 500 m event or a-
calibpétiﬁn event). [Examples of the'film rebords of the light
signalé feéqrded hwreal showers, and.in‘calibration eveht;, are
shown inzfig;337p

* * *
Sky clarity is monitored by taking héif—hgur photographic
'eprsUrES of thé night sky with the sky camera, which views the

zenith and has a field of view of about 400.» It too is fitted with
a'Haveféh;Park solar time register, which is iliuminated at tﬁe‘end
Aof each.exposurg, allowing thoée showers recérded duriﬁg clear periods
(i.e. whén star trails are yisiblé) to be selected. Utmost care-is

. taken in the selection of showers. The only ones considered for

analysis are those recorded during clear periods of ‘at least one hour

 duration when tracks of stars down to 7th order magnitude are visible,
.Showers recorded in Misty conditipns'uhen a few stars may still be
visible are not accepted. Fig.3.8 shouws exampleé'of the sky pictures

obtained during acceptable and unacceptable'wéather conditions,

* * *
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Figure 3.8.° Examples of the time elapsed’
photographs of the night éky,
'illUstrating:-

(a) Acceptably clear conditions.

(b) Unacceptably misty conditions,
although a few star-trails are

still visible.
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The cperation times of thé light detectors and the data
recordihg system are controlled by the master clock, mhiph is
prograhmed‘éor periods of moonless astronomical darkneSs. During
these perﬁ0d8‘the clock activates the command coﬁtrol and causes EL H,T.
to be.abplied to the.photomultipliers. The command éontrol also gates
.thgitrigger distributqr so that the recording system receives particle
detect0r triégerS only when the ligﬁtvdetectérs are operating., As a
safety.ﬁrécaution, the sky sensor, which useé a photo=-resistor
located uhdér the window of detector 12,_0verrides the master clock
and‘turpsioff the detectors if the éky brightness exceeds a pre-
scribed'iéuel. |

3.3 The Performance of the Cerenkov Light Detection Eguipment

..The atmospherip Cerenkav light -detection eguipment described
in tﬁe brevious section hés»operated at the»Haverah Pa;k'air shower
arréy thfbughbuf the U.,K, winter of 1975/76. 1Its pérfﬁ?mance during
thi§ pefibd ié now assessed. Described first is the use of the
'_Qalibfation facilifies~of thé~equipment, to interrelate the perform;

ances-of the individual_light detectors,band to account for slow

" variations of tﬁe characteristics of the-éysﬁem‘during the operating
season, ATHén theAduty cycie of the experiment is diécussed and the
way in whiéh the-gathéred data Qere measured is deSCfibed.

3.3.i Gain Calibration

o In order_to compare Fhe amounts gf Cerenkov light recorded by
different detectors it is necessary to know the gains of the complete
detéctof channels, at least relatiVely, énd fdf some purposes
absolufely,‘in terms qf numbers of photons incident on the photo-

. cathodes, |
fThe'measurement of- the rélativé gains of the completg detectof

channels was tackled in two stages.  Firstly, the gain of each
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individual'bomplete channel was monitored throughout the operating

season by the half-hourly L.E.D. calibratians., Chénges in either
phbtomultiplier gain, 'signal amplifier gain or oséilloscope
Y-amplifier gain altered the amplitude of the calibration signals.
Theq; on particUlar clear nights during the operating season,
the half—hdgrly L.E.D. calibrationé of the detectors were interrel-
ated, to enéble the gains of the various.channels to hbe -compared.

, o !
A light source was taken .to each detector.in-turn and positioned on

the photomultiplier in a repeatable way such that the whole of the

photocathbde was illuminated. Thé amplitudes of the pulées produced

by this light'source, as wéll as those of the half—houriy L.E.D.

Célibrationlpulses, weré measured én these mights. Interrelatihg

the halfAhourly:L.E,D.,Calibrationé of the individual detectors in

this May,venabled the gain of any one detector channel, at any time

during the operating season, to be compared with that of ény other

chanhéi, at aﬁy ofher timé, witﬁ an accuracy better than.iS%.
The-amplitudes of the signpals from the type N,E, 130 radio-active

l{ght sourceé»permanently mounted on the photomﬂlfiplier faceés were

‘also measured'atgua?ious times during the operating season and used to

confirm thé L.E.D, gain calibration,

An attempt to measure absolutely the response of the detectors

to a bhoton flux was made .by relating the signals from each detector

tolthe light output of one particular type N.E. 130 radic-active light
source. The light pulse of this source was estimated by Hartman and

Weekes (1976) to be 1725 2 350 photons. The estimate of the absolute

- response of the detectors so»obtained; was thus accurate to within i'20%.

In thé'fblloming Chapters, the results bf‘the present work are
presented in terms of this absolute calibration, Of course, the

precision with which photoh density measurements made with different
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deﬁéotors at different times are intorrelated,does not depend on
the_abéoiute calibrafioo. The relative calibration of the detectors
is knowntto within :5%.. |

* * B )
The gain oalibratioo showed thét no gaio'ohanges occurred in
v-aoy”chaonel doring the course of any one clear night.“Houever, gains
dio'daryvfrom high; to nigho and the pootomultipliers showed an oge;
ioo«effeot during the course of tho winter; their gainé falling steadily
oyﬂas'much as a factor of twovin some ceses, This was thought to be
due to'bloaching of the photocathodes by sunlight during.the'day.‘

Fig,3.9 shows the gain decrease of the most and least affected channels. .

3.3.i1 Timing Calibration
o In orde:Ato measure the arrival-ﬁime of tho Cerenkov photons
::ofjono_dotoctor mito reopecﬁ to thgorrivai time;of those at.ahother,
it is.nooessary to know toe‘ﬁotal-delay,in the signal path of the
. one‘coannol‘- from'the photons striking the photomultiplier to the
' Taopeaoance of the pulse on the recordiog oscilloscope t;mebase -
: relativo to”that of fhe other ohannel; To oeasuro»this,Athe oelay
: .througﬁ"the signal transit cables and signalAdiéolay delay cables
: muét bo fokon into'accouot; as well as the delay throogh the photo-
'f muitiolioré ano'signal amplifiers. . The atténuator delay cable ond
{ﬁothefhoonheotino leado in the data recording station will also con-
‘_;tribuéoitolfho total éignal delay., The velocity and-linearity of
“l_the reoonding oooiiloScopé timebaseo; and-the dif%erenoes in the
voitriggo:ing'time of each osoilloscopo,must also be considered.
w:iTho oelay of all cables in the signal>path between the signal
uahpiifier;output and thé oscillosoope ioput of ‘one channel, was
compareo-oith thot of.anotoer channel by simoltaneously bouncing a

'polse down the two cableé‘and noting the time difference in the




Figure 3.3.

Detector gain measurents made on
clear nights, showing the gradual
decrease in gains during the
1975/76 operation period. This was

thought to te caused by sunlight

bleaching thé photocathodes during

the day. The measurements shouwn
are for the least and'most

affected detectors.
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' retqrn,0f the echoes. Relative .cable delays were found to 5étter
than_:Z ns in this way.

.The delay of each photomultiplier and signal amplifier was
measured.absolutely to better than =5 ns. This contributed typically
120 ﬁs ﬁoAthe fotal'signal delay, about 90 ns of which was the transit:
time thrpugﬁ the photomultiplier.

Aliouances'forAdifferences in the.times faken for each record-
ing oscilloscope to trigger were made by using the first z-blanks of
. calibration events as real-time coincidence markers. The time
iﬁt95val bétueeh'the start of the timebasé of é baftibular oscilloscope
and thejfirsf blank, was subtracted from #he time along the timebase
of Cerehkdu.light pulsés displayed on that oscillbscope. ‘Delayé of
the lightIleses from a well defined point in time were thus obtained.

‘Méasurements 0f the recording oscilioscope timebase velocities
made.uith the z-blanking'unit every half-hour, showed that all sweep
speecs remained cbnstégt to within the measuring accuracy of 1 ns div"1
dﬁring ény;one night. H&wevér, uafiatiohs Between nights were révea;ed
andvthese-wére téken into accoqnt in the calculation of Cerenkov light
pulse arfiQal times.

.Non-linearify of the recording oscilloscopé timebases was also
considered in the calculétion of ligHt pulse arrival times. ‘The
timebase lineabiﬁies were measured occasionally dﬁrihg the operating
season uSingva crystal ocsillatér. No-évidence that they varied ués
seen., | |

‘By alloming,for the above factors, the relative arrival time
of'£he light pulses -of a shower, could be found with a precision of
':7 ns. It was convenient to relate all arrival fimes to that of the
light pulée from detecto£ 12,-since.the£e is always a signal recofded

by this detector because it is located centrally ipn' the array.




3.3.iii The Duty Cycle of the E{periﬁent

The requirement of cloudless and ﬁoonless nights makes
operating atmospﬁeric Cerenkov light detection,equipﬁent in the
U.K.'worthwhile only during wintef months, when the longest nights
‘6ﬁcur. The present system has run gt Haverah Park for a period of
100 days be%ween 25£h November, 1975 anq 6th March, 1976. During
this operating season, 23 acceptably clear nights occurred and the
'equipment was operative on 20 of these, providing data from 70
 hdurs running time. (Expfessed as a fraction of a whole year, ths
runniné time efficiency was abouf 1% of a year,)

A_%otal of 68 500 h events, together with a further 584 150 m
events were recorded during the periods of acceptable sky conditions,
énd‘fig.3.50 shows a histogram of the number of étmospheric Cepenkov
light éignals registered in each of the showers; The light signals
recorded in all of the 500 m events were measured, éince shower |
analyses_on the basis ﬁf particle detect0r~measufements were available
for these shouwers. However; of the 584 150 m events, only 255, in
which def‘or more Cerenkov light signals had been fecofdéd, were
Sélectéd for study, since at least four detector signals are required
fér any sorﬁ of shower analysis on the basis of the Cerenkov iight_
iﬁformation alone.

3.3.iv The Measurement of the Recorded Cerenkov Light Signals

.The photographic reﬁofds of those events selected for analysis
werevprinted to an enlargement of nominally twice 1life éize and
measured manually with a transparent grapﬁ paper overlay. The
é*act.mégnification of.the print was determined'frqm the sizes of
the_og&illoscbpé graticules, which uwere pHotoérapHed at the beginning
and eﬁd of each. film,  For each light pulsé examined, the parameters -

.measured were the pulse amplitude; and the positions along the time-
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Figure 3.10. Histogram showihg the number
of measurable Cerenkov
light signals registered in

each shower recorded.
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base at which the puise reached 10%, 50% and 90% of its amplitude,
on both the rising and falling edges of the pulse (refer to fig.3.11).- .
From these measurements were determined:- |
(i) The light pulse rise-time (10% up - 90% up)
(ii) . The light pulse top-time (890% up - 90% down)
(iii) The light pulse full-width-half-maximum (50% up - 50% doun)
(iv) The light pulse fall-time (90% down.- 50% doﬁm) |
(V) The light pulse area, by the usé of a trapezoidal fit to
‘the measured points.
(vi) The 1ight pulse arrival time, determined from the time
} Eetwéén the start of the timebase aﬁa the 1U%ipoint on e
fhe pulée leédiﬁg eage.
(The lig'l-jt ‘pulls‘;e fall-time, ‘from 90% to 10% of the full amplitude
on the fallinglédge, was not determined becagse it was-found toc
difficult‘tozreliably meaéure the- 10% point in the pfesence of
backgroqnd noise.) | |
Fbr the case of a calibration event, the parameters measurecd
’iwére.ﬁhéféalibratibn pulse émplitudes, which aliowed the complete
channel gaiﬁé to ke checked,and'the_times betMeen-the z-blanks, which
Chécked tﬁe oéciliosoope timebése velocities, The times between
the timebase starts and the first z-blanks, which were used toialloQ
for fhe triggerihg times of'fhe oscilloscopée in the calculation of
the arrivél~times,oﬁ the light pulses in real showers (as discussed
in secti0513.3.ii), Qeré also measured.
Meésurements cculd be mede to within 0.5 hm an fhe prints,
:porrespondiﬁg to fiﬁing accuracies of bétter tﬁaﬁ 2,5 ns for light
pulses disblayed onthe type 7403 recording DSCillDSCOﬁBS,Aand

" better than 5.0 ns for those appearing on the type 556 oscilloscope,




“Figure 3.11.

