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The Buckland Fark array has proved a very useful
tonl  in studying the cosmic ray all-particle  spectrum,
in particular the feature at approximately 3 x 103% oV
khown as the "khnee', To further this work the array has
recently undergone substantial extensions to enable
showers with sizes down to 3 % 10 particles at @ea
level to be studied.

Thigs thesis discusses the motivation for the
extensions and the experimental operation of the new
Buckland Park array, with particular reference to the
data oollection and shower analysis. A number of
possible analysis technigues have been studied and the

advantages and disadvantages of these are presented.
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The author®s work was undertaken at a time when the
extensions Lo the Buckland Park cosmic ray air  shower
arrvay discussed in this thesis, were past the design
stage but before the experimental work involved in the
extensions had been completed. As &  consequence the
pyo jest undertaken by the aunthor conbtained as  an
integral part of dts work a contrvibubtion o the
construction of  the extended array, including  the
installation of the arvay as well as the testing of the
new  detectors  and final simulations of  the expected
arvay per formanse.

O e the arrvay was oommissioned, the author
uwndertook  the analysis of the raw data so that the air
shower  parameters could be extracted. Initially this
involved finding the shower divections from  the raw
timing dinformation. It then involved a study of  the
shower  amalysis mebthods available to find the ocore,
shower  size and  age parameters from the rvaw density

information.
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LHAPTER  CINE

COSMIL RAYS

1.1 WHAT ARE COSMIL REAYS T

Cosmicz  rays are high energy particles. These "primary”
particles, which arse thought to exist throaghout the universe,
can be detected near the Earth. They bombiard the Earth, ancl
interact with the atmosphere to produce showers of "seoondary
particles, some of which reach ground level. Both the secondary
particles and the incident primary particles are loogely termed
cosmnic rays.

Frimary ocosmic rays are mostly probons. They also

sansl st

of  khelium nuwslei and some heavier nuclei. The exact composition
of  the cosmic vay flux varies with the energy of the particles
and  the investigation of this forms one of the main  areas of
commic ray researoch. Secondary  oosmic rays consist o of  the
products of interactions bebween particles and the atmospherée.
These comprise further pucleons, electrons, posibrons, photons,
mesons and neubtrinog,  plus an assorbment  of  rare sub-altomic

gpecies in small gquantities.

1.2 A HISTORY OF THE STUDY OF ZOSMIC FEAYS

The existence of cosmic radiation was firs demonstral e
whern electrometers were taken above bthe Earth in balloons.
Firevicasl y, workers had observed a gradual charge leakage in

electroscopes  (Wilson 19010, Their explanation was LtThat fthe



leakage was caused by weak radiation from  nearby object s,
However this explanation became doubt ful when Hess (L8912 and
Eolhfivster (1914 made balloon flights to measure  the ionisation
in  air. They found that above approwimately 1 km the ionisation
level increased with altitude. Had the weak radiation been of
terrestrial  origin the opposite effect would have been observed.
This was the firvst definite evidence of vadiation from above the
Earth’s  atmosphere,  or  “"cosmic radiation” as it was bermed by
Millilan in 1926.

Furthey experiments, wsing bobth manned and unmanned bal loons
showed  that at  altitudes  from approximately 1 to 20 kEm the
iomisation  level ocontinued to dincrease to oa  maximum before
decreasing above 20km (Pfotzer 193671, This was a mystery ba

early investigators in the field. Only when the brue nature of

amic  rays became known  could  this  featurse  (the "Ffotzer
maximum" 3 be explained.

Farly investigators working on cosmic radiation were aware
that fthey were stuwdyving two separate phenomena, namely  primary
ang secondary radiation. However their wunderstanding  of the
nature of these radiations was incorvect. They observed  oosmic
racliation high in the atmosphere and at ground level and found
it teo be very energetic. Consegquently it became known as  Lhe
"menetrating radiation" for many vears, They believed that the
primary Cosmic YAyS Were gamma-rays (y-rays) as bthese were the
most  energetic rays known at the time. The supposed  primary
y-ray passed  throuwgh most of the atmosphere before giving up
almost  all of its energy to an atomic  electron  via  Compton
srattering. Electrons (B-rays) were krnown to cause ionisabion in
detectors and hence the reooil electrons  from  the  Compton

srattering were thought to be the observed secondary cosmic rays.



The  main tool of this o«

<

arch on secondary vadiation  was
the  oloud chamber ., With this instrument energetic B-rays (the
supposed  recoil electrons)  were seen (Bkobelzyrn  19E9). Wl eh

Gedger—Muller ocounting tubes were used to study o

TEYE  Ndw
avidence about their nabturse cams Lo light. Bobhe anc Kolbldhe st er
cooned s e an  experiment  that placed ooubt  on bhe Y Y
pature  of  the ground level radiabtion. They put  btwo  tubes  dn

coincidence,  one aboave the other, ancd found that the tubes were

frequently discharging simultaneotsly. Tt seemed unlilkely thatb

10T 1 colncidences” ocould ooy s fregquently i f bhe wer e clue

to secondary electvons being produced by separalbe y-rays. This
implied thalt the radiation was nob composed of v-rays bub that it
wam  ocomposed of some form oof charged  particles. Eathe  arnc
Eol b ster concluded: "aeweach colncidence signi Ties hThe passage
of  ore  and the same corpuscular vay throwgh Dottt counters.c.

9

athe and  Eolbhdrster 1 3. The experiments  of  Bothe  and

ol i ster, ard  later work during the 1930%s by

€ asn

clescribed by FRossi 1oy showed that these particles WeéT &
VY energetic and hence must come from high in the atmosphere.
These experiments, by placing great dowbt on fThe existing theory
of the nmaturs of cosmio racdiation, o dlec) Bhe dmpetus for muoh
study  into the true identity of  bobkh primary and  gecondary
vadiation.

We mnow know that when primary particles enter the atm a by g

they produce cascades of large mumbers of secondary particles, of

wh i ok merst are eléactrons ancd moeemes

& LAY 65 The vagion  where  bthe

oreatest mueber of secondaries o

SV S DB, o average pal the
hedght of the Frfobzer mexidmum, Tae. at M 20 dome This maxdmam §s

glite mainly to low energy cascades and sxplains bthe early balloon

obyser vationg. L.arger cascades, Witk e particles produce what



arg known as Exbensive Air Showers (BE&SY at ground level. These
EAS were discovered in 1938 by Auger, Maze and Grivebt-Mayer.
They used counters separated by several metves and with  Giming
resolution  dmproved tooa few microseconds, they were sbill able
T ol g ve pravticl es [Péassi g through their detectore
simul taneously. These Mrelated" particles indicated that a
shower of particles had arrvived at ground level. Im further worl
Aty e and his oollaborators C Auger @t al. 13 faumd
coincidences with up  to 300 metres separation, giving  an
indication of the extent of air showers.

The study of +the natwe of secondary radiation still
Cont s, Work  per formed from the 1930%s to The 1990's showed
that there are ot only e@lectyons and  mu-mesons present but
prossi trons, y-rays and nedubtrinos. There are also obher mors ravre
subatomic  particles suwch as K-mesons and d-particles as well as
the wvarious nucleons remaining from the primary’s  atmosplher i
interactions., The research into secondary cosmic radiation has
resulted in the discovery and verification of the existence of
many new particles. It contributed to the beginning of the field

of elementary particle physics  which now s

i iant acceleratovs
tor further probe the nature of the nuoleus.
Concurvent  with research into sscondary radiation  further

investigation was made into the natwe of  primary ocosmic

racdiation. In 1227 Clay examined the variation of o

B Ay
intensity with latitude and found the intensity at the eguator
to be L&Y4L lowsr than at latitude 46 North. Compton produced a

. This oould

similar  figure south of the eguator (Compton 193
not be explained if the primary cosmis rays were the supposed y-—
rays  C as previouwsly mentioned 2 buat ocowlcd be  if the primeries

ware charged particles. These particles would then be deflected



by  bthe Eavths magoebic field, s thalt fewer would arrvive at

Latitudes.

o W ) W

wlar charged primarvies were initially thought

bt be  elechrons. oz i v iy it was observed that an  exce

particles oams from west of the zenith as o 2R

ampared Lo tle

This showed that  the primarvies mast contain  move  positively

charged particles C(e.g. Jobhnson 19330, Later it was shown Lhatb

of  the primaries must be positively charged, and 1t was
hypothesi sed  that they were protons which then interacted in the

atmospher e C Sehein el al, KT 15 R This pro

Dl Fracl Ly e Wih

comfivmed by  wsing nuclear  photographic  emul sions  dn b gh

altitude balloon flights.  Suckh emulsions produce a visible brack

frne every energebic, charcged particle pas

vl by Lebvemy b by e

tlensi by  of the track and its associated s

cabbtering indicate  Lhe

charge amgd wve

city of the particle  DPowell sb

Llsing itmpyoved technol the chavge composibion and energy

gpectra of low energy cosmic ray primaries have been the subjects
of considerable study.  Using nuclear emulsions pryimaries heavier
than proftons wer e Saen., Electronsg and positronsg were fouwnd  in
LThe primary vadiation CEarl D361, as were X-rays (Gliacooni et

al . 1962 and y-rays (Erauwshaar eb al. 1968, Ml osom Tonned wer e

nuclei  heavier  than  frvon, i luding wranium and  bransueanic
el ements CFowl ey et al. LR670 . Hiawever , b g ol e
comsti tuents make up only & small pavt of  bthe composition of Lhe
low  #nergy  [rimavies which are  mostly probons. Above 1O
glectron vills CeV) O d.e. fer higher @nevgy primaries ) this is

ol rree

searily true. Htudy Lthe exact guantity of  other

Mreavier elements swoh o as helium or dvon in The primary flux has

provicded & vich field of research,




w3 THE COSMIC EaY ENERGY. SFECTEUM

An enerqgy spectrum shows  how  the oosmic  ray  intensity
varias with primary particle energy. There are  bwa  oommon
methods  of  representing the ocosmic vay energy spectram s the
"integral'" spectrum and the "differantial"” spectrum.

Figure 1.1 shows the integral spectrum.  This displavs the
intensity of cosmic rays above a particular energy  as the number
of particles per square metre (m#®) per steradian (sv) per  second
(), versus primary energy (E). The ordinate is commonly motaled

ICHEY and the measwed spectrum can be fitted by the power laws

TCxEY dE x  E-*-® dE

However it can be seen from Figure 1.1 that this ewspression will
gimply be an approximate fit Lo the observed spechruam. This is

diutes bt the large vegions of  wn

grbainty near 3xl0r® & the
"krnee'" ) and F 10 &V the "ankle™ . The  true oosmic  vay
enerdgy gspectrum Ci.é.  devoid of all observational ercor ) is

probably not described by such a simple power 1law.

The obther method of representation dis  the differential

gpectrum which is shown in Figure 1.2, This gives the intensity
of  cosmic vays  per  unit energy interval  as  the  number of
particles, per m®, per sr, per s, and is generally notated as J.
If the relation between intensity and particle energy was a
gimple power law, a conversion could be made from an integral Lo

a differential spectrum, as follows:

LOXEY ol o Es ol ¢ integral form )

them JCEY b ox e gl B Codi fferential form )

Consecquently, the differential spectrum can be approgimabed Dy

JCOEY Wi w Ese s o
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Ep (eV per nucleus)

The integral spectrum for cosmic rays at the top of
the atmosphere. The hatched areas indicate areas of
uncertainty. (after Gaisser and Yodh 1980)
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Figure 1.2 The approximate differential spectrum for cosmic rays

at the top of the atmosphere. (from Gregory and Clay 1982)



On the spesctra shown in Figures Lol and 1.3, deviations from
simple power law bebhavioor are mnot readily sesen duwe o The  many
orolers  of  magnitude over which the intensity axes fall. T
highlight these deviabions bthe lobegral intensity ocan [
mAltiplied by E*®,  This flatbtens part of tThe spectrum  whilst

emphasi sing Fealuré ZI NN P

gLk as the knee. Figuus 1.3 shows re

i bthis foro from a number of workers.

1oeh EXTENSIVE &IFE SHOWERS

CEAE D

Lot Cand Ity oduct ion

The energies of primary o

mic Yays Span a very lLarge range,
from  10% &V up to 108 &V, Farct of this range is shown in the
cli F Ferential energy spectrum in Fhigure 1.2, The steep slope  of
the gpechbrum has  resulted in limitations  Dbeing placed  on
olyservational Leohndopies., Dipes Bon Bhe Lavge mumbear of  prdmar i es
at  wvery  low shergiles O bhose < % 1029 &V 3 direct  measuwrements

can  macde  of these primaries  from sabellites  and  bal loons.

Hoowever, above this energy, the intensity drops to leve Wy 6

such divect wmethods are nob possible.  For example, bthe intensiby
at a primary energy of 10% oV i only 2 o 3 events per m®, [ sy
sr, pPer vear, while at 10Y% &V the intensity is less than one
@vent per m¥, per sy, per ocentury! Fortunately, tThe cascacdes of
particles in the atmosphere prodused by primarvies with  eneroles
above 10 oV, are  large enough B permit abservablse numbers

of  particles to  reach grouncd level. The particles alt  gyound

level have considerable lateral extent and are known as BExtensive

Alv Showers or E&S, iy showers vesulting Trom primaries  with
energiles  Debween 1O angd 1O eV can only be divectly cbserved
at high altitudes  e.g. Morello et al. 1983 ) where signi ficant

ML) e 5 of el

Lromagrnetic conponent  particles  remain Cas

7
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explained in  section  Lod Chd D, Consequently there 16 very

little E&AS data in this enerqy region.

The lateral spread of EAS permits bhelr  observabion by

arvays  of  appropriately spaced detectors whioh use  ooinoidence

Lechnigues Lo sample  Lthe showers,  BEAD caused by low  enervgy

primaries reoguive  Tewer, [/ Dol A

I T hvar

aly  wmpaced oleles
higher energy EAS which nesd more debtectors spreacd over a lavger

ar a. Menoe, though divect measurements cannobt  be  made on

3

prdmaries with  energles > 10" aV, i iw owsbtill  possible to

effectively study Them wusing EAS arravs.

1ol Cind Shower  Deve ] opment

A& shower dis  dnitiated when a primary cosmic ray oollides
inelastically with the maclews of an atmospheric molecule.  There

sl sl

ars  numerous products of this first dnteraction. Thiessse o

of Lhe primary  parbicle C ooalled the leading particle as 4 is

ustal Ly

L1l ke most energetic), the  Tragments  of the

atmospheric ouwslewns Clrnocluding nuweleons and anti-mnuacleonsd and  a

lavoge quantity of n s Coalled pilonsd, as  well as small
gquantities of rarer species, Thyee bypes of pions are progduseo,
namel vy ey, o and Ty i oroughly aw NN P g b o,

Quantitative details of these ool lis

g ar e wnkrown &l T O o

M0 eV oan this is the  limit frar medacl e e A el ey atow s,

€ The eguivalent highest enevgy studied to date using  tThe

accelervabtor at CERN s 1.8x1029 oV (Eichten b oal. 1984, Wi 1 e

further experiments at laborabory energies of 2xl10M eV have been
P fovmec, the results have yeb to be  Tinalised . Hes e
quantities suwh as the inelasticity (The fraction of enercgy given

up o by the primary? and Lhe multiplicity (hhe number of particles

proedue ed per interaction) ocan only be ewbrapolabecd  Ffrom 1 owsr

8



enerQy &

celaerator data at presaent.

The products of this first collision travel on, and either
interact further or decay into obher  secondary particles. In
this way the number of particles in the shower increases and bthe
average energy of each particle decreases. This building process
conmtbinues while tThe particles have sufficient energy to oreate
Flasw  Seconclaries. When the average parbicle energy drops below
the critical snergy % Bd MeV in aiv 2, donisation takes over ag
the major enerpy loss process and the numbey of shower parbicl es
beging to decline. In this way a showery has & "maximuam” particle
numbher  at  a certain depth in the atmosphere, the depth being
related to the energy of the primary. This "depth of maximuam” i
aleo dependent on the nature of Lthe primaryy; a proton  initiated
shower  will  generally have a greater depth of maximum  than  a
shower initiatad by a beavier nucleus.

The superposition model can explain the dependence  of  the
depth  of  maximuam  on the nature of the primary ¢ this  model,
heawever , s oonly an approwimation 2. A Mheavy" primary such as
1romn can be considersd as 560 nuwoleon primaries each wilth 17560H
of the energy of the iron primary. The initial collision breaks
the dvern muclaeus into 56 nucleons which tThen initiate separabe,

coverlapping  showers.,  These showers are less

energetic  and s
reach maximum higher in the atmosphere. The net effect is  that
the whole iron shower develops higher in the atmosphere. Mt e
the depth of mawimum below the top of the atmosphere for o an iron
initiated shower is, oOn averageée, less when compared o a proton
initiated shower of The same energy. Acdditionally, heavy rnuwslel

have & larger nuelear ovoss-section  for  dntevaction  and o

interact earliser in the atmospherse which also conbribubes Lo the

dependlence of depth of maximum on nuolear speci es.



Lo Cd The Decay Frocecaes

The three pion species ( %, n*, n~ ) oreated by the

primary?’s interaction decay wvia the following reactions:

W

R e

The <y, cr peutral pions, Fave a very short  hal §-10 fe,

Mamely = 2x]10m*e g, and decay almost immediately into  The two

photons. These phobtons give rise to an elecstvon-photon cascade

knmwn as the elechromagnetic component of EAS.  The hal f-lives of
the charged pions are mach longer (E.Ex107® secs) allowing some
Lo dinteract  with further atmospheric nuclel  before decay ocan

accur ., However, many of the charged pions decay into p

IV O
TTH O] g A High energy muons will be oreabed only during the early
devel opmaent of the showsr.  These muons have & long  dinteraction

length and hence many arrvive intact at the Earth's surface. Thye

ot

relatively few lLow @nergy muons produced in the later
ghower development have tTime to decay bto electrons and posibrons
which make a small contribution to the slectvomagnetic  component

of EAD. The decay processes for muons arses shown bDelows

}_1-—- - P 1_,-«’ e 1_,”

The  neuwbvinos Csymbol v ) produced in most of these decays
have essentially no cross-section for interaction with matter and

s travel on throuwgh the Earth wundmpeded.

10
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1.# Ccld Major Demponents of FEAS

There are three main components of air showers o
C1Ly The nuclear corse  © also known as the hadvonio core 3,
# 2y The "haoro oy mwor companent
€3 The "soft" or electromagnekic component.

Figure 1.9 is a schematic diagram of thess three components.

R S o Cid The Nuclear Rore

Thig consists of the bhadronic disintegration products  tThat
result  from  the interactions bebwesn primary parbticles  and
atmospheric P L oed . The nusleons  that  energe from  these
collisions  interact further with atmospheric nuwslel  to produce
more nuslenns and sesondar il es, to form tThe snergetic oore of the
Shower . The charged pions formed in these interactions continue
ton either dintevact to maintain the oore, or dlesay anc s

contribute Lo bhe muon oo electromagretic components.

? The relatively high enevgiss and large mass  of  the oore

particles leads bto a small Coulowb scatbtering for these parbicl es
and s the core travels throwgh the atmosphere as & Naryow  Cond.
For  a btypical 10 eV shower tThe nuwelesor component at sea  level
compyises approaimately 14 of the total showsr particles and has

a labteral exbteant of a few mebtres.

1o Cclhd Cid o The Muear Componernt

[

seen from tThe decay pro

i osechion 1.4900), tThe muon
component originates from the charged pions. Whet her the oharged
pions  decay or inberact depends on btwo factors, mnamely the  air
density  and the energy of the pion I general the m@ore
energetic  Lthe pion the more likely it is o interach. Hirwever
energetbic pions  are produced high in the atmosphere where the

density  is Llow  Cmaking interaction less likelyd and so many  of
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Schematic diagram of the major processes that occur in an EAS.
The associated neutrinos have been omitted.

(from Thornton 1984)



these pioans can decay Lo muons, Inn this way bhigh energy muons

are cyeated. These muons have  small S Giomes for mue b s

interaction  and if btheir Loventz factor is > 20 they have a very

high probability  of swviving to reach ses

Level, where  Lhey
constitubte approximately 104 of the particles in a 103 ey
Sl . This survival is doe to the time dilation  of ftheir

2w ] Qe Lifetime from the BEarth®s frame of rveferaense. Tt i

alse These  muons are very penetrating that bthey ars ool led
"hard' mlends.

Mg bhe shower  progy s

5y Thre muor mumbier s wi bl ooonbinwe o

rise  boooa maed vesiz acle Fas

st Ficdl et

Lomeg as bhe sl esrr o
erergy to conbinue oreating new secondaries. Wher tle  rue ] eane
cascacde dies out,  no onew muons are oreated and the mnumber of
existing penetrating muons stays roughly oonstant. The result is
that the flux of high energy muons at grownd level s bhe sum of
all high energy muons produwsed cdoring the whole cascade, and this
can  dnclude  muons produced as bhigh oas 20 kmo above sea level.
Hernce  kigh ensegy muon measur ensnts gldve dinformation abowl early

B W clevel apment anal this techrnigue 1s wsed by a  mmbier o f

greups O oelg. Watson and Wallier 1% imoto et oal. TREH D,

31 f
Thoagh muces have  small  Douwlombh o scatbtering and ALY g rot
signi ficantly deflected Dy the Earth?s magnetic field, they still
have & lateral spread at ground level of a few bundred mebtres odue

o theiv wvery high ovigin in the atmosphere.