Measuring the recorded
ligkt signals.
(a) The measured parameters

of each Cerenkov light pulse.

(b) The measured calibration

pulse parameters.
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Treatment of the cata from the selected showers involved the

measurement

the further

of more than 1500 light pulses. These measurements, and

‘processing of the numbers cbtained into computer compat-

- ible form, were handled on a "production line" basis to minimise the

time spent on this part of the data analysis,

3.4 Conclusions

Aq array of widely spaced atmospheric Cerenkov light detectors

and an analogue data recording systemihave been constructed and

calibratéd'at,the Haverah Park air chouwer array. Three independéht

sets of information ebout the Cerenkov light in each extensive air

_ shower recorded, are. obtained with the equipment =

(i)

The density of Cerenkcov photons is sampled at different

vpositiqns in the shower by measuring the areas of the

" 1light pulses registered by the detectors. The signal

:,strehgth at each detector is ihterrelated with an accuracy

of better than 5%, anc the .response of the detectors to

: a photon flux is known to within 20%.

(i)’

(1i1)

Mezsurements are made of the temporal characteristics (the

rise-time, top-time, fall-time, and full width-half-maximum)

of the Cerenkov light pulses registered by the detectors.
The equipment faithfully responds to light pulses with

rise-times as short as 10 ns and full-yidth-half-maxima

'down to 18 ns. Each pulse chape pérameter is measured with

a precision of better than 5 ns.

Measurements of the pcsitions of the light. pulses along the

recording oscilloscope timebases are made, and these lead

"to the calculation of the relative arrival times of the

Cererkov light front at the various detector positions.

The timing meascrements are made to within 7 ns.
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The'acburacy with which the varipus Cerenkov light barameters
can be'meaSuréd is not limiféd by.any single part of the system;
each sectibﬁ:of thé equipment being similérly matched in this respect.

fhe 1% duty cycle of the experiment in the unfavourable climaté
£ha£ Océurs at Haverah Park is Very.low. Nevertheless, 100 winter
nights Dperafion have produced a worthwhile sample of data. Cerenkov
light measﬁrements have:been made in 68 500 m eveﬁts, for which shower
analyses béséd on the-Haverah Park particle detector measurements are
available..”Meésurememﬁs have also teen made in many more 150 m events,
‘ﬁor about haif of uhich,'four or more light signals were recorded,

making analyses on the basis of Cerenkov light data alone feasible.
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CHAPTER FOUR

MEASUREMENTS BF THE AVERAGE CHARACTERISTICS
OF ATNDSpHERIC CERENKOY LIGHT IN AIR SHOWERS

fhé avefage features of the Cerenkov light signals measured
in the present work are reported in this Cnapter. Data reco;déd in
those extensive air -showers reg;stered.by thn Haverah Park 500 m érray
are considered here, since information on the arrinal direction, core .
'lncafion-and primary particle energy of each of theseAshowers is
available, from analyses of the deep water particle detector data by
fhe University qf'Leédé group.

The featurés nfthe lateral’terenkov'light distrioution and-of
the various linht pulse‘éhape,paranetérs are each ccnsidéred in turn.
Dependences of eéch of these parameters on shnwer energy and inclinat-
ion from the zenith are determined. Then, changes in showef energy
and -in shower zenifh angle are relafed to changes in depth of shower
cascade development'maximum, inlan attembt to,quéntify the sensitivity
.of the Cerenkov light pa:amete?s‘to depth_of snoner cascadé‘maximum.
-A Cerenkov light mgasnre nf primary particle enérg? ié identified,
and4finaliy, the~nuru§ture of £he Cefenkov lighf front in extenéive-

air showers is examined.

4.1 Daté Handling

. All of thejmeasured.Cerenkov iiéht parameters vary with core
distance aé well as with pfihéry particle energy and shower inclination
to the‘vertical. Thié_must be takén into a;count'uhén determining the
'denendences of.thenparameters on-shnner ennrny and inclination. Tne
showers nfudied'weré dividéd into intenvals of zenith angle and'yertical
.equivaiént value of thé.Haveréh'Park_particle detector array parameter,
_p(SDD). i(p(SQD)UE.iS an e;téb;ished méésure o? primary particle energy
that is nuétomarily émplcyed by all supporting‘experiments at Haverah

Park, - See',‘f‘or example, Allan et al. (1971), Alake -et al. (1973), Dixen
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et al. (1974).) The interualé used were:-

Enerqgy. Ranges ‘ Zenith Angle Ranges

.p(SOD)UE < 0.3 m2 e < 86 < 25°

0.3 < p(500), < 0.6 Tt 25° < § < 35°
0.6 < p(SOU)UE < 1.25 n7% 35° < 8 < 45°
| p(500),; > 1.25 rp’z 45° < 8 < 65°

Within each interval; the measured values of each of the Cerenkov light
‘parameters in turn,'were expressed as functions of core distance Qéing
least squares fits of.appropriate expressions, 'Average values of each
parameter~:at éelected core distances between 100.and 500 m, were then
derived frbm the fitted éxpress;ons. In this way, the dependence of
each pérameter on core distance was reﬁdued, enaEling the variation of the
paraméters Qith shower energy and inclination to. the zenith, to be
studied. |

Before the curve fittihg; the photon density measurements in
each infervél.mere normélized to the average intepval'energy, on the
assumption thét the Cerenkov photon dehsity increases linearly with
primary particle energy. Also, aliomaﬁce was made for the fact that
the area of a detector photocathode exposed to the Cerenkov light flux
in an inclined-shouer,is effectively leés than thé afea exposedAin a-
vertiéélly.inciABHt shouwer. S

In the case of,heasurements of the pulse shaﬁe parametefs, no
atfémptvwaé made to account for the effect of the Qandwidth of the
exﬁerimentallequipment.

All measuremenis made by detectors situéted closer than 70 M,
or further fhan €00 m, from the shower core were not used and showers
with poor pérticle detector data analysgs (i.e.iwifh goodness of fit,

XZ, greater than 1.50) were rejectsd,”
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A total of 226 sets of Cerenkov light pulse measurements were

, contained in the final data sample. These were spread evenly amongst

the shower energy and inclination iﬁtervals, although réther few
measurements were ﬁade in small, vertical showers or in highiy
inclined‘ohes. The'sample of data was gmall, but sufficient to give
useful results on the average characteristics of the Cerenkov light
in extensive air showers..

4.2  The Lateral Cerenkov_Light Distribution

4.2.1 The Variation of the Cerenkov Photon Density with Core Distance

The variation OF the Cerenkov photon density with core distance

. is illustrated in fig.4.1. The individual photon density measurements

made in showers of énergies in the interval 0.3 <‘p(500)VE < 0.6 m-z,

and incideht'at zenith angles in the interval 25° < 9 < 350, are
shown. The_méasurements are well represented over the restricted range
of Cdre‘distéﬁces by a simple pouwer law Structuré:funétion.

Power law structure fqnctions were fitted to the.pﬁoton density
measureméntS.made in the showers of each of the energy and zer.ith angle
intefvaisi Over tﬁe rénge.OF core distances at which ﬁeasuréménts were
made, the light intensity, ¢, decreases with distance from the shower

cbre,‘r,'aocording tos- -
o(r) .Y ce. BQULALT

The structure function exbonent; Y, is a constant particular to the

showers in each interval. (The correlation coefficients of the fits

of the bomér laus were éll greater than 0,75, indicating critical
sigﬁificanéesless than 0.5%.)

- Each measured lateral Cerenkov light distribution is completely
defined bty stating the value of thé photon density at one core distance,
as -well aé thé value of the expénent of thé power law structure function.

The values of ¢(200),.the photon dersity at 200 m core distance, and




Figure 4.1. Individual Cerenkov photon density

measurements made in showers -

of energies in the interval

. -2

0.3 <1p(50[])\]E < 0.6 m , and
incident at zenith angles in the

. 0 o

interval 25 < B < 35 . The
~measurements are shown here as an
illustration of the shape of the

lateral Cerenkov light distribution,
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Table 4.1.. Measurements of the lateral Cerenkov

| light distribution. The average
features of the light distribution
have been determined by fitting pouwer
law structute functions to the photon
density measurements made in shouwers
of various energies and incident at.
various zenith angles. Shomn here are:
(a) The average values of ¢(200), the
Cerenkov photon density at 200 m core
distance.
(b) The average values of Y, the structure .

function exponent.
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C e

the values of Ys the structure function éxponeht, which together
repreéent the data of eacﬁ shower energy and zenith angle interval,-

are .given in tables 4.,1(a) and (b). . The standard errors on these

' quantities are also given., (As expléined in the previous Chapter,

the phofon calibration used in the present work isvaccurate only to
within 20%, but the lighﬁ fluxes measured in the shouwers of each

interval ‘are related to-one another with an uncertainty of less than

5%.)

The trends of the: values in table 4.1 indicate that the
lateral Cerenkov llght dlstrlbutlon is sen81t1ve to both shower energy
and»shower inclination to the zenith., The values of the structure
fdﬁbtion exponent-aré.seen to decreaselwifh decreasing shower energy
ahd withvincreasing sther zenith angle, shoming thaf the 1light in
smallef'showers, and'in more inclined showers, is moré laterally
spfead'ouF.v ln contrgst, the value of the photon density at a core

distance of 200 m; is seen to be substantially independent of shower

-inclination and to vary only with shower energy. JThese characteristics

‘are now examined more closely.’

4,2,1i1 The Sen81t1v1tv of the Lateral Cerenkov Light Distribution to
qhower Energy and Zenith Angle ' '

The dependance of the lateral Cerenkov light distribution on
sho@ef energy is lllustrated in fig.4.2(a). The power lau structuge
fﬁnctions fittéd:to the:photon density measulements made in showers
arriving at zenith angles in the interval 25° < 6 < 35° are.shoun,

for fdur different enerqy intervals that span_aboﬁt”one decade. The

-.value of the»étructurekfunction,exponent of each of the fitted ex-

pfessions:is shown‘énd the spread of the'individual photon density
measurements is indicated by the error bars, which show the standard

errérs on the fitted pﬁoton»density~Values. Begsides the fact that




- Figure 4.2.

The dependence of\the lateral
Cerénkov light distribution on
shower energy.

(a) The power lau structure
functions fitted to the photon
density measurements made. in
shovers incident at zenith ancles
in the interval 25° < 6 < 35°,
for fogr intervals of shower
enetrgy.

(b) The variation of the structuré

function exponent with shower eneray.
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there is more liéht in higher énergy showers, it is again seen that the
valué 0% y, fhe struqture function exponent, decreases uith diminishing
~vélqe of p(SDD)Vt.. The iaferal spread of the Cerenkov ligﬁt is broader
inbshouers of lower primary particle energy.

The'variatiOﬂ of thé structure functiqnlexponent with! primary
particie energy is shown moré clearly in fig.4.2(b)., Here, values of Y
are'pioﬁtéd as a-function 0f~p(SUD)UE. :The sﬁall numbar of data
pdints,tentativelysﬁggest that the value of the structure functien
.vexpdnent ihcreases'éé tﬁe,logarifhm of primary particle energy, at
least over the - decade of énergy in which the data -were measured.

* . * *

In a similarlmanner, the depen&ence of the lateral Cersnkov
light distribution on‘sther zenith anglé is illustrated in fig.4.3(a).
‘.The léteral spread of the light in showers of energies in the intzsrval-

D.3I<< chDD)ué. < D.6vm-2 is Shown;for four differant ;enith angle
intervélé,' It is seen that the licht spread- is broader in the hore
_inclinedvshouers;‘tﬁe value of .y, the exponent of the fitted power
law strucfure.fthtion% decreasing with increasing shower zenith
angle. |

Values df thé structure funétioh exponent gfe blotted as a
:funétioh of cos@ in Fié.4.3(b). The small ﬁumber 0F‘data points suggest

tﬁét-fhé.Variaﬁion of the struéture Fuhctipn exponent with shower zenith
angle.@a; be reasonably-uell répresented by a dependenpe proportional
 t§ cosO. | '
.Réturning_td Fig.4.3(a), the insensitivity of the photon density
ét:ZOD m core disténce,AfD_shouer zenith angle, is also seen. Consequen-

ces ofgthié are dealt with in.section 4.6. -



Figure 4.3.