Lok Celd Ciidid

acdes and the Bl ectromacgmet s Compornent

The  y-rays from the n 7 interact with the atmosphere  in

twor main ways, namely by paivepyoduction oy Compton s

attering.

For y=-rays in air with energy of * 20 MeV both processes  egually



conbribute to the dintevactions wheveas Delow this eneroy, Compbon

srattering dominates and above b paitv-procuction is The dominant

P e 56 Fad v -prvochus td o vefers to the pro whigsr & &r
@lactron-posi beon pailr s spontaneously created Lo replace Lhe v
VY In  the dinitial stages of most developing showers  y-ray
anergles are  far in excess of 20 MeV and so palr-prodachion is
egmentially  the only process baking place. ey @AV e @ &l s

interact with Lthe atmosphere via the phoboelectric  effect  bot

s e

this process  ds only imporbant towards the encd of  Che
wWhien the individual vy-rays are of l1ow energy.

M wmimd Lay sitwation exists for the eleé i Ly s

o andl |2

created from  The oo ess

Fravct =g oo B At e aritioal
ey tEe:d of 77 MaeV, iomidsation  of  nearby atoms &rcl
by emsstrahloung ecual ly contribute b e ST Y 1.
Bremsstrahlung ¢ German for "bhraking vacdiation” 1 describes  Lhe
proocess where a y-vay is emitbed as the e or e i cleer e e al e
in the field of a nwoleus, Below the ocritical energy lLonisat ion
dominates  whereas bremsstrabhlung dominates at higher enerogles.

AQALRN, i the sarly st of dewvelopment,  bthe slecbrons s

prassi o pre o 4l AV g o f mulfficient ErEY ¢y B i ks e

by emsstrahlung tThe main progess,
At energies much greater than Ee the intevaction lengbhs for
pair procductton and bremsstrahlung are approximabely Lthe sams, at

abioauat 36 ¢ oo, Hermre a sohematic diagram can be dyawn o show

the  alage

of cascade development only depicting  the  proces:

of pailv-prochaction and bhremsshvahlung., This is given in Figure

1a . LY

T he oo

cont i nues The number of particles ol les
arel the snergy per particle halves with each interaction lengbh,
Whaen the snergy per particle has decreased to veach the ovitiocal
anergies for  donisation or Compbon scathering, Frestd  maamcanle

g o
Aoy
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Figure 1.5 Schematic diagram showing the processes of pair-production
and bremsstrahlung occurring in an EAS. (from Liebing 1983)



particles are nob ocreated and the cascade begins  to  die  out.

This simple model leads to so

e useful conclusions, such as bthe
number of particles at maximum being proportional to the primaory
ernaeragy, and  that the depth of maximum is proportional  to the
lLogarithm  of this energy. Another useful result (Cocooni 136 1)
for  real EAS with energies olose bto 10 gy, is that the ratio

of the sea level shower size to primary energy is > 10-e,

iow e N ¢
i ke el sl b 1 (:) e L
E e
This rough  empirvical relation which is useful at  the ensrgies
wsed  irn this work  follows from another of  Coocconi’s resul bs:
from  a measwrement of size at maximum development, the primary

energy Eo 18 given bys

Ee = Mpaax % (1.3x10%) &y

The processes  described above are concerned  with o Lhe

mechanism of electromaghnetic ca

It is these cascades that
fusrm the thivd main component of EAS, the electvomagnebis Cen)d
comporent . F i i mary energles Lred oiw 104 wl/ the
elechromagnetis compoenent of  EAS de  absorbed  hiagkh  din Lhe
atmosphere leaving only the muon component at sea level. Howsver
for  primaries of energies greaber than this, gradual ly more of
the  w-m  component remains at sea level. & twpioal lore wy
shower  has approximately 904 of all its particles consisting  of
e-m particles, i, the photons, ¢lectrons  and positrons
clerssor i el pPreviously. Multiple il el seabttering is
signi ficant for  this component and hence the particles are
srattered well away from the axis of the shower. C The showser

axis is that path that the primary would have taken had it nob

14



interacted with the atmospherse 2. This scatbering results in the
showery  parbicles btravelling  down through the atmosphere  as a
shallow oiso. The disc ds of the order of a Tew hundred mebres
in  lateral extent and a few metres thick with a rvadius  of
curvatwre of more than a kilomebre. The highest energy particl es

AV 4 found concentrated at the front of the di and  rear the

awi s.

The e=m component originating from the decay of a%s remains
umerically  dominant  as  long as  the nuwclear  component has
sufficient energy to generate mew plons, The  y-rays  procused
from  the a®?s sach initiate e-m cascades and so bthe EAS is  the

ELUET S R

sitdom of many e-m cascades. Hespi e fov & study of  kigh

eneray EAS a good wanderstanding of e-m o @ Lheory is needed.

Fovtumately  a mumber af worler

% have studied this prablem  wibh

the result that, while the nuclear processes in showers are nok

el e are well wunclerstoond. Erim® sy e

well known, the pure e-m

fed Mpor e

des but, as this component s so dominant at
high  energies, it s a useful approximation to  use  equaltions

ol s

cyibing e-m cascades for simulation and analysis of showers.,

Tu#l Cad Lateral Distributions: PMoseow-MIT and NE

From  the  theomry of e-w cascades a  lateral distribubion

function im ousecd to de

cribe the way the particle  rumbers  vary
with  distance (r) from the cove of the shower ( the point  where
the awis shrikes bthe ground o, There ave btwa  oommonly  wsed

= LT

i The Mo

lateral chi sty ibuhion functions. Thye fivs

function € @.g. Girelsen Dy initially formalated at Mosoow
University and then modifised by the Massachusebts  Institube of

Technol ogy Qo .

o



The Moscow=-MIT function iss

MNe g

T e e s 7T e v iy — 1 i

i

PCNery =
PE I e v

Whgr e Pois the particle number density at a distance r
retres from the core, in particles per sgquare mebre,

roodis the distance from the core in mebtres,

Me is  the rnumber of particles in the smhimwer
at sea level ¢ the size of the shower?

and re is a constant * 60 mebres.

The second important lateral distribubion funotion is  the
NEG (N shimora-kamata-Grelsen) function. Famata ang  Nishimwea
CLa%e) formulated a theoretical function to describe pure  e-m
cascades  and Greisen (19356 produced an empirical approximation
to enable this function to be wsed for EAS.  This  function
includes a new variable stemming from pure e-m theory. This is
the "age" parameter  known as "s". Every stage in an e--m
cascade’s development can be described by a particular value of
. B increases from zero Lo reach unity at the point of  cascade
méss 1 muan anc  then dincreases  from wunity to fwo in the later
gbtages of the cascade. This variable is well defined for a
single pure e-m  cascade but for an EAS, which is actually a
superposition of many sequential cascades, s is not well defined.
However  there ds  value in assigning an age for  each  shower
ohserved, as an indicator of the overall development  that the
shower attained. A small s C 21 2 implies a "young" shower not
yet at  maximum development with a steep lateral distribution,
while a larger s ¢ > 1) implies an "older", flatter shower which

developed higher in the atmosphere. However, it omust be

16
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SQUNE FOR THE EXPERTIMENT

el THE COMPOSTITION FROBRLEM

R

o

1 tad Low Energy Coemposition

The composition of primary cosmic rays above & 102 eV is
still wncertain. I comparison, below 10 eV, the composition
of  cosmic  rays  has been successfully studied wsing detectors
carrvied on satellites and balloons, The relative abundances of
el ement s i low  energy  cosmic rays are shown in Filgure 2.0 1.
Alwo, in Figure 1.3, results for individoal elements can bDe saeen.

When discussing composition measuremnents the energy of  the
species can be described in two ways, namely ensrgy per ol eus
and energy per macleon. All energy values used so far have beaen
given as energy per nucleus. A primary cosmic vay nucleus  with
any nfumber  of pucleons  has a certain  energy  for the whole
hues 1 e, This description is wsed for high energy cosmic  yYays
where the number of nucleons is not koaown. In contrast, the
identity of low energy primaries can be found  from  diveot
measurements as bthese yvield the nuw:leon number and the ocharge of

the nucleus. In these instances composition measurements ave

referved Lto in terms of consbtant energy per nucleon.
Table 2.1 shows the relative abundances of low energy cosmio
rays at 103* eV per nuwsleon at the top of the atmosphere, It

can be seen from the table that protons are the main constituents

18
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Table @2.1 Nuzlear aAbundances Below & 10332 &V Per Nucleon
Cfrom Hillas 1979 and Longaiv 1981)
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of the low energy oosmic vay bDeéeam. Light muacled Cldi, Be, B) and
Meavy  nucleld C di.e. 7 between 20 and 28 are bobth  highly
overabundant when compared with the @olar  system  composition.
The accepbed explanabtion of  this is  the spallation Cl.e.
fragmentation) of  heavier e¢lements as they traverse and interact
with the interstellar medioam. Consegquently the quantitises of
these spallation produsts can indicate the amount of  matter that
the primary nuwslei  have traversed since Their prodaction.
Ml lery  C19E2) found a decrease in matter path length as  the
energy of the primaries inoreased. A possible explanation  For
this dis that the more energetic cosmic rays are trapped within a
larger confinement region near our galaxy which includes the laess
dense galactic halo. When spallation effects are rvemoved, the
cosmio ray sowrce (CRS) composition can be fownd which ls more
similar to the solar syshem (8%5) abundances. In  fact, Mgy ey

C1981y  founcd the CRES composition very olo

Lo Lhe cooampeasl b ioon
of energetic s@olar  particles, with the exception of  ocarbon.
Hillas ¢ 1983 1 in his overview stated That whils some  dsobopic

abundances are abnormal ¢ e.. ® = Ne ) the O

is only
slightly different Lo 855 composition in that it may conbtain
slightly more evolved material similar to that mnearer  the
galactic centre.

The spectyvum shown  in Figure 1.3 containg  composition
information concerning speci fic elements in tThe low energy ranges.
It shows the early composition work by Grigovov el al. C1971ad.
This was the FROTON series of satellites where each satellite
carried a large ionisation calomrimeter to measure the charge  and
energy of primary particles. These calorimebsers had anm  e@neroy
culb-off  whioch prabably produced the steepening obhserved in hhe

proaton spectrum above 109 e (Ellsworth 19770, The JAL

20



experiment (Gregury et al. 1981 produced & probon spectrum that
does  rob exhibit  this steepening whiich is now  thought bo be
oo et

Mt low  energl es ¢ g B0 eV per  pucleon 3 many

experiments on abundances have bDeen  pey formed Ce.0. Simon et al.

Bav el my

Dwyer and Meyver 1981, Engelmann et al.
et al. 198s5 o, Himilarly, experiments  on bthe spechra of
incividual  elements at  these energies have been  dome O @ug).
Chappell arnd Webber 1981, Twrael b al. 1381, Burnett et al.

1985a0 . Abhove these low energies, up to energies near & L0 ay

ey e L e, orily & few divect experiments have Des

ey Tor el
such as that on the H oand He spectra Ce.g. Civegory &b al. I

Burnett et al.

Yoand the irvon specbtra Ce.g.  Abulova 1981,

S

ad 1983, Streitmatter et al.o 1985 ).

The  lower energy experiments C bens of Hev ) odindicate  that

there arve di fferent spectral inodices 6 o cli fferent powsr law

slopes  on bthe  specbrumy for the light aned beavy nuoleis The
logarithmic  probtonis spectrum has an integral slope of » 0 1.7
whersas bhers is conslderable evidence bThalt bthe slope of The iron
spectrum is in the rvange —1.8 to 1.5, Ceongln  Sdraon et al. 1HEO0,
Sato et al., 198%, Engelmann &b al. 1385 0. Hoawever  at higher
energies  the spsotrun appears Lo steepen, as  the spseobral
indices for all nuwclear groups approach » 1.7 at an energy  of

1O eV per pnucleon  Ci.e. B I OMNE ey Toar an e s ] es)

€ Webber 1982 2. This result is supporbed by the recent iron

results of the JADEE collaboration ¢ Barmnett et al. 19830 ).
When  low energy composibion resul ts are ewamined in oebadl

Somes areas  nf coontent don whill el mh . Ty 4 im lucle  some

digorepancies 10 Foor bhe nuwslear abundances, the need

foor @ complets explanation Tor ition  and  Turbher




dimproveod statisti

o bhe dndividaal spechea, Hovesier ,  blie T

remains  that the wealth of acoumulated data on the  low  anergy
commic  ray composition gives quite consistent results. The same
canmnot be sald for the high energy cosimic vay oorposi bion. At
energies in ewxcess of 10 &V dindivect methods most asecd e T
the 1ow Tluxes. These indirect e b s coeal e b e

uwncertainties dn Lhe composition res

Alts clue to the varisely of
technigues used and the unavoicdable selection effects whioch  are
present Ln o sueh methods.

CEnergy  wunits  are  now  given in &V per nucleuns unless

obtherwise stated.

2ol Chd Hiakh Erneray Compositdon

At energies around 10 &V and above, bthe abtmosphere bhecomes

the cosmic ray physicist?s detector. It can be oconsicdered &

giant ionisabtion calorimeter with a thickaess of ™ 1000 o om™®,
A g em™™® i a general unit wsed to desoribe the thickness of a

laver of any sort of ab

whery it ds the mass of & oolumn of wnit

area Lhroagh the layer. )

s et e ik I v f 1 ks

rapter One the nuolear  physi

collisions at  bthese energies s nob well kKnown. M mumbrer of

meaclel s Mave  been proposed bto o extend nuoclear  dnteraction  laws

applicable at  lower energies to the higher energy  rvealn. The
mevst  common of these is tevmed  Feyaman scaling (Feyhnman 1969 in
which the longituwdinal momentum obbained by  particles emerging

from interactions is essentially independent of incident aneviy.

Tn addition, accelerator work has shown That as hadvons appyoach

b gl eney chdons vl se H

gries, btheir interachion orao

oWl oy It

s plaunsible to suppose thal this brend continues to air  shower

SRl 5. Thesme Lwo proes F ey rmét aldng  and  wising




cross-sectiong,  have become  the usual model for  high  ensrgy
M léar dinteractions. The current highest energy data indicates
mirmor  violations of Feynman scaling at accelerator energies  bub
major violations may ooccuwr ab energies greater than Ex100* V.
Feytiman scaling results in a logarithmic  dependence  of
multiplicity ¢ or secondary particle producticon > on dncident
laboratory particle enevgy B D, Dt her models give & higher

maltiplicity with  energy dependences of EO-2% ¢ e.g.  the COKF

model  as described by De Besr 19 1oy [Ee.md, T wse these
moadels to fit experimental data, a particular composition for the
primavy beam must be chosen. However no consistent picture has
emerged from the various attempts to fit experimental data with
interaction models.

Generally speaking the same data can be explained with a
number  of  different models  swch as a heavy ocomposition with
szaling or  a light composition with scaling violation 2 but  no
model i capable of defimitively explaining all available data.
Wrmtnd ak  ang Yodh (198%) after per forming exbtensive  simulabtiong
cornzluded that the air shower observables were move sensitive  bo
the primary mass composition than the nuolesy intevaction modsl.
However  Fubiak &t al. CLEED Tonaned that variabion  in primayy
compesition  could not reconcile their simulations with available
data  and  that some scaling violation was  needed. Fao  CLIED)
asgessed the evidence for scaling violation and decided thats
"Whether or not scaling in the fragmentation vegion is valid in
hadron-hacyrcoen ool lisions, it seems bto be violated in bhadrorme
nucleus  interactions'. He corcluded that evidence for  scaling
vimlation ie growing and that composition changes are ooouwrying
in  the spectruum, but that the situation is far from  resolved.

Adclitionally work on khigh energy interactions has revealed that



high  enevgy particles do not emerge evenly from  collisions  but

follow well collimated paths known as " jehs” Cea.  Shrugalslod

1983 ). This phenomenon still regquives furbher

Y

ml ations Lo
understand its effeot.

Bolving  the composition of the cosmic vay beam and  finding
the oorvect  kigh  energy nuclear intevrachbion  laws  are  inber-
dependent problems which make the study of the ocomposition  of
Migh  energy cosmic ravs very o fficult. S onumber of technigues

bransv e by grger devel

apec whidokh o attemplt Lo prochue cocapap e b d o

information independent of the nuclear inbe

actions  with varying

degiress of SLo0eHEs., The main aim has been bo ok Fyestwarern 1w

enbreme compositiong, @#ither a oconbtinuabion  of  low  enevgy
composition throughout the spectrum, or an enhancement of heavier

primaries (usually ivomd ab aboul LG b,

2al Chd (A Hicah Eneyoy FMucon FEysper iments

One method used to study composition is the examination of
the high energy maons produced in The early stages of  Eab, At
the Tien Shan mountain observatory Cat an atmospheric  depth of
FOO g om0 workers have studied fluctuations in the vatio  of
mus clensi by at a Fixed core distance, Lo electron sLwe. Foav &
heavy primary this ratio showld  generally be larger. This is
beoause  tThe muon Flux is relatively constant while the electron
flux  varies throughout the shower development and  the LsLLal
earlier development of heavy primary showers will be reflected in
a high muon to electron vatio. T the energy vegion of the knseae,

Tien Shan data is be

st fitted by a composition similar  to that
at lower energies (.. an iran comnponent of o about 154 ). Thre

results oo onob support a

aling model but are otherwise model
independent for a big olass of bhadron interaction wmodels such as

b

the CEF model . C Stamenov et al . 1983 2.,

e



elusgive. Yoacllh et al. CL9E4r have examined some of the data
that procduces the conflicting results and have oconcluded that no
comgistent  pickhuwre can emerge. They found thal the dala can be
fitted by oifferent composition assumptions and point oult that

mueaer abservations, when grouped in fterms of shower size  rather

than primary energy, 1 Lhional dnfovmation.

e koo e aomp

2ul il Cidd  Hasvon Experiments

The arvival time distribution of hacdvons in the cores of EAD

iwm o oan area which has been exbensively sacli e by the  Mavyland

N LD Gooacdman et al. ¥obhad shown That the fraction of

hadrons  delayved by a particouwlar time with respect to the shower

front was a quantity sensitive o oomposibion., Lsimeg otk

mowatain and sea level experiments they were umable to reach  a
definile T D SRR Ry I [STNR ¥ foune  tThat  theiv  data  could  be
rapresented by bwo omodel s, The firat has a probon spescheal
index of -2.68  and an drvaon dindex of 2,39 in the rangs 10Y# Lo
10wV, However  ftThis  is discordant with low  energy  divect

measurements as Ot proodose muckh iron at these energles. The

obher model has all nweclear components with a  spectral incdex  of
~#, 55 with them all steepening by 0.5 at & rigicdity of 10
Vi, « Figidity is & gquantity which is wsed to characberise

the path of a particle in a magrebic fiseld. Tt is P o= posie

whaere po= momentum, o = speed of light, Ze = charge on species

T vl b, Tt i often given in the form of wvolts/o.

Farticles having  the same vigidity Tollow ddentic

il Traclks  in

gy ed i fieldds, whereas particles with the same  momentum  or
energy but  different charges do not d. This second  modsl 06
their preferved model and  does have the acdvantage that it

provides an  explanation for the kneey  this will be discussed




further in section 2.8 (o). Botkh models produce a predominantly
heavy cosmic vay beam al 1024 o 10195 eV,

Cowsl k et al. €1981) provide further evidenoe for  the
compositionsg suggested by the Maryland group.  These workers also
investigated arrvival times of hadrons and found,  wsing  Monte
Carlo simulations, that their data supported a composition  wibth
an increasing proaportion of heavy nuoclei around the khee,

In ocontrast, Tonwar (19832 has surveyed high energy hadron
data and concluded that a consistent interpretation in terms of a
conventional  muclear physics model ¢ scaling with vising  orosse
sections 2 with  an increasing proportion of heavy cosmic  ray
primaries at 10* to 102 eV, cannot be found. In fact, Gy & ecler
(1984 has exwamined cuwrrvent high energy hadron spectral data from
a number of  souwrces and compared  them with his  theoretical
caloulations, and concluded that ivon is not dominant around the

kree region.

2.1 (b2 Cidi) Cervenboy kWoolk

The observation of Cerenkov light is also employed in the
study of cosmic ray composition. Cerenkov light is emitted Ffrom
shower particles when they are travelling through a medium faster
than the speed of light in that medium. It is amalogous o a
shoclk front and the light is emithted in a cone survouncding  the
particle, Cerenkov light is emitted throughout the life of  the
gshower and consequently observations of the Cerenkov light flux
can be related to shower development. Measuwrements of  the
Cevenkov pulse "full width at half maximum” (FWHMY lead to  a
value for the depth  of maximuam of & shower CEalmykov 2t al.
19793 . A number  of  warkers o e.g. Thornton and Clay 1980,
linsley and Watson 1981, Hillas 198la , Dawson &6 al. 1983 )

firmd wcomposition changes at the knee region from Cerenkov data.