The dependeﬁce of the lateral
Cerenkov iight distribution on.
shower zenith angle.

(a) The power law structure
functions fitted to the photon
dénsity measurements made in
showers of energies in the interval
0.3 < p(500), < 0.6 n"?, for

four zenith angle intervals.

(b) The variation of the structure

function exponent with zenith angle.
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4,3  The Cerenkov Light Pulse Shape

4,3.i The Variation of the Cerenkov Light Pulse Shape with Core Distance
All four of the parameters Choseﬁ to descriae the sEape of the
Cerenkoﬁ light pulses; the rise-time, top%time, fall-time and full-
uidth-half—makimum; were found to vary with core aistanoe in a similar
manner. The“yalue of each of the pulse shape parameters increases

exponentially with core distance, r,-and an equation of the form:-
t = A + exp(Br) ... equ.4.2

was fitted to tﬁe measurehgnts of each parameter, made in the showers
of each of the shower energy and zenith angle intervals. (The
correlation coefficients of the largé majority of the fits were
greater thaﬁ 0.65, indicating critical sighi%icances less than 5%;)

' At'cﬁfé'distances greater thén 200 m, the Cerenkov light pﬁlses
a#é.slow'énougﬁ to ﬁe essentially unaffected by the bandwidth of the
éxperimentél equipment. Thus it is at these large core distances,
~that depéndences of the light pulse shape on showér energy and zenith
aﬁgle ére'most marked, Aﬁ»coré distances less than 2OD.m, any
variatiqné-oFAthe bu;se shape mifh these shower paramefeps are likely
to be maskéd-by the bandwidth.

To study trendé_bith shower energy and zenith ahglé, the
exponéntialzexpreséioné>fitted to the measurements of the light pulse
shabé parameters, were used to eValuateAeach parameter af a core dis-
tance of 400 m. fables 4.2(a) - (d) show respectively the values
oflthe ligﬁt'ﬁulse riéé—time, top-time, fall-time and.fuii-widthéhalf—
maximum ét this core distance. The sténdard errors on the ualués are
also shown.

| if ié seen 1in table 4.2 that génerally, the values of all the
light pulse shape parameters decfeaée with increasing shouwer inclination.

from the Zzenith, . The light pulses in inclined showers are faster in all-




Table 4.2.

Measurements of the shape of the
Cerenkov light pulse. The average
features of the shape of the
Cerenkov light pulse have been deter-
mined by expressing measurements of
the_bulse shape parameters, made in
shomérs af various»energies and
iﬁcident at various zenith angles,
as éipodential functions of core
distance. Shown here, are the
average values of the light pulse
shape parameters at 400 m cdre

distance.
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reépecté than thbse in vertical showers. However, there is little
evidence for aﬁy trend with shouer.primary pafticle genergy. In the

nekt sebtioh;ithe depenﬂenée of the light pulse shape on shower’
inclination 1s examined more blosely. All the pulse ;hape parameters
are considefed together, since they exhibit very similar characteristics.

4,3,11 The>Sensitivity of the Cerenkov Light Pulse Shaﬁe to Shower

Zenith Angle

THélshquer zenith angle dependences of the .four-Cerenkov light
pulse shape_parameters‘are illustratedAin figs.d.d(a) to 4.,7(a). The
exponentialbexpressions fitted fo'the measurements made in showers of
energies-in the interval 0.3 < p(SOD)VE < 0.6 2 are shoun, for
four different zenith angle inte?vals. The spread of the individual
measureménté’is indicated by.the‘error'ba:s, thch show the standard
ETrTOTS on:ths_fitted pulse shape values. It is seen that the rise-time,
'fdp-time;'Fall-time and full-uidth;half-maximpm of the Cerenkov light
pulse, ail decrease in value with increasing shower inclination to the
zénith. This trend is'mﬁsf marked at core distances greatér than
about 200 m,.since the bandwidth of the recprding.equipment has no
effect oh thé light signalé recorded at these core distances.

The-variation of the light pulse shape parameters with shower
inclination‘is illustra£ed in an alternative way ih figs.4.4(b) to.
4;7(b); Here, the values of each parametéf at 400 m core ‘distance,
are plotted as Fﬁnctions of the cosine of shower zeﬁith angle. Although
the ﬁumber of measurements in each caée is small, the data suggest that
the'variéfipn of all the light pulse shape parameters,with zenith angle,
caﬁ be adéquately represented_by a dependehce proportional to COSe (at
least oveflthé range of shower zenith angles for which data are available).
It>is'notea, however, that results of simulations by the Soviet group

; L. . 2
indicate that the light pulse full-width-half-maximum varies as cos B




Figure 4.4.

The e pendencr of the Cerenkov

light pulse rise-time on

shower zenith angle,

(a) The exponential expressions
fitted to tﬁe rise-time measurements

made in showers of energies in

the interval 0.3 < p(500) . < 0.6 n?,

for four zenith angle intervals.
(b) The variation of the pulse
rise-time at 400 m core distance

with zenith angle.
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Figure 4.5.

The dependence of the Cerenkov

light pulse top-time on shower zenith
angle.

(a) The exponential expressions
fitted to the top-time measurements
made in shouers of energies in the
interval 0.3 < -p(SUD)UE < o.s'm'z,

for four zenith angle intervals.

" (b) The variation of the pulse

top-time at 400 m core distance

with zenith angle.
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- Figure 4.6.

interval 0.3 <:p(5t30)VE < 0.6 m %,

The depoenderce of the Cerenkov
light pulse fall-time con shomei
zenith angle.
(a) The exporential expressions
fitted to the fall-timé measurements
made in showers of energies in the

2
fer four zernith angle intervels.

(b) The variation of the pulse

'fall-tihe at 400 m core distance

with zenith angle.
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Figure 4.0,

The dependence of tﬁe full-width-
half-maximum of the Cerénkov

light pulse cn shouef zenith angle.
(a) The exponential expressions
fitted to the measurements cof the
full-width-half-maximum made in

showers of energies in the interval

10.3<p(500), < 0.6 m~%, for four

zenitk angle intervals.
(b) The variation of the full-width-
half-maximum at 400 m core distance

with zenith angle.
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(Efimov et al. (1973) ). More numerous and accurate experimental

measurements would‘enable the form of the variation of the Cepenkoﬁ :

light pulse shape with shower zenith angle, to be defined with 
greater certainty.

4.4 Quantifying the Sensitivity of the Cerenkov Light Measures tg

Shower Energy and Zenith Angle

It has.been'illusfrated in tﬁe last tmo-sections, that most
of the measured Cerenkov light pafameters vary with.shower energy,and
inclinqtion; It is necéssary'to guentify these veriations in order
that valugé gf the paremeters appropfiate to shcwers of specific
: energies and zenith angles, can be éalculated (for compafisch of the
data meésureé here with simulztion results, fo; example). This has
been aEhieﬁed Ey using a multi-paremetric .analysis pfocedure. The
averege veluesof the. measurements of each cf the parametsrs,'made
in the shcwgrs of eéch.of the-energy and zenith angle intervals,
were eXprésSed as linear comﬂinations of the averzge velues of
iogdo (p(éQD)Ué) and 0689 0? each- intervel. These functions were
Chosen‘follouing‘the.empirjcal suggestions from the data presented
in figs.4;2(b) to 4.7(b) (éee‘sections 4,2.ii aﬁd 4,3.ii, above).

Thé.structure function exponént of the laterel light
‘distributien,. and the pulse shape caremeters evaluatecd at 400 m core
_distance, were ohserved to depend on shower energy and inclination
according td:- |

Structure Function Exponernt

. . L 2 - - 5
¥ = 1.185 - 3.547 x cosB 0.277 x 1og. (p(SGQ)UE)

. : ve. 2QU.GL3
OTE-multiple correlation coefficient of the Fit was C.95, indicating

a critical significance less than 0.1%. The standarc -error on the

33



Y

.....

Ri$e;iime at 400 m‘CoreAbistancé
_ t£(400) - 216,55 + 43.75 x cos® + 0.119 x log, - (p(SGO)UE) ns.

cee equ.4;4 -
(The-muifiple c0rré1ati0n coefficient of the fit was 0.94; indicatirg
a critigéi significance less thaﬁ 0.1%. The standard error on fhe
: ﬁrédicfed rise-time.valyes wag 1.7 ns.)

Toé-Time at 400 m Core Distance

— - g gr—. - -

£,(400) = -13.29 4 36.27 x cos8 + 1.201 x log, g ({KSDO)UE) rs.,

ees £0UL4.5
(The ﬂultiﬁle corfelation coefficient of the fit wes 0.79, indicating
a crjtical'significancé onO.Q%. The stancdard error on the preaicted.
tqpftime.vaiués uaé 2.9 ns.)

' Fall-Time_at 400 m Core_Distance

t.(400) = 516;84 + 52.96 x cosd + 6.97 x log, - (‘KSUO)UE). ns.
ees 2QU.4.6 |
(The multiple ccrrelation cdefficient-qf the fit was‘0.86, indieating
a critical‘signifiCance of 0;1%. The etardard error on the predicﬁed
fail-time-Valueé Qas 3.6_53.)'
- Full-Wigth-Half=Maximum ot 400 _m Core Distance
t%(aoo) '; .'45'74_+_j20'3 x cosO '+ 5.92 x log, | (p(soo)UE)‘ ns.
. oo equ.4.7

(The multiﬁle correlationvcoefficiént of the.fit weé 0.87, indiceting
a critipéi significance of 0.1%. Thg standarc error on thevpredicfed'
Full-uidth-helf-marinun values uas 7.4 ne.

‘Eqﬁé.A.S to. 4.7 are a statement of the average chafactefistiCS»
of Ceren#cv light in extensiye.air $howers, as measured in the

presentAwdrk. Frem them, values of each of the Cerenkov light
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parameters in shiowers of cny cnergy and zenith angle can be evaluated.

4.5 The Sensitivity of Cerenkov Light Measures to Depth of Shower

Cascade Development Maximum

Thé variétions of the various. Cerenkcv light parameters with
shower zenith angle, can be used to inveétigaté the sensitivity of
the paraﬁétérs{to chenges in depth of shower cascade development
maximum, An inclined éhower traverses a greater thickness of
atmosphenabeforé reaching ground level thén does & vertical shouwer.
Consequently,Aon-average, inclined showers reach cascade development
maxima at greater altiﬁudés than verticall? incident shouwers.
Assuming that no significant changes arise from the differing air
densities at different atmospheric levels, increasing the inclinztion
of a‘vértical shouer.to 24.40, is eguivalent to changing the depth
of the béécédé development-maximum of the shower by 100 g cm-z.

A.éeccnd eétimate of the sensitivity of the Cerenkov light
Aparamete:s.t6>changes in'depth ef showef cascade dévelopmént maximum,
.is made pOséible by uéing ﬁhe information from model simulations,
that showefsvinitiatéd by higher energy primary particles reach
casgade maxima lomef in the atmosphere than those initiatec by lower
energy primary particies. (Here there is no possible complication
arisingifrﬁm'the showers developing in parts of the atmosphefe’of
vaiffering aehsity.) Many plausible simulations, including thoée of
bethérae and Turver (1977), suggest a difference of aboﬁt 100 g c:m-2
Eetweeﬁ the depths of fhe cascade maxima of showers initiated by
primary particles of energies diffefihg by one decade,

'Thefvériafiong§F~each of the Cerenkou light parameters with
both shower energy and shower inclination,-héue been used to estimate
the sensifiuities of the parameters to depth of showef cdscade

development maximum. The Chahges in the value of each parameter, that
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recult from alterations of shower-enErgy and inclination that are
gach equivalent to én incfease in aepth of maximﬁm of 100 ¢ cm-2,
were Calcuiated‘from_edus.4.3 tc 4.7. These changgs are shown in
tatle 4.3, ‘Itlis seen that alterations in shower energy and in
shower ?éniﬁh éngle, that correspond to similar vériations in
positioﬁ'of shower cascade maximum sbove the detector array, each
iead to_similar charces in the values of the Ce?enkov light
parémetersx(aifhough the rise;time values are a possible exception).
This consistency supports the validity of interpretinc alteratioaé
in.shoueg'energy and in shower zenith angle? as being equivalent
to variatiohs in depth of shouwer cascade development maximum,

Bofﬁ tHe laterél light diétribution'and'the light pulse
shape are sensitive to'depth of shower cascade development maximum,
Qn.ayeré@é, the laterél ligHt spread is narrower in showers reaching
Qascade develdﬁment maximé lower in the atmosphere; anc the liéht pulses
'in these'shouers ére"slomer. The Cerenkov light parameters most
-_sensitive to bhangéé in depth of shower cascade maximum, appear to
. be‘the sfrﬁcture function exporent, and tte light pulse fall-time and
‘fﬁll-width-half—maximum. The changes in these parameters resulting
f:bm a change of 100 g c:m-2 in depth of shcwer maximum, are greater
thar the errors on individuzl measurements of tHese quantitiés. This
'_then; giVeé some indication of tﬁe resolution in depth of shower
cascade:déuelopment maximdm, that is potentially'available with the

existing experimental equipment and measuring technigues.