These changes appesy bo be consistent with a shift from ivon bo
protons as bthe dominant primaries over bthe rvange 102 o 1002Y &Y,
and  the data supporbs convenbtional Feynman  scaling  model s,
However  obther  Cerenkov work © &limoy et al. 1B, Aaliey el

al . 1285 2

M Aagres with o Lhiw interpretatiaon. Thi

results imply a constant composition from 1O eV apwards,

2ael Tk Civy QObher EAS Technioues

e technigue  whioch has bhad somes swecess in the  study of

2

shower devel opment:, arncl o womallad Lhe

s e LEnt Ly campersd B, i
methoo of constant intensity cubs. The variation of shower size

wibth zenith angle, alt & oo

shant showsr inbtensity, is Touncod. Tn
the absence of fluctuations this is sssentially  eguivalent  to
obhserving  bthe same primary pactbicle but at oi fferent depbhs  in
the  atmosphere. dverage shower development cwrves  are drawn

which shkhow how The shiowsr elecbyon size varies wilth  atmospheric

depth The data in the energy region of  bthe koee matobes well

£ la FPointe b al. 1968,  Sntonov and Ivanenko D375 ) with the

theoretical development  ocuwrve for o drvon as Tound by Ga
al . C1576) but not for thelry proton curve, et ey Lhvios kb
supports a comimarize of dvon in the ramge w10 Lo k1027 &Y,
Ancother EAS techniguse employs the maeasuremernt of the density
gpectrum. This technigque veoorods the number of aiv showers whioh
produce a glven density in a cerbain area, This rmamber 1w then

plotted against  the density. @ power Law dndex ds Tound  for

AT

gpectra which shoulod veflect The size specbrum. AN ewample

of  this techniguse is the work of Forter et al. whier e a

slope  change that could indicate the knee rvegion was  veporbaed.
Hillas C1981h has analysed early density spechra experiments and

concluded  that  with the assuephbion of no signi ficant ohanges in

e



"

P laar  dnteraction prooo primaries before ancd avownd  fhe

Erese have a composition with o= 2% probons.

el Ch (v Very Miogh Enevoy Composi tlon

Frimaries with eaergies in excess of 10 &V produsce  larvgse

Ak and

the energy inoreases the steeply  falling spectrum
results  in a very low event rate. Ohservations  of  the high

@neragy apechrum are sesn in Figure 1.3 and it can be  seen  thatb

al:

ek A e

mve  The knee ved

oo the apectyunm o siserthly  fo (AN
eW € Lhe shin 0 ), Afber this energy some measurements show a
flattening to  form  what is known as  the Tankle'. Cidoant  FAE

AV Y AYH, with ernzlosed areas of many souare kLD Domelres, are Lthe

ol y arvays capable of detecting events > 1038 ol

arde arvays o alt  Haveraklh  Fark C Rower w2l al. 153 Iy Yakih sl

C Ervasilnikoyv st al. 1w o, Moolocarn Eanok € Do nglam et al,

270,y and Syvdney O Winn el oal. B . MLl these arravs find

an  arnkle in the spectruam o some exbant ou

whi o h

epl fone Yaloat
finds that the spectrum encds at  Sxl10s® o\, At her sy sy,
employing & different techrigue to the existing large  area
arYy Ay, i e University of Utah Fly's F oy g chet e by
thalbtvrusailis e al. 198%a0 . This avray records bhe passage of

high  energy cosmic rays threough the atmosphere  via  abtmo

s by doo
Fluoressanté. The Fly's Eve group © Balbtrusaitis ef al. 18050 0

has  also recently reported an end o the L im

Sind oo AN G|

theiv data, abt 7 »x 102 oy, It Lhey oo observe a bump in the
spectrum Just before This cub-off,

The swistence of bthe ankle ocoulad have dmporbant oo sso e s
in  the debate on the origin of cosmic  ravs. It high  energy
pyiomenty  coasmis vays  oviginate outside owrr galaxy  bthen  btheir

destruction by pion produwstion dndeced by the phobtonsg of tThe 2,72

brave lseprowned  should result dn oo proton cosmio alyove




.

S

the energy of 5 o« 109 gV, Foow dvon primaries  SThis  ocut-off

shoulod oo at ki

O RO R A AV C osae Winn el

WL T T A T W

al. 1986 for the velevant rveferenooes

2, Hiawever i f kigh energy

cosmie rays oorlginate wilthin o near owry galaxy then, as bhe maean

free pabh  rvesulbing Ffrom the destruwsbion of cosmic vavs by bthe
279 radiation is of galactic dimernsions, e cubend o owill o be
SHEE I HMence the evidence at present which ftends to support the
existence of an  ankle at very high epnergies is  also  lending
welghlt to a galactic origin for high energy oosmic vays, albhoogh
the situaticon is far from vesolved.

The limited amount of composition work at kigh  energles

Tor the o

tencs  to suapport a reburn To Lower

G Ay
Py mar i e . dclam el al. CIRELY at Dugway, ancl Hammenao b &l .

C 1978 1 oat  Haverah Farl, have found depth of maxima values Lo

support Lhis,

s Ihvalomoy et al, CLRELY i mg N SRR
lateral disbtribubions. Dverall most wesulbs dmply & cosmio ray
beam containing at least 657 protons,  Similarly, Hillas  C1984)
points ot that the large fluctuations observed in these  high
endergy showers imply a high percentage of protons in the beam.

I conelusion, The variouws Lechniogques whioh Mave Deen wsed

Lo overoome the obvioows Ji Tficulties lnvolwved dn determining  Uhe

Migh energy compoasitbion have bheen unable to procwse a consistent

piotur e, Tt is seen that a fair amount of disagreement exists
bebtwesn LThe results Hrom muon work. The same can be saicd for bthe

hachron ewper imants. Ewcept for tThe Fussian results the Devenkov

W ko appaears bhe most oonsistent, Favouwr ing posst hle ocomposi L on

chang at the lnees. & DAV U b o A TR B A

ably moove agyeement

svantuat ¢ Ty om all Tielols  of ves

savch Lhe  hiah @rer iy

itdon of o

Y] w D mE s vays oan omly be desoribed as oan unocertbain

cpuant iy,

S0
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P

P THE "ENEE" IN THE SFECTRELIM
2a Cad SBhape of Lhe FERoee

Fepresentations of the knee in the cosmico ray spectbrum  are

;ﬂ.
i

séen 1N Figures 1.1 and 1.3. The fact that fthere Seame
feature at » Ix103% &V is beyond cdoubt, but the exact shape and
cause of this feature are still unknown, The genaral Consensus
is that the mechanism that produces the knee will resuldt  in
composition changes across the reglon. The lmes appeéears a8 &
sharp feature in Figwre 1.2 but this is partly due b bhe
compression of the intensity awis of the oiagram. D the many
decade plots in Figures 1.1 and 1.2 the knes appears as  a  very

gradual slope  change bebtween 102 and 104% &\, The o

arises as bto the btrue shape of the knee, Iw bthe koes a0 goracheal
changs or is bthere dis a sudden slope change which is conseguently
smearaed  out by observation proceduares 7 T adadi Gioen, Lhe M.

Chacal taya group  have abserved what has  becoms koown as &

"krnescap . The upper dashed line in Figuwre shows these

results with a pronvounced bump at the knee

C Fempa el
al. 1973).

Hillas CI963) summarises work on the krnee by considering two
possible versions which follow from composition changes that have
been mbsaerved.,

1y A "late knee" is produced when the proton flux falls
away above % w10 eV, leaving a flux enriched in heavier nuol el
anel the drvon component falling away at about Bxlor® e\, Lo el
chamber  observations  alt Sydney (Molusker 1975 examining Lhe

structure  of airv shower Cores, find steep cores associabed with

proton showers  below the knee and flatter “heavier" oores  at



o 25y

£511e)

Figure 2.2

KINETIC EMERGY OF MNUCLEUS  / eV

The energy spectrum of cosmic rays (from Hillas 1975)
showing both the differential spectrum, J ( x E2-5) and
the integral spectrum, I ( x E!-%). The dashed lines
indicate the upper and lower extreme values of I, and
the upper line from Kempa et al. (1974) indicates the
possible "kneecap".



arcound 10wV, Hence bthey support a "late knee'. Simdlar  work

pev formed at  Leeds ¢ Hodson et al. 1983 ) supports this view.

€l M Nearly kneae' o

Lhe proton fluw falling away at

Mo eV, with the dron component Following at 3x10*% eV, This

form produces an dron dominance at bthe kass bulb requires an exbra

sorce  of  protons at higher energies. Aa already mentionec

Cerenkov  dabta  supports this  view as a  dominance of  divon at

o loaw eV s Tound. This presumably implies that the probton

compronertt has fallen away well bhefove This eneray.

Fad Ch Motivabion for the Ewperiment

The awthor?s work was  wndertaken  to analyse  the  knee

region, wsing the Buckland Fark Alrv Showsr Aryay. T ey this Lhe

aryvay was exbenced over the i three yvears bto enable & supsyior
analysis of  the knee o be per formed as well as  dmproving  the

divechional

The origilmnal Fuokland FPark arvay hatl a

mensibivity cub-aff of % Zwl0aw b, C OBy The vela

5 ¢ (]

PIRCRT i) IS ol I I 23

i Chapher One, at these energies this is ™ Zwl0®™ particls al

maa level ). Thig had resulted in the region below  the khee
heing inaccessible for an unbiassed study of the knee.

As mentioned in Chapter One, EAD of energies 10 Lo 104 eV
are very difficualt o observe as there are very feow parbicles
remaining at  sea  level in  these @small  showers. Misean b sl m
altitudes are veguired and one of the few sxperiments per Tormed
inn this vegion has bDeen at Mb. Chacaltaya ¢ Morello et al. 198352,
Similar, bk rmot s extreme, difficulties arve found in Lbhe
regdan  1Odr po 10O eV O 10" Lo 10" particles at sea level pi
In this veaion a sea level sibte is suibable but the EAS are small
in  lateral extent and an avvay of olosely spaced detectors  is
e ] el o analyse these events propevly. Consequent ly  mary

meclivum  wmized arvays Tind that the region below 10% particles is




outside their limits for a correct analysis. This has resulted
in a relatively small amount of data in this region.

It was decided to "in-fill" the centre of the existing
Buckland Fark arvray to provide a vegion of oclosely spaced
detectors able to analyse showers with sizes € 10® particles atb

Hea level, with reliability ole Lo 10O . { See Dhapber Three

for  a description of the Buckland Park &rvray and details of  the
extensions 1. Additionally, accelerators are now  atbaining
energies in the region of 1024 &V which will provide information
on interaction processes, and so results should be less  sub ject
to some  of  the interpretive difficulties that plague higher
eneragy wonlk. These exbensions to the array will enable the whole
Erese  region  C oup to the original arvay cubt-off at > 1037 &V 2

to be analysed.

R The Ovigin of the "EFrneae"

Bince the presence of a steespening of the energy spectrum at
arcng 2wl oV wasm firvst observed as early as 1958 in Mosoow
¢ as reported by Vernov and Ehristiansen CL9673 1,  a number of
explanatory  Ttheories have Deen proposed. Sugoestions have

includeds

(1) Changes or limitations in the acceleration mechanism at the

souvrce of the cosmic rays,

€2y A conmbribution from a different souwrce of particles o

produce & "bump” in the specivum,

(32 The anset of an energy loss reaction, o most popualarly

Cbd) A rigidity dependent escape mechanism.