, 4.6 Afberenkov Light Neaeure cf Primary Particle Energy

It has been observed thet the Cererkov photon density at cbre
distancés»in the region of ZGO m, is substantially independent of
sﬁouer zenith engle. It varies only with shower energy. (See table

4.1 ahd'fig.4.3(a) .) This supports the suggestion from the computer




simUlationéiEy Smith and Turver (1973), and also from those by
Protherce and Turver (1977), that the Cerenkov photon density at
this core[distancé'is insensitive to shbwer longitudinal develoﬁ-
:ment. The Cerehkbv pﬁoton density at 200 m coré:distance relates
- well to brimary‘particle énergy, according to the simulations.

| Aé-a.test of this idee, fig.4.8 shous the average values of
¢(200),'the Cerenkoy'photon density at 200 m cbre distanee, as a
Funqtionlof‘thé egtablished‘Haverah Park primary particle energy
measure, p(SUb)UE. vThé values of ¢(200) are .derivecd from.photon
density measurements made in showers of all zénith angles, by
avéragiﬁg the values in each of the energy iﬁtervals of table 4.1,
ihe‘standérd efrof on the average values is shown by ihe error
bars. Itfislseen that the Cerehkog photon density at 200 m core
distance,reiafes very well to the Haverah Park particle detector
array parametef - at least fop the range of shower eﬁergies spanned

by the pfesent measurements, The relation is described by:-

o | 1.101
$(200) = 3.93 x 10° x (p(SDG)UE) photon m™2

ees 2QUL4.B
(The correiétion coefficiént'of the fit was 0.995, indicating a
critical significance cf 2%;) |
* * *

Cerenkov.light measurements have been made in many showers
-fOr which no analyces of data from the Hauerah Park deep water
particleldetectors are avéilablef An estimate of the primary
-particle éhergies of these showers is necessary if the . measurements
are_to be fglly exploited in the future. The methocd of determining
primérylﬁérﬁiclé energy .from the Cepenkou photon cdensity at 200 m

core distance, that has been demonstrated here, may fulfil this

requirement,

..57




Figure 4.8.

A Cerenkov light measure of
primary particle energy. Shown
here is the Uafiation of average
values of ¢(200), the Cerenkov
phqton density at 200 h core
distance, with the establishedv

Haverah Park primary particle

- energy measure, p(SDD)UE. (The

values of ¢(200) have been
determined from measurements
made in showers incident at all

zenith angles.)
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E}ggre:4.9. A fgrthér illustration of the

| : possible use of Cerenkov ﬁhoton
density héasureménts.for
esfimating'primary pa:ticlevenergy.
'Héré, values of ¢(200) determined
from photon density‘measurements
made in indiviaual showers, aré
plotted as a funcfioh of p(SOD)UE.
(At least five photbn density
meaéurements were made in each of
the shogers considered.' The showers-:
were incident at zenith anéles up

to 40%,)
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‘Fig.4.9 illusfrates the possible use of phpton density
measuréménts forAésfimating the ehefgies'of individual showers.
Values of ¢(200) have been determined for each of those showers
régistered_by thé Haverah ﬁark particle detector array, in which at
leastifiye phot0n_Qanity méasurements were made. .The values of
¢(200) are plbtted agaiﬁst tHe p(SOD)UE values of the showers.
df course, the values of ¢(200) are based on shower core locations
indicated by the particle detector déta, and similar core location
informatiohfmust be pfovided frém Cereﬁkov light measurements if
this eng;gy estimate is toibe used in the absence of particle
detector data.

4.7 The Curvature of the Cerenkov Light Front

The measurements of the relative times at which the Cerenkov
light in individual shéwers, arrives at the various detector positions,
afe nom feported. Frdm these measurements, the curvature cf the
Cerenkov light front in.the showers can be Calculéted. As s£ated
in Chap#éf 2, the simulations by Protheroe and Turver (1977) suggest
that the lighf observed earliest at each détector position, oriéinates
highest in the atmosphere. The timing measurements made to the
'poiﬁts at which the observed light pulses reach 10% of full ampiitﬁde,'

o y A .
will therefore, lead to the determination of the curvature of the
' light %:ohf arising from fhe Cerenkov photons produced high up in
showefs;'<This quantity should be closely related to the early
‘cascade cevelopment of the showers. |

To fit a spherically shaped light front, a minimum of four
Iight afrival times need to be measured in a shouer. However,
beéauée oF the'eXperimental'errors of the timing measurements, some
redund;ncy of information is desirable.- In tﬁe»present work, the

light fronmtcurvatures of those 25 shouwers in which five or more
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lighﬁ_arfiual tiﬁes were measﬁred, have been caiculated. The
showers spannéd a pénge of'primary energy from ‘3(500)\[E = 0.1 m'2
to ‘p(SDU)UE v; 4,33 m-z, and arrived at zenith angles up to 45°,

| e The.spherical light fronts were computed by DOr K.J. Drfofd
and N£ K. Appleby,. usiﬁg the compuﬁer program "Minuit" - é multi-

| parémeter minimization brocedure. The'differances between the
dbsefved photon arrival tiﬁés~ana thoée predicted from spherical
;ight Front,fits were minimized. The.observed Cerenkov liéht

' arriuélvfimes were foﬁnd to be vervaell représentéd by spheres -

- TeMeSe déviations of 4 ns.from light fronts of radiils 10 km were

‘typical;

fhe aQerage radius of.cﬁrﬁaturé.of‘the Cerenkov light ?roﬁts
ih the small,samﬁle of shouersAstudiéd here, was 13.19 km. (The
distribution of the light front radius values had  a standard deviat-
- ion of 6.75 km,) It is interesting to note that the Fitting
| pfdceduré did not reqﬁire a knou;edge of .the pgsitions of the cores
VOF-fhe éthErs studied, nor. the gains of the light detectors. Only
the reiative times af théh the Cerenkov light'in a shower reached
Athe various detector positions were needed.

.* .* To%*

VTHe Cerenkdv light front radius itself is not directly related
to_éﬁomef Eaécade,devélopment, since it al;o depends on shower zenith
angie.. Shéueré incidenf ét large ihclihations traverse a greater
thicknésé.oﬁ atmoéphere‘than vertically incideﬁt.shogers, and so on
éﬁefage, develop at é‘greatef distance (iﬁ kms from the aetecﬁor
array. Houwever, a khﬁwledge of botﬁ the Cerenkev{ligﬁt front radius
.and the.zénith angle_of'a éhouer, enables the thickness of atmgsphere
'thaf thévsﬁowef_ﬁenetrates while prodﬁcing tHose Cerenkov photons

that reach ground level before the observed light pulses reach 10% '




of full ampiitude, to.bé calculated. This guantity is iﬁdebéndent
‘of shower zenith angle, and should be a direét measurc of the .early
cascade aevelopment of showers., The hdépth of the light front origin"
of'eachlof the showers studied here, was calculated in this way,
.The.mean of the values obﬁained was 314 g cm-z, and the'distributioﬁ
of the values had a standard deviation of 168 g o2,

Calculation of -the éorrelafion between the values of the‘depth
jof the'light front origin and the energy of the éhouers studied; showed
that theée'two,parameters are rot related (the correlation coefficient
was lessitﬁan 0.1). This is expected, provided that the mean free
path Fof.interactibn between nuclecns and air nuclei varies only very
slowiy Qithﬁtﬁé nucleoh‘energy.

* * *

Béfofe closingAthis section, some mention must be made of
the effecté.of ekperimentai méaéurement.errors on the vélués obtéined
- for bofh.thé:light front~radiﬁs and the depth of the light front
' origin,: A§~stated aoné, the avérage deviation from sphericity, QF
the Cerenkov.light arrival times obsérved in a shower, was ébout 4 ns.
Simplé considerations 'suggest thét tHis corresponds to uﬁcertainties
of about 2 km in the light front radius values, and about 150 g on™
inlthe:values‘of the depth df the ligﬁt front origin;'-Houever; the
éxact infe;pretation of the timing measurement errors is a complex
.problem and.ié the subject of further studies currently being
undeftéken. Clearly, improving the accuracy of the timing measure-
‘ments would be well uofthwhile for future measurements of the

" curvature of the Cerenkov light front in extensive air showers.
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4.8 thclusionu

Theqavérage characteristics of the Cerenkov light signals
.recoraed in showers of energies»in'the range 0.11 < p(SDD)UE-< 4,33
m-z; and iﬁéident at zenith angles up to 650, have been measured.
Uariations of‘both the lateral light distribution and thé light
pulse shape, with shower energy and wifh shdwer inclination from the
R zenith, have been determined.

| The steepness of the latefal Cerenkov light distribution is
observed fo.vary_with both- shower energy and zenith-angle. >The
spréad“of.thé light is broader in lower energy. showers and also‘in
'mope.inblinéa showers.,

Thé~shapevof thé Cerenkov light pulses in vertically incident
shoueré,ié.élﬁmer than that of.the light pﬁises in.-more inclined
shomers;f.Houever, variations of thg light pulse shapé with varying
'éhouef enefgy are nct‘sq clearly sgen; This may be bébause the range
df eneréieé of the showers in uhicﬁ measurements have been made,.is
tdo smaii fbr any dependences to be readily apparent,

;Ah éttempt haéAbeén made to relate changes in shower energy
aﬁd inAéhouer inclihatipn, to changes in depth of shower cascade
development maximum. The sensitivifies af the.yarious Cerenkov iight
paraméﬁéfs to depth of shower cascade- maximum thaf are derived from
changes in sho&ef energy, are similar to those.determined from
changes in shouer zenifh angle. An increase of 100 g cm.-2 in tHe
depth of shﬁmer cascade méximum, alters the valgeé of several of the
pafameters by amounts which aré'greater than the uncertainties~of
iﬁdiuidUé; measurements of the parameters. Estimatés of depth of
shower cascade_maximhm to within 100 g'cm-z'shduid,therefore, be-

possible with the presently auéilable measuring équipment.
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The ‘photon density -at 200 m core distance is seen to be

" substantially independent of shower zenith angle and tn vary only

with shower energy. This supports the suggestions from recent

computer-simulations, that this guantity relates .well to primary

“particle energy. Measurements of the photon density at 200 m core

distance may, thérefore, be a useful measure of the energy of those
shqmers.in which Cerenkov light measurements have been made, but
for uhi;h:no analyses of the HaQeréh Park deep water particle °
detectof data are évailable.

Thé Cérenkov-iight arrival‘tiﬁes_measured in a small sample

of-éhqweré_have been found to he very well repfesented by spherically

shaped light fronts._AThe thickness of atmosphere that each of the

shbueré penetrated while'"igniting",.has been determined from the

radiil of theseAlight'fronts. These atmospheric thicknesses.should

~be closely'related to the early cascade developmeﬁts of the showers,

and light arrival'time measurements made in a large sample of showers

may be importént for -future studies of the mass of the primary cosmic

radiation.. Improving the abcuracy of the timing measurements would

bé well'uorthuhilebfor such future studies.