£:1
U
2.3
(LR



e G Cid Rigidity Deperncdend

The vigicdity dependent & el v

C19G1r, and various modi Tications to ity have for many yvears been

foor the ke, The meckianism al lows

wiclely acocepled as the

particles Lo escape the magrnebic fields of the 1o an F i rvement

region at A certain critical  rvigidity. Flear ¢,

smuni ng bhe
confinement  rvegion Lo be the galaxy  or owr local part of it )
then protons which have the highest rvigidity at a certain  energy

will emrape Tirst from Lhe vegidon. Tron nuclsl which have bhe

gsame vigidity at & 28 times this energy Wwill remain containeod to
the higher energy and then begin to Leak oub from  the regilon.

Figure 2.3 shows a diagram of the krnee region and the skeboh  on

The top right illustrates the mechanism of Pebers. Tt has  been

La 2 wlhi

taken  from  an article by &, M., Hillas € Hillas
hag  studied tThe data in the knee vegion sxbtensively. He  has
produced  a  number of  reviews which disouss the knee data  and
present bThe variouws models in diagrammatic foorm.

FEmplaoying the rigidity dependent escape mechanism resultbs in

Lhe mpectral bends of the obther dewn falling somewhere Debwesn

therse foor preobons ancd dvan, Tt bthe effects of all species a0

gummec  SThe vesult ocould be a gradual slope changse over LThe  koee

region. A diagram indicating this concept

in Figure 2.9
taken Trom Hillas C198Llad. The diagram is a representabion  of

the  Maryland composition which was discussed in the  secbion on

hadron measuremsnts  where all ocomponents have an incdew of ~2.6
which steepens at & rvigicdity of 103 Vo, Tt can be seen  bhatb

the effect iz a  gradual  slope  change in the all-particle

Sp s B, The dmplied o

ampositlon changes are also shows in The

lower parvt of this figure.

Mowever  Millas in & later paper o1 i nts ouloa pyakl em
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Figure 2.3 A "knee" diagram from Hillas (1981a) which shows two

possible knee mechanisms.
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Figure 2.4 The spectrum produced by the "Maryland" (see text)
composition, and the observed composition changes
implied by this proposal. (from Hillas 1981a)



with  this proposal., Pl Fincls Lhat when bhe various  components
are  summed a "transition region' ig produced wilth a steep  slope
at the knee. Suokh o a transition region is seen in The diagram of

the Maryland composition in Figure 2.4 and is shown more  olesorly

in HMillas?s 1983 diagram given in Figuare 2.5 Hillas points ot
that this transition region is not present in the observed oosmic
ray  spectrum C also shown in Figure 205 ) wsing knee data  from

irigorov et al. 1971b) and Tien-Shan (Danilova et al.

Py et ooyt ¢

197770, He states that variations in the slopes before and afler
the btramnsiticon vegion or variations in the relative intensities
af  the component fluxes oo nobt affect the slope of this reglon.
The  wslope depends mainly on the position of the individual kEnees
in the diagram which is determined by the maclear  charges. e
comzludes  that  the only way to prevent this transition  region

from oocwrring with  this model is o assume & very  different

ri g

for Jjust the pro

D

mponent or o onot bo employ
the rigidity dependent escapse mechanism at all.

Figidity dependent sscape mechanisms are often referved to
as  "leaky box"  mechanisms. Dur galaxwy is the boxw  ancd Lhe

associlated magrnetic fields induse the vigidity dependent lealkage

One  of  the areas of contention in these models concerns the
enevegy  at  whickh  protons begin to leak out  from  the galaxy.
Cerbtain  models propose an inoreasingly rvapid loss of  parbicl es
from  the galaxy starting at rvigidities as low as 10 VAo,

Hiwevery Cowsilk et al. Co1egl 2 point out that the flat  sowrce

spectra  at » 10 eV predicted by these models are nob observed.
They prefer a modsel similar to thalt alveady mentionsd as wsed by
the Maryland group where all  muclel have indices of —2.6 arnd
whaere rigidity dependent leakage ooowrs at & 10 Vo, This iws

Whisr ¢ the gyrovadii of  the o mic  ray particles I e e s

Lot~
st )
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Figure 2.5

INE u, 1015 06 107
E / eV

The spectrum produced by Hillas (1983). He sums several
nuclear components with similar magnetic rigidity and
contrasts them with the all-particle spectrum from
Grigorov et al. (1971b) (circles) and Danilova et al.
(1977) (squares).




comparable bto the magnetic inbomogened ties in The dinterstel lar
e el d wm

Cowsik  and Wilson (1973, 1975 also sugogest a model  for the
babhaviow of  the particles below the rigidity ocub-off of at

TG/, They propose  a "mested leaky box" and find  that it

s ovald

hral o«

explains the low  @nergy spe ag o anc  Lhe  sneroy

dependence of Lthe relative intensilties of o

sl vay nucleis.  The

commi o rave are initially oconfined din s regilion pesr tThelr sowrce

¢ the inner bhox: and the leakage out from tThis region is vigidiby

deprenclent . Orice the ocosmio vays bave

apaec  feoam the

AT
vegion  into bthe interstellar medium ¢ the ouber Dbox ) Ftheir
subsecuent leakage from this region is assumed to be  independent
of energy up o the 102 VA cubeaff,

Other  support for tThis  model is  given by Tang and Maller
Co1983 ) wherse they compare Lthe spectra of oosmic ray prinary
electyvons  and s led. They wsse the nested leaky bowx model  bo

prodine  an overall oconbtatament Gime of o

amir ray  particles  dn
the galaxy that is independent of anergy. Hiowever, the ammant of

matther btraversed by LThe cosmic vay s dependent on energy. This

resul be from assuming dense dnney Dbox veogdons and mach less cden

ot er box regions (whers the solar sysbtem da locabed)., They  Fi
thaiv meocls]  adegquately  ewplains the observabions  thalt  Lhe
containwent of electrons in the galaxy is independent of  energy

as o owell  as the energy dependence of o

smdon ray  nuelel  path
lenaths.

LR

The moclel  prop

ed by Dowsilk and Wil mboul o ol ve &
domimance  of  dron at the knee and hence i ool Favourad iy

wonker s who oo not find swuch oa dominance, Froay  exampl e doharyva el

al. (1983 who o find protons at knee energles Tavouwr oi f ferent

feclel . They prefer mode whiish g v ar ewbvaegal actic



component of protons at energies above 103 eV such as  that by

Liwesl b L9630 . This  mo ad  an  proatonic extraegalactic
Comp e ant taking over above the energy of 10 eV which
corresponded to the dvon rigidity cut-off.  Acharya et al. C12433)
also suggest that their results support obher models which do not

rely on rvigidity dependent @soape.

Figidity dependent escape mechanisms can possibly explain

the khnee feabure observed in the spectrum but they rneed  furthaer
aclditions  to  ewplain all of  the availables dnformabion. oy
evample an  explanation for the exbension of tThe spechbrum  past
10 @V bis needed as vigidity dependent escape alons would  give

o

L1 av

an  end  to the spectrum at  aboul  This  @nergy. &) [

suggestion  is that a background of untrapped pevbicles of exlra-

galactic origin wundserlies the galactic spectrum, Howevery  tThe
flux of this exbtra-galactic component must be guite high Lo
acocount for the intensity observed. édeledi Bional Ly, as menti orec

i the section  on high energy observabilons, i oan ankle Qs

present  in the spectrum the extra-galactic comporent would  reed

Lo owiginate Freom o) @ Lo owr galaxy bo avold destruchion by the

ba gy ool v addd &l don, A ikl e

s the Vivogo olusher Dub

there is 0 some  doubt as bo whebher it coulol provide  bSThe  flux

Sl

racpuired CHi 1l

An alternative hypothesis, inshtead of thi i i cmal e

palactic  component, aapy Lo very large magnebic  fields which

evbenc well outsicde the galactic disc. These magrelio Tiel s

induwse  a more graduaal 1

froam the galaxy and  the
large size of the magnetic fields enable particles with  higher
ertergy bt be oonbained. (Hillas 197%)

Mechani sms  that depend on a rigidity dependent escape  for

cosnd s ray particles have been extensively studied as a possible




cattse Tor Lhe lknes. Hiowevery the situation dis still analesy and,

as  Hillas 1983, 1384 has pointecd oul, Llie smimple Lealky  Dow

micacde ] for the galaxy does nob seem o oapply. There L 2

310y

an  unknown  factor  causing  the single step  observed din the

spectrum  as  opposed  bto the transition vegion he  precdic

Similarly the direct arvations of the ivon Flux, while not yelb
at  the enerqgy of the knee, tler ot seen Lo supporrt an Lvon

predominance dn LR s

L B A Hence the situation  dis sbhill
unelear  and  alternative modulators for tThe spectbrum must bDe

conrsl ey e,

Cod Cidr  Alternative Dawses fop the Mhee

Dby proops explanations of The lknese oonsider effects
that ooour at the source which cause the changes in the specbyum,

Very litbtle is known about the souweceCs) of cosmic rays and  how

they are accelerated o suwch high enevgles. This has led 1

)

speculative nature for alternative knee explanabicons which  ave

based on source processes. Rarakula, Osborne and Woowozylk CL9740

Mave suggested a  "pulsar buap” theory where pulsars generate

D of hhe o

mic ray flux, ir hhe form o of protons, ab bthe knee

(=T b AT Early pulsar  theories ( Ostedlker  and  Guan o 19630

suggestedd that pulsars should only procu paviicles up to an

@rnergy mf ™ 10OMe gy, Similarly, abt lowey eneriid (SR AV

the pulsar  specthrum is thought tTo be gquite flat and haence will

nod: give rvise Lo feabuwres din the o

A TR LY € T

Cemgeouently, Pul sar s mi bt prochuc e an exoess of pavihicles

between & 1O fo LOVE @y andl
Y

produce the knee. Foigpue e 2 6

shows a  "pulsar bump” model  from Strong, Wdowozyk and Wol fendal e
(19742 where & galactic pulsar component  overlies an extra-

galactic flux. The exact  height of the pulsar bump  is not
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Figure 2.6
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A suggested composite energy spectrum from Strong,
Wdowczyk, and Wolfendale (1974) with a universal
flux of protons, U, (with index =

~2.75) superimposed
on a galactic pulsar component, A.

(from Hillas 1975)
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determined ang thus could provide a fit to The observed sp

Anobher  possible "bump" nodel is shown diagrammatically  in
Figure 2.3 on the lower right. This is a simple extension to low
energy observations  which  indicate that the spectrum  of  iron
cold  be considerably flatter than obher comporents. TF fhis
flat spectrum  continues bto higher energies it would  mean that
iron would increase in predominance as the energy of the knee was

approachad. Howaever  the divect JAZEE observabion  of Lhe

compasition  of the flux at their highest energies © Ogato et al.