- CHAPTER FIVE

COMPARISON- WITH COMPUTER SIMULATIONS AND OTHER WORK

In £his Chapter, the averége characteristics of the Cerenkov
light in e*tensive aip showers, that were reported in Chapter 4, are
oompéréd with results.from the most recent.cohputer Simulatidns and
gitﬁ experimental measurements of other workers. The simulation
resqlts cOnsidéred are those by Protherove and Turver (1977), and
,thevexpéfiﬁeqtél measurements exémined were made at the Yakutsk air

shower apfay in U.S.5.R.

5.1 Comparison'with the Computer Simulations.by Protherce and

Turver (1977)

As mentioned in Chapter 2,5Prqtheroe and Turver (1977) have
simulatedrthe average chéracteristics,of the Cerenkov light produced
_in Shouérs initiated Ly Qertically incident protons, alpha particles,
ahd iron:nuciei, of energies 1516,-ﬁ017.énd 10188V. The results’ of
these simulatinns suggest tﬁat while many of the observed characteris-
tics of thé'light vary with both primary particle energy and mass,
they do.nbt'uniquély reflect either of these quéntities. The average
Feéturesiof the light aré, however, well correlated uifh theAdepth
oflshqwefﬁbascade-development‘maximum,  In the follqwing comparison
of theorétical and experimental resulfs, the depths of the cascade
ma*imé oflfhe siﬁulated showers are indicated, réther fhan the |
energies and masses of the primary parficleé. This makes it possiblé
to;commeﬁt-on thé'depths of the Caécade maxima bf-the réal showers,
in uhiéh the expérimental measurements were made..

L'fhé'eXperimgntal measurements of the bresent work need.to be
corrected to the case of verticallyAincident showers: for comparisdn

with the results of the simulations, which are for vertical showers

only. It is also convenient to reduce the experimental data to
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cqrpespond to meaeurements made in showers of enefgies-sinilar to
- those of the.simulated showers., Equs;4.3vto 4,7 of the previous
Chapter; and others like them, have been used to do this, The

valpes of the laterel ilght structure function exponent together
with the values of the photon density and the various llght pulse
shape parameters at given core distances between 100 and 500 my have
.been evaluated for vertical shpwere-of energies p(SUD)UE = 0.2 m-2

vand p(SUU)VE = 2.0 n-z. Direct cpmparison of the experimental

and simplation-results can then be made.

5.1.i The Lateral Cerenkov Light Distv‘ib'ution
| It wlll be recalled From Chapter 2, that the simulation results
.sugpest that depth of shower cascade development deJmum is 1nd10ated
by the extent?of the lateral Cerenkov light distribution., The light

' is ;ess'widely spread. in shopers develaoping 10wet'in the atmosphere,

‘than it is’in showers develpping higher. in the atmoephere. The
- exporent of a power lapﬁdescription of the lateral light distribution,
inp:eeses‘monotonicaliy pith increasiné eepth of shower cascede
development~maximum._' |

o The~experimental values of the'structure function exponents of

}‘tne.laterei Cerenkov light distributione, after correction to vertically
n incident.showers of energies'p(SDO)UE = D.? n~% and p(SDO)UE‘ = 2.0 m-z,

are'y ; 2.16 % 0.13 and Yy = 2.43 X 0.13, respectively., According

o tp the eimulatiens,;these values indicate depths of shower cascade

ma*ima_at_610 I9sg en? and 810 2 9 g cn™? into the atmosphere.
l-Flg 5.1 shpws the 51mulat10n results for the lateral Cerenkov light
dlstvlbutlon .Wn'shouers of energles 1017 and 1018ev, with cascade
‘t3maximavat spch‘etnosPWeric depths..vtne present experimental results,

corrected to vertical shower incidence, are also given. " The values

of the photon density observed at various core distances between




Figure 5.1.

Comparison of méasurements of

the lateral Cérenkov light dis-
tribution made in the present

work, with results from the

comﬁuter simulations by Protherce
and Turver (1977).. The experimental
measuréments have been corrected to
vertical shouwers of energies
p(500),¢ = 0.2 n~2

2.0 m~%. The depths of the cascade

and p(500),¢ =

development maxima of the simulated
showers which resemble the experimental

data closest, are indicated. (Notes

‘the photon density scale refers to the

simulafion results. only.)
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100 and 500 m are shown and the standard. errors. on these values are
indicated by the error bars.

It is seen in fig.5.1 that the shapes of the lateral Cerenkov .

| light distributions prédicted by the simulations, are in excellent

agreement with those observed in the present work., For the comparison
of the shapes, the experiméntal results have been normalized at
one point, by'adjusting the ordinates of the measurements to make

the photdn density -observed at 200 m bore'distance in the lower enerqy -

. showers agree with the simulation data.

The photon density scale of fig.5.1 refers to the simulation

- bresUlté. Comparison with the.measured photon density values, gives

the result that the density of Cerenkov photoné observed in showers
with vaiues of the Haverah Pafk-array parameter of p(SDD)UE = 7,60 m-z,
is the same as the density bredicteduby the simulations (which incbrporate

the Feynman scaling hypothessis) for showers of energies around 10188V

However, this result should be réga:ded-cauticusly because the wave-

" length distribufion of the photon source used for the absolute

calibration of the experimental results is unknown, and may well be

',significahtly different from the produCtidn spectrum of the Cerenkov

‘photons, that is used in the simulations.

.

'Thevdepehdence_of the Cerehkov photon density on primary,particle
energy, predicted by the simulations, is confirmed by the sxperimental .
results without reference to an absolute calibration. "~ Both the

measured and simulated light distributions shownin fig.5.1 are for

» ~ shouers differing by one decade cof priMary particle energv.  The

predictéd relative excess of the Cerenkov light in the higher energy
showefs, over that in the lower energy showers, is the same as that
obsérued. This agreeméht does not depend .on the normalization

mentioned abcue.
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S5.1.11 The Cerenkov Light Pulse Shape ;

~ -As was out;ined in'Chapter_Z, depth of shower cascade develop-
ment maximum is also indicated by the rise-time and the full-width-
half-maximum of the Cerenkov ligh§ pulse, according to the simulation
4results. At all core-disténces, both these parameters increase.
monotbnicaliy with increasing depth of cascade méximum, although the
variation of the pulse rise-time is much less than that of the fullg
width-half-maximum. The other ligﬁf pulse shapé parameters - the
top-time and fallftimeA- also vary wifh depth of shower cascade
‘deuéiopmeht maximum, but not inlsuch a simplé way.

The experimental-meésﬁrements aof the four Cerenkov ligh£
_ pulSé»shape patametefs, after Cdrréction to vertically incident
shdwgrs-df_enefgies p(SOU)UE = l0.2 m~2 an‘d.p(SOD)UE = 2,0 m-z,
are shown in figs.S,Z(a) - (d). The values of each parameter observed
at Uari;us core diétaﬁces between 100 and 500 m are given, and the
standérd‘errors on fhese_ualues.are shdwn'by‘theAerrof bars, The
'results:of'the simﬁlations are also shown in fig.5.2(a) - (d). For
each puise shape- parameter, the predicted vélues_uhich best describe
the measuréd results are given, and the debﬁhs of shower cascade
development maxima uhich léad to these values are.indiqatea.

» It is seen in fig.5.2(a) that the measuredAvalues of the
Cerenkov light pﬁlse rise-time are uéli-represented'by the simulation
resuits for showers reabhing maximum Caécadé develoﬁment betuween
810 and»8651g.cm;2 into the atmospheré. |

Fig.5.2(b)‘sh0u8 that the measured Cerenkov 1light éu;se top-tiﬁe
values indicate'depths of shower cascade maxima at atmosphéric levels
between 650 énd 695 g cmi27 acco:ding'to'thé-simulations.

A;-H,In:Fig.S.Z(Q)'the measured yalues'éf_the fall-time of fhe

Cerenkov light pulse are seen to he réasonably well describad by the



-Figure .2,

erergies p(5S00)

Comparison of measurementsqof
the shape of the Cerenkov light
pulse made in the present work, with

results from the_computer'simulations

by Protheroe arc Turver (1977). The

experimental measurements have been
corrected to verticélAshomers of

e = 0-2 n~? and
p(!i[][])\]E = 2.0 m-2. For each pulse
shape pérameter, the depths of the
cascade developmént maxima of the

simulated showers which tesemble

the exberimental data closest, are

. indicated.
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simulation results for sthers'mith depths of.casCadé develbpment
Amaxima betyeen SﬁO éndl?ZS ng._:-m-2 into the'atmoéphefe.

Lastiy; thé meaéu:ed valueé of the Cerenkov liéht pulse Full-widfhe
half-héximum shown in fig.5.2(d), are in reasonable agreement with
the simulafion‘results for showers reaching maximum'bascade develop-
ment at-étmospherio leveis between 650 and 755 g Cm-?.

* *" '*

It isAapparénf in figs.5.2(a) - (d), that the experimental
Qalues of'fhg_pulse shape ﬁarameters at core distances less than
300 m:in_fhé higher eneruy sho@ers, are consistently greater than the
corréspondihg prédicted v;lues. (The light.pulse féll-time and full-
width-haimeaximum shou this most.) This may have been caused by an
instrumental effeﬁt, and should th be regarded as evidence that the
.simulatiéﬁ fesulté are incorrect. The light pulses observed.close
. to the CSIE in showers.nf,these energies'were fhe largest signals
recoraed,iénd it pﬁésible that théy yere slightl§ distorted by the
signal amplifier, Anplifier distortion would broéden the signais,'
aocognting for the apparent discrepancy. (Of course, at core
distances gréatér than 300 m, the lighéAsiénals are smaller, and

would not have been at all distorted ty the signal amplifier.)

‘S.ﬁ.iii Qég;p_gf_gbpggg;Qggggﬁg_@gyg}ggmpnt Maximum and Priméry
Particle Mass | |
Iﬁ fhe previous tuwo sections, estimates of.the depths of the
Cescadé development'maxima'of the showers sgudied in thé.present
wofk,[have béen obtained by-comparing experimental measurements with .
the.resultsjof the simulations by Protheroe and- Turver (1977). A
ﬁope defailed compariéon is'now made, in table 5.1. Shown here are

the observed values of the verious Cerenkov light parameters at

350 anc 500 m Cbre distance, aftér correction to. vertical showers of




Table 5.1.

The depths of shouwer cascade
deveiopment maxima inferred

by comparing the measured valugs

of the various Cerenkov light _'
paraheters,}with results from the
simulations by Protheroe and

Turver (1977). The experiﬁental
measurements have beer corrected to
vertical showers of energies
p(SGD)VE = 0.2 m;2 and p(500)uE =

2.0 m'2
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2.0 m~2. The depths

. ’ " -2
_energies p(SUD)VE = 0.2m° and p(5UD)UE

of shouwer éascade maxima inferred by comparing each of these.
axperimenfal values uifﬁ the simulation résults, are also shown. It
is seen that, with>the possible exceptionAof the light pulse rise-time,
the dbserved values of all the Cereﬁkov light parameters mea;ured in
| the éhowers'of.each energy, indicate fa?rly similar depths of shouwer
‘ cascadé maxiha. (The rise-time'is the most diffibult parameter to
measure, and probably does not give such reliable estimates of depth
-~ of shouer maxiﬁum as the other measurementé.)
. Taking .the averagé of the values in table 5.1, gives the
. result thét Vertical shpuers of energy‘p(SOQ)VE = 0.2 m—2, Teach
cascade development maxima at an atmosﬁheric depth'of‘BBG.f.31 g cm—z,
on aﬁerage. Tho;elof energy p(SOO)VE = 2.d m-z, reach cascade maxima
at 745 :.25 g en™2. According ta the simUiatibns by Protherce and
Turvér (1977), showeré of these energies,>reaching'cascade'development
.:ma*imaeat'these-athqsﬁhe:ic depthé, afé-iﬁitiatéd by primary particles
heaviéf than.protons.- However, fhié conclusion is entirely a con-
‘séquehce;of the Feynman scaling'model of'ihe high energy . nuclear
'physicé;vthat-is.used-in these simdlations. Dthér plausible simulat-
ions.uhich employvthe model of the hadron-cascade proposed by Cocconi
et al. (1961) (e.g. the simulaﬁion; by Smigh and Turver (1573) )
éuggést fhé£ sﬁouérs initiated by protonsvof such'energies, can reach
cascgde deveiobment maxima at such atmospheric debths.

Thus, althéugh‘compariéon of ihe‘experimentalvrésults with
“madel simulafions giveé an eétimate of the-average'depth at uhiéh
tﬁe.showers studied.in the present work reached Cascade-developmenﬁ
‘ méxima, no statement about the mass of “the priﬁary‘particieS'can be
‘made. - fhe moét significant féafure of the comparison, is the fact

"tRat simulated showers rsaching cascade development_maxima at one
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' particular atmospheric depth, giye valuesiof the various Cefenkou,
light parameters which are all in consistent agreement with the

experimental results.

5,2 Coméafison with other Neasﬁrements at Sea-Level h

Thé{résuits_of.the_present work éré noQ compared with
méasurements'made at theAYakuﬁsk air-shawer array, which like
'V"Haueréh ﬁark, is at sea-level.

. 5.2.1 The Lateral Cerenkov Light Distribution

Meaéufements ofithe lateral Cerenkbv light distribution made
in the préseqt uofk, are é0mparéd iﬁ fig.5.3 with resulté from the
earliertﬁoré-carried out at the Yakutsk‘arrayAby'Dim nstein et al.
(1972). Theumeasurehents of the Russian workers sﬁown,-were made in
shouwers of mean sea-level sizes N = 1.4 X 107 particles, and
N- = 1.7 x"lEJ‘8 particies, incident at zenith angles less than 30?.
_From_thé,ﬁrésentfwork; measﬁrements made in showefs of energies in
thé inteyyals p(SDO)QE < 0.3 2 and b(SDU)UE >-1.25'm-2, and
inpidenﬁuaf zenith angles inAthe inferual 25° <06 <:350,Aare shouwn,
(The.data.iﬁ'theseAtwo'intervals have éverage values of the.Havepah
| Park array parameter of ,5(50¢)QE - 0.19% m"2 and 5(500)VE =
1.915 m_g;frespectiQely.) The photon density values Qbserﬁed at
vafiqus'¢p;e distances between 100 and 500 m are given and the
standéﬁd.érfors>on these vélﬁes are indicated by the'error bars.

If is’seen in fig.5.3 that the shapes of the lateral Cerenkov
light distributions measured in the present uork,'agree very well
with the shapes of those reﬁorted by Dim.nstein ét al; (1972). For
tﬁe bompa:ison of the shapes, fhe present exﬁerimental data have )

hegn normalized ét one point, by adjusting the ordinates D% the
measurements so that the photon fluxes observed in the lower energy

shbwers oﬁ_éach work agree at 200 m core distance.



'Figure D.5,

Camparison of measurements of

the laterallCerehkov light

~distribution made at the Yakutsk °

air shower array by Diminstein et al.
(1972), with measurements from the
present work. (Note: the photon
density scale refers only to the

Russian work.)
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The phdton dehsity scale of fig.5.3 gefers tolthe resﬁlts
-of the Russian uofkérs. 'Comparison uithlthe absolute light
intensitieéjobserved in the present experiment,~gives the result
that the density of Cerenkov photons in showers with a value of
the Haverah Park array pérameter of p(SDD)UE =--1.0D m-z, is the
same as that in showers specified by a éea-level particleAnumber
ofFN = 9.4 x 106, as Meésured by the Yakutsk array. Howeger,
comparing‘photon density measurements made by expériments employing
photbmultiﬁiiers that'haQe different cathode quantum efFiCienciesv
and specffal‘fesponses; and that have been calibrated with different
‘photon sources, is difficult;_ This result should,;fherefore, be
regarded cautiqusly. |

i Tﬁe variat%on'of the Cerenkov photon density with changing
Haverah Pafk array parameter value, and wifh changing sea-level
ﬁarticle'siée, can bg compared without refgrenée to the absolute
calibratiéh of'each experiment, The results sh&@n in fig.5.3 suggest
that an increaée of one decade in the value of p(SDO)VE, increases
the obse;ved'light intensity by‘thelsamelbroportion as ihcreasing_

the éea-leﬂel particle‘size by 1.09 decades.

5.2.1i The Cerenkov Uight Pulse Shape

The full;width-hélf-maximum is the only measure of the sﬁape
of the Cérénkﬁv light pulse that has been investigated in ﬁther |
eXpefimentg;  The firét measurements of this parameter in showers,
of éﬁergies similar tao thoée of the showers studied in the bresent
work, wéré made at the Yakutsk array by Efimov et.al. (1973).‘ These
-measQrements are compared with the bresent resulté in fig.5.4. The
Russiaﬁ data were measured in sh?ueré af sea-level sizes in the range
3»x 1d6}<_N:<13‘x 108‘particles, aﬁd have been corrected‘by the

authors to correspond to measurements made in vertical showers with



Figure 5.4.

Comparison of measurements of the

Cerenkov light pulse full-width-half-

- maximum made at the Yakutsk air

shower array by Efimov et al. (1973),

with measurements from the present

work. Both sets of data have beend

corrected to vertical shouwer incidénce.'
The Russian resulté have beeh.further
corrected to correspond to measurements
made with eqﬁipmént of zero response

time.
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'-a.system:§f zero resbonse time. The measurements froﬁ thE’présent
work'ﬁave been cofrected to vertical showeps of ehergy'p(SDU)UE =
0.2 m ,_put no'attempt to remove the effect of the banduwidth of

the reccraing'equipment has been meade.. The values of the light pulse
full;widtﬁ-half-maximum obserﬁed at various Core‘distances between
100 andLSDO m ére glven end:the-standérd errors on tﬁese values

» are'shdwn1by the error bars.

It ié'seén in fig;5;4 that ‘the two sets-of data ere in guod
agregméht, e§pecial1y'at cdre distanceslgreater than about 300 m.
Closer to tﬁé shower core than this, the light bulses observed in
“the preseﬁt_mqu-are‘slightiy wider, as éxbected, because of the
‘effedt of ﬁhe bandwidtH of the recording equipmeht{

5;3 ;'.EéhclUSions | | |

The avefage characteristics of the Cerenkov light that have
been;measufed in the present uork,'have been compared with model
Simdlations and'ﬁith other experjmen#alAresults. .The present
experimentél“measurements are in good agreement with results from
the.éimdlatibns by Protherce and Turver (1977). All the.ﬁbserved
?éé£uresxof the Cerenkov iight - the lateral ligHt,distribution
and.the:aétailé of tﬁe:light pulse shape - are adequétely descpibed'
by the predicted light sigrals fror showers-reaching electron
cascadé development maxima, at atmospheric depths’bétueen about
686 and 745 g Cm-2. ThisAestimate of depth of shower cascade dgyelop-
ment ﬁaximgm; cahnbt however, be related to primary particle mass,
withéut Fifst making assumptions about the high eneragy nuclear |
physics occuring in shower hadron cascades.

The'experimental résults of the pfesent work ére in good

agreement with svailable comparsble measurements: made at the Yakutsk

air shower array in U,5,5.R.
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~CHAPTER-SIX

- MEASUREMENTS OF CERENKGV LIGHT IN INDIVIDUAL AIR'SHDMERS'

‘6.1 Introduction

‘Ih‘the previods Chapter, experimentai measurements of the
average pharspteristics of the Cerenkou light in extehsive eirvshowers,;
were - compared with results from ‘the computer 31mulatlons by Protherce
and Turver (1977) Thls comparlson led to an estlmate of the average
depth in the atmcsphere at uhlch the showers studled in the present
.'uork, reached cascade development maXJdum. Houever, ary interpretatior.
-of thlS estlhate, in terms of the masses of the prlmary particles
dhlch initiated the shouwers, depenced entlrely,on assumptlohs about
"the‘nstureﬁdt thedhigh_energy‘nuclear.thSips which took place in the
showers;j:

| ‘ihfdrmstion'adet shoder longitudinal development which is.
'mofé direetly'related to primary perticie mass cdmposition,'may be
'-cohtaihed ih the amddhts,by.whichAindividual Cerenkov light heasure-
.ments Pluctuate from the zverage charaeteristics of the iight.
Vsrietidhsiin the days:thet the.nucleons in shdder eascades interact,
'véaﬁsé shdwers to reach casdade'develdpment maxima at different
stmesphericidepthst The Fiudtdations'in the values ot shoder‘parameters
| messuredGEt grdund'ieyel, arise from such varistiOhs in shower csscade .
deueldpmehtr

It is plaussble that tre pr1mary partlcle mass ltself may be

'ref‘ected by the Fluetuatlons in the values of_measurec showerv
,parameters.~ As outllned in Chapter 1 the mean free.path of protohs
1h arr;lls‘mUCh’larger than‘that of heevier:partieles,sueh as iron
nUdisi..(fhe'range of depths in the .atmosphere at which primary protons
ihitialfy ihterect, will therefore, be correspondingly larger-thah the

range dffethospheric depths at which primary iron nuclei interact




Uariations in the depth at uhlch.the first interaction of the primary
particle takes place, will cause shpwere to reach caseade develcpment
maxima at different atmospheric levels. .This will be reflected by
fluctuations in.the values of the shower parameters measured at
ground level.

“ According to many computer simulations, the fluctuations in
shpwers'inltiated by protons, are atout'five times larger than-those
in showers initiated by iron nuclei. .Furthermore, since it is only
prptonsdthat can be expected to cccaelpnally penetrate:very deeply into
" the atmosphere before interacting, the presencerf protons in the
primary'cosmic ray flux, ueuld be indicated by extreme fluctuatione‘in
the ualuee of shower parameters.

* * *

ThlS Chapter is an attempt to demenstrate a means which might be
used to evaluate the fluctuatlon values of Cerenkpv light measurements.
Fluciuation values are calculated here,‘by removing the recognisable
effects of shower energy and zenith engle,>from measurements made in
individUal ehowers. -The average-variatipn of the Cerenkov light
parameters with core distance, shower energy and shower zenlth engle,
that were determlned emplrlcally in Chapter 4, are used to do this,
It ls sssumed that the fluctuation values obtained, depend only an
variatidns in'shower caecade'deuelopment caused byvdifferences in
.the interactions of the nucleons in the shower cascades, and on the
feffecte'of measurement.errors;

To 1nvestlgate whether the calculated Fluctuatlon values relate
.to shemer cascade development the- correlat-ons between the Fluctuat-
'lon ualues of eeveral independent parameters, are studied. Then an
t attempt to quantlfy the dvfferences between Lthe cescace developments

of showers, is made. tudies of the masses of the primary cosmic ray

73"




74

perticles, however, must await measurements of Cerenkov light in a
'much-larger sample of showers. The precedures described in this
Chapter, illuetrate technieqes for interereting Cerenkov light data;
that are presently being developed.

© 6.2 vFluctuatiohs:in the Cerenkov Light Measures

6.2.i Data Handling

The fluctuation values of fhe Cerenkou light signals measured
:in a samele'of 25 showers have been studied. In each oF theee showers,
light sigeale uereArecorded-by'at'least'five detecters, at core
| distahces-evenly distributed between 70 and 600 m., _The showers in
this small eample spanned avrange of primary eeergy from p(SDO)UE =
: 0.11 m”2 fe p(SDU)VE = 4.33 miz, and eirived at eenith angles less
" than 45°.- |
fheideta af eech shower was treated in a manner similar to that
used in'Chepfer 4, for the determination of the average characteristics
of theACegeﬁkov light in extensive air showers. A power law structure
functionvpas fitted to the photon density measurements, end the
vérious-liéhf pulse shape measurements were expressed as expenenfial
functions ef core distance. (The correlation Coefficients'of these
fite.mere'all greater than 0.75, indicating critical significances
less than 10%.) A epherical light front was fitted to the times at
which the_light;pulees reached 10% ef full amplitude, Fig.6.1
illustretee the complete set of information coneained in the Cerenkov
light'meaeurements made in a typical indieidual shower. |
| 'Five“independeht Cerenkov light parameters were evaluated for
eeeh sheMef studieds-
b(i) The exponent, ¥y, of the power lauw strucfure function
Fifted to the photon density measurements made at eore

»distancee between 70 and 600 m.