1981 2 indicated that, oubk of 21 observaed inters ing pardticles
above 10¥® @\, e appesrecd bo be dvon., Thidé, along with moone e

That of

ve et i measuremernts

rule out this model.
Ctkher  models, perhaps  evern  moore speculative  din natuwese,

T

irnviolve eneroy LOsss Do @Hnes. Ball ot al. CU9742  propo

mercarvi sm o f od fFfusidon

af commd o vays Dy "magnetisecd olouwls' dn
the interstellar medium., Frior to the knee, bthese oclouds deflect

s | em

the oosmic  rays, whereas above it this process |

thalt the variabion in s

effertive. They  sugoest Akl er g powey

T4y Lam

aof these clowds could affect the shape of the cosmic ray
at the knees.

Another sugoestion  assumes  that most oosmic vays  are  of

distant extvra-galactic origin which thern wadevogo  paiyv-peodostion

i

LIy B with bhe  wmiorowave  Daclkgeoouiod v aciatioon. T s

veactiong  oouwld  produce tThe observed  kass O Millas 1968 ) but

Mative as it reli 3 i T mat doon

this  appyoach

VEIY  EE
about bhe gas density and mass of the early universe.

B 1las  CL979) 0 has also considered another  pog

ibility. He

cites evidence that spectra for different nuclei do nokt sbeepen

at the same magrnebic vigidity and that the steeperning ooours at a

)
five s



higher rigidity for protons than for heavy  nucled. He suggests
that the khse ocould arise from conditions near the sowroe of ke

cosmic rays o and may be the result of phobo-disinbegration due b

the collisions  between nuwslei and photons. The  heavy  nued

wonld experience this nuslear photo-disintegration at about 103

eV whereas probons, for which this proc o cloves ol ooouy, o
ot experience large energy losses until  phoboe-pion procduction

coamnernTes al ™ 10 gy,

In  conmglusion, the ovigin of the knee is still a matter of
dehabe. Db s Mave been  raised about  the wvalidity o f
traditional leaky box mechanisms hut these are still preferved as
ne o shrong evidence in favour of the more speculative models  has
beren  Tounc, Weor ks mr the composition of the vegion below and  at
the knee is reguirvred as is further information  from areas such

ass the 10%e @\ region, vy-ray wonck o and anid

2.3 PREEVIOUS WORER TN THE REE

AT0N = 10™ PARTICLES &T SEs LEVEL

A mentioned in section 2.3 (h) the shower sire vegion below

10%  particles at sea level has veceived a comparatively  limited
ameunt o f owonr b Very early work on this region was done wsing

density  spectrum measurements. This work € .. Novman  19%86,

Fy gse ot ceicd et al. 1961 1 fouwmd that T dernsi il es

00 particles M= this  spectrum followed a power  law  with
exponent 205, Ahove  this density  the spectrum  steepened.
Frrther  work found that the probable cause was a oub-off in the
energy per nuwsleon of the primary parbicle.

Farly EA&AS work ¢ obher than  density spectra ) done in the

region  below  10% particles was per formed at both  Mosoow  State

University € e.0. Vernov  and  Ehrvistiansen 1967 ) ancl M.

Chacaltaya ¢ Bradt e al. Laeds o, The consensus from this

W



woar ke was  that  below Z2x10% particles the differential number
gspectrunm  couwld be well represented by a power law with an
exponent of ~-2.51 + 0,09, Beyond this the spectrum was steeper,
with an ewxponent of ~-3.2 + O.13. At the time the most accepted
opinion was  that this steepening resulted from the ocosmic  ray
beam becoming enviched with heavy primary nuclei at a size of &
Ex10% particles, Ceagde Mroluslker 1967 3.

T 1970 Hillas examined and summarised cuwrrent vesulbts o
the size spectrum and concluded that below 2x10% particles, the
hest fit sire spectrum obtained from EAS array technigues was
given byt JOND N o= 47 Me®-ae i, Mo Cuwsker (1967 states
a similar result as being well established, namely that the incdex
of  the differential size spectrum up to  2x10%™ particles was
—=2.591 + 0,09 . However , these apparently definitive results had
arnly been based on the small amount of work that had been done up
to that time. Move recently, obther workers have attempted to
examine the speoctrum and have ot found confivmation of  Uhese
early resulls,

Below is a list of results obtained by variouws oroups. The
earliest ewpression is essentially from Hillas’s 1970 summanty
t actually from  Ashton et al. 1979a  who o employed ancd  re-
graphed Hillas’®s work). Hillas wsed low energy data from Mosoow
{ Verrnaov and Kristiansen 1967 ) and Mbt. Chacaltaya ( Bradt et

al. 1'365) in his summary.

Wen- k

AL CL € Differential Speclra Ev oy oy

Informaki

[a] ]

Hillas!s summary L7 w10 JOND dN o= 47 NeRRe s N =Xl ]

+

of EAS data 19700 F 7w L0 JONY dN o= 7wl NT® o dN integyr
slopes

a1

.01

[ f
[ la}
al
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Fange

Catz et al. (1975 “10%

(Verrieres le 0%
Bui sson )

Ashbon et al.
C1a79a)y from
density spectra

Tw10%

T 1O

Asakimori et al.
C19Bl) HwlO 4o 10
EAS work at Kobe

(rm knee observed)

Nagano et al. 10 o 1O
12840

EAS wovk at Akeno  10® to 109

Sun Lowrdi and Winn w1

13840

JxlOw

Chan and Ng (19850
Gvlos to 10
Cho knes observed)

Differential Spectra

Ev o

JOND N s 270 N-ResR o N

JONY i

JOND dN o= 3u NeEe® dN

agresd with Hillas (19700

JOND

Informak ion

arvor of
4+ W03 on
integral
slopes

H

1.6% 106 N—B. 19

ervor oaf
+ .01 on
intecgyral

integral spectrum
TONY = (Fueeb 4+ aiIx]OH N8 - 06

differential spectrum
JOND N = 108 Nm=e @ )

JOMY dN o= (L0 4+ 17 NYTELAw o w37 gy

AN = (7. 6+1.E3xl0P Newme® o m o.am> gy

JONY N = 0,52 Ner@e- 1w ko woss o

JONY dN o= 920 Nem@me®lom wams g

JONDY N s

|\| ComQB e PE o W LD dl\'

These differential spectra are shown in Figuwres 2.7 (a)  and

th. Momst groups  observe
Location
Two groups, Asakimori et  al.

evidernze for a khee.

e

a krnee

varies from & 8 % 10% particles up to 10

Agakimari et al. find the

in their data although its
particles.
and Zhan and  Ng, find no

highest wvalues



for the cdifferential rates in the region below 5 x 10% particles
whereas Nagano et al. abt Akeno find the highest rates above
this size. Sun Lowri and Winn's rates are the lowest over the
whole size range.

Even though there is some disparity between the results of
various qQroups, the overall results appear wuniformly distributed
and it is quite probable that the true spectrum is encompassed by
this spread of results. Similarly, even though two groups find
ho knee in theirv data, the bulk of the wiork shows a knee feabire
and the probability that a khnee is not present in  the true

spectrum must be quite small.
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Figure 2.7(a) Differential spectra observed by various workers.
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CHAFTER TEHE

THE  RUGELAND  FaRE AfeiAY

Bl INTRORUCT LON

The PFhysics department at the Lniversity of Adelaide has &

field

ation  at Buckland Fark, approdimabely =0 lm rorth oof

Aceladde. T4 is situwated almost at sea level on oa flat astal

plain  Aear the mouth of bThe Gawler river wibth longibode of  LHE

2870 I

ast  and labitude of 349 387 St b The  location  of
Buckland Park is shown in Figure 3.1,

A cosmic  ray EAS arvay has been in opserabion  at Buokland
Favl: since 1971, Tt has been used to study EAS ab the sea level
gsige range of 10% to 107 particles. Cerenkov and scintillation
detectors  have been employed in studies of size spectra 0 @.¢.

Clay and Gerharody 19B3a0, air shower davelopment anc oomg (R Ty

using Cerenkov depth of maximam dechniques © e.d. Thovetom ancl

Clay 1981, liebing et al. 1 e

3y Dawason el al. 3 and

anisobroples O @t Clay and Sevhavdy L9EZH 3. The  depbh of

maximum work has yvieldeo wseful information on primary oosmic ray

R

vition in this size range. The results found arve consistent
with a change from mainly ivan  privaries at shower sizes of 0 109
particles to mainly probtons at 10% particles. The anisobropy
Wi b showed  a small Right  Ascension  anisobropy O L% and
an upper limit for the Declination anisobropy of 50 3%,

Irn  addition the work of bthe Adelaide group has expancded Lo

inglude y-ray astbronomy. Existing data was examined by searching
for  periodicities from dintesresting sky areas 0 @.0. i bhe

vicinity of  a bhinary Xeray source ) whickh led to  the exciting

discoveriaes of Twl y-ray SouUrces, Vela X1 C Py oatheroe  oh al.

bl
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Figure 3.1 A map of South Australia showing the location of
Buckland Park.




1984 2 and  LMI Xed O Frobheroe and  Clay 19Es ). e The

divectional analysis systenm of the arvay is impyoved,  tThe

aof  sources will e  more accurabe  and  this will

facilitate y-ray work in the fubture.

S.2 0 THE ORIGIMAL A&RREAY

The Fucklangd  Fark  array  of 1981 consisted of  twelve
Cervenlkoy  detectors ( which are not discussed in this work D and

twel ve I om* sointillation ceteotors., The total enclosed &avea

of  the  array is 3wl0% m#, Thi s arvay has bhesn lescyibed  in

By Cvowckh et al. CLEB1Y  and a plan  of it is shown  in

Figuere 3.2 The 12 socintillation debectors per formed particle

dengity measuwrenents with five of bthese al capable  of  Liming

MeAasBLIY @mnant . T o f t o five debechors were also Lhe

triggering cdetentonres, These were detectors A& C which reguirec =
B oparticles m™ 3 and D ¢ which vequired = 8 particles m™™ 7,
The sixe spectrum producecd by this arvay is shown in Figure 3.3,
This is an  integral specbtrum wheve the intensity  has  bDeen
midl il d et By Cshower simed - Lo enhane T e st al
faaltinr &b, € This plotting btechnigue for integral size spectra

is analogous to tThe one shown in Figues 103 for the  od fTarential

@neregy spechrum 2. The size spectrum of the old array shows  a

slope change in fThe knee ragion, et weern 10O amc 10% pavti

sy
coorresporading Lo S 1O Lo 10N e\, Thyesy e was & smensl bivity
cubt-off below 2 w 10™ particles whioch precluaded more detailed
sty of the vegion below the krnee. Consegquently, bthere is only
are point Coakb ™ 3 % 100%™ particles ) which shows  the  spacthruam
actually twrning over. The vest of the points  indicate a

apectrum that is gradually increasing in slops, & feabure  whioch

i not o commonly obser ved, Erbernsion of The lowser Limilts of the




N
oI e
.K
(- |
-E lc IB
.D
.F - .H
®
G
0 60 ®
L. 1 1 N |
metres
@ FAST TIMING & DENSITY DETECTOR
® DENSITY DETECTOR
CJ ELECTRONICS HUT

Figure 3.2 A plan of the original Buckland Park array.
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Shower size (particles)

‘The sea level integral shower size spectrum of the origimal

array derived for vertical showers. The crossed error bars
are the Buckland Park data and the single error lines indicate
the spread in a compilation by Hillas (1974) of such spectra.
The intensity has been multiplied by (shower size)!l-3, =

(from Clay and Gerhardy 1982a)



arrvay should enable further points below the knee to be added +to

this plob.