Figure 6.7,

The complete set of information

contained in the Cerenkov light

measurements made in a typical
individual shower. Five in-
dependent parameters can be

evaluated from this information.
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'(ii)  The light pulse.rise-time at a cofe'distance of 400 m
‘(évaluated frém tﬁe éxponential exﬁreséion fitted to-
the:rise-timm measuremonfﬁ).‘ |

(iii) The light pulse top-time ét 4Ub m core distance,

(iy)fj The light pulse fall-time at 400 m core distance.

(v) - The thickness of atmosphere (in g cm-z)bthrough which
the shbwer penetrated while producing.thosé Cerenkov
photons:uhiCh reached'ground level before the cb;erved
light pulses reached 10% of full amplitude. (This is
calculated'from a knéﬁledge of'the‘radius of the
‘Cerenkov light front and the shower zenith angle, ‘as
explained in Chaptérl4.) | | |

These quénﬁities are-én exhaustive list ofAthe independent parameters
that can -be evaluated from the Cerenkav light data alone, since
together they Fplly épécify the area, shape and relative-timeiof
“arrival of thé light pﬁlses oﬁsérved in each shower.

6.2.ii Calculating the.Fluctuation Valuss

The fluctuation values of the independent Cerenkov light

parameters, were computed by calculating the deviations of individual

measurements of the parameters, from appraopriate average values of.-

tthbarSméters; The average values needed for the Calculation,,mere'

derivedsfrom the averagé éharacteristics of the CérenkoQ light in
extehsive'air shoMers; that were established in Chapter 4. Equs.4.3
. to 4;6-were used;to detepminé the average values ﬁf the lateral light
'strUCturé fﬁnétion exponen£; and those of the light pulse rise-time,
top-time and fall-time at 400 m core distance, that.were appropriate
to the gnefgies and zenith angles of each of the showers studied.
Differencing theseAaverage values and the individual measurements

removed the. effects of shower energy and zenith angle, leaving the
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‘fluctﬁation valuéé.

Fo#ithe cese of the depth af thé light frort origin, no
éllouancezfor the effects of shower energy and zenith angle uwas
necessary;l As discuésed in Chapter 4, this gquantity does not depend
on shoﬁer iénith angle, and-is observed ta be substantially indepencent
of shower e&ergy. ‘The fluctuation values of the depth of the light
front origin wére civen directly, by diffefencing individual measure-~
hénté of the parameter and the average value oF_the,parémeter, arrived
at in Chapter 4, |

| Tﬁe:fluctuation Qaiues obtained in the ways describéd‘above, were
independeht.bf shower eﬁergy ahd zeﬁith ancle, They were essumed to
dependvonly oﬁ variations in the cascade developmenté of in&ividual
showers, ceused by differénceé in the details of the interactidns of
the nucleonsiin the.nﬂcléaf cascades 6f(the showers, and oa the effects
of'measﬁrement'eerrS. fhe fluctuation values of the independent
Cerenkov lighf>parameters; provide five independent measures of shower
casbade develoﬁment.

To1qué$tif§1£he typical-amounts by which variations in shower
caScéde deQelopment Céuse.the measuréd Cerenkov light parameters to.
fiuctuate,,the diéttibutions‘éf_the fluctustion values of each of the -
'parametefs}werevexahined; The standard deviations of theég distribu--

-tions are gho@n-in-tablebﬁ.l.

It>is seer in table 6.1, tﬁat the typicai fluctuation valpes'

- are nqt large compared with the precision Qith uhich the Cerenkov light
pafametefs are measured.A FuftherAevidence to substantiate the
assumptign.that thé fluctuation values reflect variations in shower
cascade devélopment, is,therefqre needed., This 'evidence is sought in
the.next sectiﬁn, by studying fhe cdrrelations Betuéen the independent..

fluctuatibn:ualues measured in each_shower.. Then, in the last section,



Standard deviation of the
distribution of fluctuation values
Structure function
exponent, 0.38
Rise=time at 400 m
core distance 5.6 ns
Top-time at 400 m .
core distance 4.5 ns
Fall-time at 400 m
core distance 8.2 ns
Depth of. origin of s
light front 141 g cm_

Table 6.1.

Typical fluctuations in the values
of the incependent Cerenkov light
parameters, caused'by variations. in

shower cascade development.

(Fluctuation values were calculated

by removing the effects-of shower energy
and zedith angle from individual -
measurements of the parameters. For
each parameter, the standard deviation
of the distributibn of these'fluotuation

values, 1s shown here,




the magnifudes of the fluctuation values,.are related'to_variations

in depth of shower cascade development maximum,

-6.2.iii,Corfelations Between IndepenQent Fluctuétion Ualues

More- evidence that theAvarious fluctuation values reflect
varlatlons in showéf cascade development, would be pfoulded if the
1ndependent Fluctuatlon values measured in each 1nd1u1dual shomer,'
were Found Fo be correlated. Such correlations would show that it
is possiﬁleAto fesolVe-the ef?ects of variatipns‘in shower caécade
developmént;-From‘the effects of measurement error.

'In thapter 4, the'average characteristics of the Cerenkov
light ih>e%£ensivetair sthers wereieétablished. ~There,‘relafing
ohahges ih.shouer energy and zenith angle, to changes-in depth'of
shouwer Qéscade developmant maximum, indicated that in.showers-
deyeloping_deéper in fhe atﬁosphere’than usual:-

| (i)‘ ‘The lateral light distributions are steeper (i.e. the
values of the structure functionAexponént, Y, are:
-larger);

(ii) The light pulse rise-times aie slower;

(iii) fhe light pulsé top-times are slower;.

(iv}_‘The light pulse fall-times afe slower. .

'(v) In addition, the depths of the light front origins in

| ”showéré déveloping deeﬁer into the atmosphere will be
greater.
If»thé Flﬁbfuétioﬁ Valués of the independent Cerenkov light parameters
ﬁeasured”in iﬁdividual showers, reflect shouwer cascade development,
they éhnqld;be related in the same way as the average characteristics
of:the light.
To investigate the relationé betueeﬁ the fluctuation values of

the independent Cerenkov light parameters, it was necessary to express
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each of_thé Flucfuatioﬁ vélues>in equivalent-units. This waé
achieved'by making use of the sensitivitieé of the average values
oF‘tEe Cerénkqv light pérameters, to deptH of sﬁower cascade develop-
ment maximum. Theée senéitivities were esteblished in Chapter 4 and
are shown in table 4.,3. The mean of the two values giﬁen for eacHA
parameter in the table, was used tﬁ reiafe the fluctuation vaiues

of  the pér?ﬁéter,to equivalent changesvin depfh of shower cascade
development haximum (in g cm-z);‘ (Thevfluctuation values of the

depth of>ﬁhe light‘fr0nt origin, were already expressed aé thicknesses
of atmogphere ana s0 were not treatea in this way. )-

Twoffests weré then used to study the relations between the
fluotuati&ntﬁaiues of the independent Cerenkau 1igﬁt parameters.
‘Firstiy; én "f-ratio" énalysis of variance, showed that the variance
of the samplés consisting of the five iﬁdependent fluctuation. values
obtained fbr'each shower, was 2.3 times shaller than thé Qariance
.bétweeﬁ different shouer_samples.l This cofrespondgd'to a probability
" of lesé tﬁaﬁ D.S%, that within_shower effécté (mhich were.due to'
.experimental'meésuremént errors) completely accounfed for between
shbuer éffects-(uhich tﬁerefore, must Haue been due in part to.
variatioﬁs in-shomer cascade development).

«Seqdndly, thé'correlation coéfficients between the fiuctuation

valugs of pairs of the independent parameters were calculated, These

,are'éhown“in-table'ﬁ.Z. For the size of sample considered, correlation

- coefficients greatér'than 0.34 are significant at the'10% level,:ahd

it is seen that there are 4 such correlations.

The two tests indicate that, despite the effects of experimental

measurement errors, there are weak correlations between the fluctuation

values of the independent Cerenkov light parameters measured in

individuél'shouers; The set of five fluctuation values obtained for a




the light front

c E E [
a : € o
o O - O
+ o - o] [} cC P
[&] e (wn] g «~ C
c o < o © 5l
ol L0 0 L 0 o~
G o C L2 C T C & G
o] T @ @ 0
0] . Q 42 4+ O 4+ -+
~ P E 0 [ )] E ® G C
3 C o] e E A o~ oo
2 0 + T ~ O . 2 T —
o C. f + 1 £~
3J o 0 ® 1 O ~ o +
e QO 0 G Qg — o a o
L X ~ O [w =] U o Q
"D x O = o L. O [ R}
Structure function

‘axponent 1.00 0.04 0.03 =0.45 0.22
Rise=time at 400 m . .
core distance 1.00 0.09 0.13 0.51
Top-time at. 400 m _ .

- core distance 1.00 0.45 0.23
Fall-time at 400 m . )
core distance 1.00 0.34
Depth of odrigin of

1.00

‘Table 6.2,

‘The correlation coefficients between the

fluctuation values of the independent

Cerenkov light parameters.

Each parameter

" is an independent measure of shower

- cascade development. (For the sample size

'considered,'boefficients greater than 0.34

are significant at the 10% level.)




shower, Qheh considered tegether; enebiebthe effects of variations
in shower’dascaee development, to be tesolued from the effects of
experimental measurement errors. A larger eample of data would
establish the correlations between the indepehdent<fluetuation
values uith-mbre Certeihty._‘

6e2.1V Releting the Fluctuation Ualues'to Variations in Shouer

Develogment

Having established in the previous seotioh, that the

4fluctuati0n.values of-the Varioue Cerenkov iight pafameters arise,
at ieast in pert, from Ueriatiqhs in the cascade‘developments of
ihdividuel showers, cohsideration Qas given to the magnitudes of
the’fluctuatioh values.':fhe sizes.of the fluctuetion vaiues were
used.to estiméte the Tange ot atmospheric depths over which ehowers
" reach casCade'development maxima,vas'a pesult ofhﬁapiations in the
__hueleon ihteractions in their cascades.

ForAeeeh shower studied, theAdeviation of the depth of the
easoaee deueiopmeht maxihum, from an appropriate (but unspecified)
average depth, was estimated. The fluctuatien values of the five
1ndepehdent parameters measured in each shower, were treated in
the manner described in;the-erevious section., Each of the fluctuat-
ion valuee was feleted.to anrequiualent change in depth of shower
‘cascade maximum, by using the eeneitivities of the average yalues

the Cerenkov llght parameters, to depth of shower maxtmum. The
meen of. the five values so obtained for each shower, was the best
'estimate of the deviation from average, of the position of the
shouwer eascade development maximum.

The dlStrlbUtlDﬂ of the deviations of the depths of the
shower cascade maxima, had a standard deviation Df 111 g Cm .
This'theh, is an indication of the amount by which the depths of

shower cascade development maxima vary, owing to variations in the
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.nucleon ihtéractioné_in the shower cascades. The value is.an
lupper:lihit,ﬂsince it includes an, as yef, undetermined error of
measurement, ‘It_Qés derived miﬁ&out focogrsp to any specific
hsimulation results ana, mith the exceﬁtion of information from
- anélyses.o% the Havépah Park particle detector data, was based
Aonly on Cerenkov light measurements.
6.3 Conciuéions |

The fluctuation values of various Cerenkov light parameters
‘measu:ed in é small sample of showers have been examined. It has
been demonstrated that these fluctuétion values contain information
about éhdwer cascade development which is additional to the inform-
atibn defiﬁed from the average.chapacteristics of the Cérenkdv.light
in extensivé'air sﬁowers.

fEe fiuctuation values have been calculatediby removing the
recogniéable'effects of shower energy and zenitg angle from meaédre-
.ments méde in individual shouwers. Correlations betueen the fluctuat-
ion values of independent péramete:s, have shown that iﬁ is poséiﬁle
}to resolve the effects of variations ip the details of shower
caécadés;*frﬁm the effécté of measurement errors. The estimateé'uf
 the average ;ensitivities of the Cerenkov iighf parameters, to depr
- of shower caséade deveiopm@nt maxihhm, have been used to reléte the
Fluctuation values to changes in depth of ﬁascade maximum, In this
" way, an_dpper iimit ef 111 g cm_z; was obtéined for the range of
depths over which showers reach cascade development maxima, as a
- result of.vériations in théiﬁucléon interactions in their cascades.

Perhaps the most significant féatu:e of the fluctuafion
measuféﬁéntsvis_that information on the cascade developments of
individual showers is obtained, without recourse to any detailed

simulation'results.. Measurements of the fluctuation yalues of
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Cerenkbv-light pafamefers made in a large sample-of showers may
well, therefore, play a useful r6le in further studies of the

masses .of. the primary cosmic ray particles. The sample of data

considered here, however, is much too small to begin such studies.




. CHAPTER SEVEN

CONCLUSIDNS 'AND FURTHER CERENKOYV LIGHT DETECTION EXPERIMENTS

| It Has'been clearly demonétraﬁed_thét the CerenkovAlight that
is produced in large extensive air showers, can be readily observed
with'an'array.of simple light detectors and an analogue signal
- recording system. Measurements of the lateral disﬁribution of the
light, thé,shape of the light pulsss, and the arrival timé of the
light have.péan madeAwith such equipmént, operated at the Haverah
Park air showar.array. The. indications are that these maasUréments
contain-very detailed information about air showers.

Furthér work by the Durham University group to fully exploit
the pﬁteﬁtial of Cgfenkov light mz2asuremants is already underuway.
Duging the ﬁreparation of‘this thesis, portable light detectors have
been operéﬁed_at'an established air sﬁouer array in U.S.A. A complet-
gly new métgod af analysing Cerenkov light data, in a manner which
giyes dir;ct information on shbmep cascade deQelmeent, has been
déveloped.>:More sppﬁisticated Cerenkov light detection equipment,
which is to be oberated indepenéantly at a site with goodAseeing

conditions, has been construcﬁed and is.being installed.

'7.1: édnclysions froﬁ the Present Work

Thé characteristics of tHe Cerenkov light averaged ovar many
Shouars_Df-enafgies'around 5 x 1017BV havefbeen established. Neaéure-
ments'of.bofh thé photon density and the details of the light pulse
shépe havévbeen made at core digtahces up to about 600 m, Thé
curuafuré of the Cerenkov light~Front:haé-also bean determined, from
.measureménts of thé arfival times of the light made in 4 small sample
éf sh0wéfs."Th9 débendances'of the average characteristics of the
light on shouwer energy and zenith angle'héve been quantified, This has

led to estimates of thez sensitivities of the various Cerenkov light
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parameters), to'vofiations in depth of shower cascade development
maximum; The datavneaoooed in the present work Compare well with
veariier moasuremenfo,Aonofe suoh comparisons may be made.

Tne measured avoraoe features of the Cerenkov light are in
good qgreoment uith.the pfedictions from the sinulations of shower
doVe;ooment by‘Protheroe and Turver (1977). The:oomparison of the
experimental ano thooretical resolfs has snown:that, on average, the
showers -studied in fhe‘pfesent'work penetrated between 686 and 745
.g'cm-2 Of:otmosonere,'before reaching‘oasoade’development maxima.
While thio-estimate is not strongly affected by the details of the
sinulations, its interpretétion in terms of primary particle mass,
however; deoénds entireiy on the model of the high energy nuoiear
physics thét is usod in the sinulations;

‘It has been shouwn thaﬁ furﬁhor information on the cascade
<deuelopnenos of oir.shomers, is oonoained in the fluctuation values
-of Cefenkou light parameters. The fluctuation.values of various -
._parametérs have oeon'caloulafed,'by removing the recognisable effects
of shower: erergy and zénith angle from measurements of the parameters
nade in a sméil sample of individual showers. The Fiuotuation values
of indepgndentAparaneters:have‘been found to be weakiy oorreiated,
and tnis héo_been taken as evidence tnat the fluctuations  arise from -
variations in the details.of the céscade develooments‘of the individual
showers. .Tho estimates of the .average sensitivities of the Cerenkov light
oarameters;‘to depth of shower cascade development maximum, have beer;
used to relate the flucﬁuation‘Values to chonges in depth -of cascade
maximun. In this way, an upper limit of 111 g om-2 For the range of
depths over which showers reach cascade development maxima, as a result
of variations in . the nuoleon interactions in their cascades, was

obtained,'without recourse to detailed simulation results,
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The meésurémenté made in thé preséht work suggest that the
showszr information that is presently thained from analyses'of the
Haverah Park particle detector data, should also be available from
Cerenkov light heasurements alonz, Already, a Cerenkov light measure
of shdme{ énérgy - the photon density at 200 m core distance - has
been identified, Cerenkov light measurements madé with an array of
s€veral detectors, should aiso give information on shower core
looatipns,'éince severél paraméters have been found to vary mono-
tonically Qi£h core distance., Accurate shower arrival directions can
Se obtaiﬁed from thz measurements of Lhe times.at which the Cerenkov
light‘arfiveézat the various detéctbr positions., In fact, the
%easibility of using‘thé measurements made ih the presenf work, for
this’ sort of shower anaTy31s, 1s‘currently being 1nveotlgated and
y‘u1ll be reported by Hamﬂond et al. (1977).

The observation of Cerenkov llght in BXtDHSlVB air showers, is
 now mell,eétébiishéd at'Haverah Park. During the ppeparation df this
.thesis, the light detébtor ar?ay has continued-to opsrate, essenfially
in an unaitered;forﬁ; 'Homeuer, one important chanée to the equipment
has.béen maaé and ié worth mentioning here. The tiﬁes af arrival of
the Cereﬁkdv'light.at the detectors, are now measured wi£h greater
precision, Improved>real-time.éoincidenca marker pulses at the starts
of the timebase sweeps of the fecording oscilloscopes, enable timing
measuremenfs to-uithin 2 ns to be achieved. The measurementsiof fhe
curvature Of_thé Cerenkov liéht fronﬁ are now much more precise fhan
those described in.fhis.thesis.

Thé antinued operation of the Cérenkov light detector array
.af Haverah Park would be in conjuncﬁion wifh othér new experiments
thére, whch will also give information about shomer cascade develop-

ment. These experiments are the Durham Un1ver51ty muon arrival
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directicn ekperiment.(see Gibson (1976) ): the “"array infilling"

.

;gxperiment, conducted joinfly by Durham and Leeds Universities (see
Edge et al.“(1977)'): and fhe deep water particle detector pulse

 profile experimenti(see uild-(f975) ). Information from a number of
experiméhts‘éhould giyg a much greater insight into the problems of
deterhining fhe details of shower cascade devglopment and primary
particle mass? than the information from any one experimesnt.
 Idéally,viﬁ a finite sample of shﬁuers, Cerenkov light mzasurements
uoﬁld be évéiiéble, as well as,data.from these other experiments.

© However, thé 10m ﬁuty cyecle for Cerénkov light obsefvation in the

Britiéh qlihéte,.makes this possibility rather remote.

7.2 .A.Nem Method aof Analysing Cerenkov Light Measurements

As“a;reddy stated,_ﬁhe results presented in this fhesis indicate
that,it should be quite feasible to employ.the methods currently used
for the-énaiysis‘of the HaveraH Park particle defector-data, to find
‘ afrival-directions,'ébfe~iocations, and energies of shoﬁers,,purely
ffom Cgfeﬁkov light méasurementé.- Howeyer, a ﬁeu method'of analysing
Cérenkov;light measurements, in a way that-givesAmore_direct informa-
tion‘dnvéhower caspade development, has recently been prbposed. Details
vof the shapés of the light pulses registered by several well spacéd
_détéctors.are usedAtd_accurately reconstruct images of shpuer‘cascades.
] Thézcomputer Simulétions'by Protheroe and Turver (1977),
'indicaté ﬁhat at coreldistances greater than.about 100 m, the temporal
sﬁructﬁreé of the Cerenkov light pulses'obéerued in a shower, mirror
tHe development of the shouér.' The first light>to reach ground level
ié brddﬁcéd h;gheét in the atmosphére. fhe light at any given point
dn each'light pulse profile, is produced at a particular stage of the
shower Heyélopment and originates from a compact regioﬁ‘of the atmos-

‘ohere.
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- 'In tha present work, spherical light fronts have been fitted
to measurements of the relative times at which the Cerenkov light

in a shower arrived at the various detector positions, The{timing

A measuremenfs were made to the points on the light pulse profiles at

which 10% of full amplitude was reached. The new analysis méthod
extends this proéedure by also fitting spherical light fronts to
othe:Aﬁﬁiﬁts en tﬁe light puise p;ofileé - theASQ% and 90% of full
amplitudé levels,;on-both fhe leadihg and trailing eﬁges. The radii
ﬁf these light Ffonts detefmine the positibns in the atmosphere of
Varioﬁs stages of shower cascade development, ‘and ;llow.an ihage of -

the shower cascade to be consfrdcted. .Furthermore, the showerAcore is

- represented by the ‘path through the light front centres of curvature.

From-this,‘the'a:riValidirectioh of'uhé'shbwer, aﬁd the impact point
cf thé core on thé groﬁnd plane, can be defermined uithout aﬁy
réference to the.phdton'denéities at the détector positions.
This_methcd,of énalysing Cerenkov light measurements seems
pértibulérly.apﬁropfiate for further studieé'aimed at determining
primary particle ﬁass, sin&e'it gives éﬁch direct information on
shoﬁef.ﬁaécédé devélopment.‘ A more detailéd discuséion of the analy-
sis bfoéédure;.toéether with.prelihinary results.obtéined by analysing'

a small sample of suiﬁablé showers seiecﬁed from the data recorded in

' the'present.work, have been presented by Orford and Turver (1976).

. Rs far as the design of an experiment to observe Cerenkov light is

concerned, the salieht'point isvthat, should this method of analysis

be used for‘dealing with showers recorded in the future, good timing

measurement. accuracy will become much more important than precise

detector gain measurement.

: 7.3 Further CerenkouALighthetectiDHVExperiments

The Dufham University group’is now involved with two further




experiments to detqpt the Cerenkov light in lérge cosmic ray showers.,

'One of these has alfeady been carried out, and the othér-is presently

under conStructiOn}-{Both the experiménts involve taking portable

light detebtd;s'to overseas sites.

The first of the experiments was to make Cerenkov light measure-

ments at a different altitude from that of Haverah Park, Equipment
was operated for a period of about three weeks aﬁ the Volcano Ranch

air shower array, in New Mexico, U.S.A., which is at an atmospheric

depth of 834 g cmfz. Four 1light detectors and an analogue signral

reCordihg system, that were very similar to the equipment described

in this thesis,.uere'used to make measurehents of the Cerenkov photon

dehsity at 200 m core distance, in showers recorded by the Volcano

Ranch array. The results of the experiment are.éoon to be described

by Waddotp (1577). .A possible extension of this work would be to

- make similéf Cerenkov light measuréments at -the world's other

established air shower arrays,
- The second experiment, at present under construcﬁion, is to
méke~méasufements of Cerenkov light in a large sample of showers, and

to use them for further studies of shouwer cascade development and

‘primary particle mass. Eight light detectors have been dispatched

to a site with good séeing Conditions; in Utah, U.S.A. ‘These will be

.Dperaﬁed ihdependehtly of any established air shower array, and
'coincidences betmeen the light.signals registered by the various

'detecto:s, Qill be used to trigger the syétem, The light signéls‘

detected uili be reéorded completely digitaliy, Facilitating'the
handling of a large sample of dafa. The bandwidth of the system will
be highéf.tﬁén tHat of the equipmenﬁ described in tﬁis thesis, enabl-
ing the shabes of‘light pulses registéred at'shorfer core disfances

to be faithfully racorded, The showers detected will be analysed
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solely on the basis of the Cerenkav light méaéurements, in all
probability by usiné the new analysis method described im section

¢

7.2, aboﬁe.'-
% ;-v- * . %

'Inbclosing, it is fair to sayltﬁat the work describéd in
this thesis has established the techniques nécessary to make detailed
measuremenfs bf the CerénROV‘light iH large extensive air showers.
The work: has given rise.to a number of new éxperiments, and-the data
| obtained.ﬁave been used fof preliminar?ltesting‘of a new method of
'showef.analysis. While the present work goes na fhrther than to
présent iﬁitial results on shower céScade developﬁent,'the indications
are,'ﬁhat the future:meésuréments of Cerenkov light in a large sample
p%‘showers, should make a signifiéant contributioﬁ to the identifica-

tion-.of ~the masses of high enefgy primary cosmic ray particles,
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