3.3 THE NEW ARREAY FORE SMOLL SHOWERS

a3 Can Ity oduet i on

T 1983 extensions o the exishing cosmic ray arrvay were
commernzed  tao enable & more complete study of the khnee reagion.
The  aim was to give the arrvay the capability to analyse  showers

divwrn T ™ 29107 particles at sea level by increasing the number

of dnner e i Al R

Lo s & central rvegion of ol

saly spacec] dele

was ocreated that was capable of effective aralysis of  small
cogsmic ray air showers.

The extended Buckland Fark array is shown in Figuwre 3.9,
The number  of detectors was increased from 12 Lo 27 whizh
included five new larger detectors near the centre of the array.
All 27 detectors are capable of measuwring particle densibties,
namely a&l, El, DI, EL, & through to Ny, and P o X Cthere ds ro ()
detectord, Of these 27 detectors, 11 perfovm both Liming  and
particle density measurements, Thesse are &L, Bl, DL, El, & to B,
g and T. Since this stuly was comnpleted the binding arvay has
unclergong further dmprovements, rvesulting in 24 timing detectors.

A table showing the co-ordinates of Lhe 27 hubts is given in Table

The  aim of the Buckland Fark arvay is to corrvestly analvse
the showers tThat impinge upon b, The veguired showser paramebers
to find are the direction, ocove oo-ordinates, sive amecl  age.
The dirvection is given by the zenith angle € theta ) and the
azimuth angle ¢ phi ) which indicate the origin of the shoawer in

the sky. The core is the central point of the shower  and  the

wl 6y



N A SCALE

.J |.___'
20m
O TIMING
e DENSITY
oK sV ol [o
A
L @ M
Al
E F1®pB1 B
- o—fe-foH-e—fs} >
We ¢ @ D1 e X
N 8D °p
B ¢. [@
[ Q s ®
F T H
R
*G

Figure 3.4 A plan of the extended Buckland Park array. The electronics
hut is located between huts A and Al. The co-ordinates of
the huts are given in Table 3.1.
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size iz The number of particles at sea  level. Adeditionally a

value for the age parameber, as explained in chion 1edh Celd Con

the NEG function 2 can be found for every eventb.

The ohain of events from when a shower strikes the arvay to
when  the daba  has been reocorded will Pt e comsloler e,
Imitially the shower particles encounter the debecbors. Thre

information  from  bthese goes bTo the recording  sysbtem, then s

tested to see 1T the arvay has been "brigoered’, arcl i f s i
transfervred bto the arvay ocompuler., This computer controls the
array and records the raw data veady for calibration and further

anal ysls. Bections 2.9 angd 3.9 discwss the calibration and the

data amnalysis bto produces the final v

NN v These procecures are

per formed on a VAX computer at the University of Adelaide.

.3 Cho Thiee  Del e bone s

The essential design considevrations of the deteotors w

B klang  Fark  have been descoribed by Clay and  Gregory  CL878)]

The 27 detectors are pyvamidal in shaps and avre b

al 1y &
ef mointillator material  viewed by & photomal Ciplier. AN
energetic particle ¢ such as an electron or muoer 3 braversing the
srintillator will excite atoms in the material. The optical
phot s pre cachues el faom cleg—eweitation  are debeoted [y &
photomal tiplier placed at  a distarn: e e i B S w1 ah ot

srintillatonr., s Lk shower front passes T cugh b

scintillater  The particles induce a burst of photons and the
pulae  from the photomultiplier is approximately propoviional b

LThe number of braversing parbicles per unit area.

The detectors atb Bkl amd F

v bhouse rectangular  slabs of
E5Oomm thick NELOGEZ O or eguivalent ) scintillator material. These

slabs  as  well as bhe inside walls of the deteotor Frave  [Desn

R



Painted with white Mgl reflector paint Lo improve light
collection  and  uniformity. There are bwa types of detechbors.
Firsetly, there are the "particle" detectors which M ALY
[ravtic] e Fiuimb er s and  contain particle or "l b
photomul tipliers.  The pulse heights from these tubes bhave small
amplitude fluctuations for a given input. Secondl v, Theve are
the "particle and timing" detectors  whiockh o per form Limidng
measuremerts and particle counting. These Foouse both timing © or
"fast" ) photomaltipliers and slow photomaltipliers. #focli agr am

of a particle and timing debector is shown in Figure 3.50a0.

The  fast tubes are Fhilips model  XPROA0 which  have fast
¢ 2ns ) and consistent  rise times  and Pl e may e,
accurately timed pulses, The slow tubes are  ROIA-GOS55 whioch
prooduc e pulse  heights that arve accowrately propovitional to the
obhserved  Light. Fiwve of the 11 particle and Lining detectors
are each 2225 w® in area  AL,BL,C, DI and E1 ) and are designed
Lo dmprove the particle counting statistics for small  showers.
The obther wsix timing debtectors  as well  as  the vemaining
detectors  in the arvay 2 are 1 m# in area and have the superior

timing resolution.

2.8 (o The Responge Und foormity of bthe Detechors

The larger particle and timing detectors,  though wseful for
the extension of the lower shower size threshhold, prevs e
response  problems  for bthe slow  phobtomaltipliers. The ideal
reguirement was  to have uni formly rvesponsive detectors, Aow g
irrespective of where a particle braversed the debector (e.g. the
centre  as  opposed  to bthe edge ) the  same  output  should  be

produced by the slow photomal tiplier.

Fovr the 2. ¥ clebectors the minimunm height from the bDase



FAST SLow

LIGHT BAFFLE

~530mm

SCINTILLATOR SLABS

A

1-5m (large)
1-0m (small)

& =38° for large detectors
X =54° for small detectors

Figure 3.5(a) A cross-sectional view through a timing and particle
detector. (The light baffles are only in the five
large detectors).




trn bhe apex of the pyramicd  would need to be BDOO0mm Lo maintain

acceptabl e  wumi formity of vespor

This Feight would have made

the detectors unwieldy and expensive BTo housa. The height ohosen

was GO0 mm ¢ the same height as the 1Im™ detector Yoand it was

decided Lo use a light baffle to improve The vesponse. Shach &

procedure had been descoribed by Dlay and Gre Thier s

authors  concluded that the deteriovation in wuni formity  as  the

distance bebtwesn photomalbiplier and scintillabor deoryes

WL G
mainly due to bhe direct Light from the scintillator  to the
photomultiplier. They stated thaty: "...a compact detector can be
designed o have good und formity if the divect light is blocked.”

Hemce  the purpose of the light baffle dis to blow

the diveot
Light  from the region of the detector below the phobomal tiplier

as  the large signals from this region  as conpared to fThe small

signals  from  the edges  and covners ) oAl

the wnd formi by
pr b ] ems .

The t

for wnd formity werse mace by ewamining the outpud
pulse  height  spectra from the detectom wsing a multi-channel

arnal yser . This was gated with the outpat from a  small 1

ol i amesh e el ¢

oy oplaced ab variows posibions bensabth the large
detentor. Hirgle muon peaks were resolved both with and withoot
the gabting debechor. Ao seen in Figurs  3.50a) tThe  slow
photomultiplier is of feet from the apex of the pyvamid and  henoe
regquires  a  similarly offselt  light baffle, D) T T that is
asymmetrical in design. A& solid sguere test baltfle C 38 x 3Bom 2
Wi made . When placed in the detecbor  30om  below the

phicbomul tipl ier, in a symmebrical vl d oy it owas Towanct te be

nsal ls factory. Additions,  each 10 om wide, were added to two

aof  the baffle sides Lo give the bafifle the vweoguired

s by

[ DeIWE AV Y this  was  Found to make bthe bhaffle too  large  as  the



intensity was reduced to a point where a gabed single particle
peal could not be resolved.
It was  decided to modify the test baffle by punching &

distribution of holes in the solid plate tTo gradoally increa

the light intensity seen by the photomul tiplier oubwards Trom the
cantr e, BSmall holes were purched throogh the  central vegion
grading to larger holes at the perimetsr of the baffle. & number

o f

51 braaf F1 e

were reoquived o fimd The  opbimal sizes  and

arvangemesnt of bhe hols

A& diagram of the Tinal baffle is shown

i Figure 3,500, This distvibubion was found Lo give a  Tinal

unrd formi by of approximately 4+ 2540 variation acra the  face of

the scinbillator. Figure 3.6 shows the resulbts of  the gating
evperiment with the single particle peak channel  number s
¢ dindicating the intensity in a vegion 3 shows  for di fferent
regions over the detector face. These numbers showlad be oompaeed

with the average ungated single particle pealk at channel 100, Lo

Tase shiowenl &

show a variation of up to The wriginal r

deviation from  wuni formity of about o+ BHOL . The dmprovement Lo

Il

o REY wan considered adeguate when  comparved  to the P

Fluctuwations  in the numbers of shower parbicles braversing  Uhe

sointillabor.,

.3 Cady o The FReooroding Syl en

The aim of the recording system is to record all detalls  of
showers  that  strike the array and then to select those showers
which are switable for a reliable and accwurabs analysis. T
per form  this task the vecording sysbem mush receive the signals

from  the  phot

mal tipliers  and imitially find two  sebs  of
RLAb) &7 5 . Firstly, the system must find how many particles were

prasent in each detector. Secondly, it must find relative time

=51
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Figure 3.5(b)

A plan view of a light baffle which are contained in the
large detectors. They are made of galvanised mild steel,
punched with holes, and painted with scintillator grade
paint. The heavier outlined hole indicates the point
directly below the centre of the detector. The dotted
circle represents the projection of the particle p.m.
onto the baffle and the dashed lines indicate the
asymmetrical extension to the baffle. (see text)
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Figure 3.6 The uniformity response of a 2.25 m? detector. The values

are the gated single particle peak channel numbers relative
to the average ungated SPP channel number of 100.



val wes for each LTiming detector Lo indicats when the plane of the
shower  passed  bThoroagh tThat odetector, S the shower  plane 08
movirg almost  at the speed of light these time values  nust  be
precise Lo oa few nanosesonds. This btechniguse of  Ffinding &

divection from a selb of velative bimes i known 8 "fawnt timing."

The recording  system is boused in a btreansporiable ATOO

ity located bebtween huts AL and A Whern an air shower passes
thivough  the arvay both the fast and slow  phobomeltipliers  may

procduce  sigrnals. Frovy smal l showers only a few bubses wmay  Tirve,

why ey

all 27 detectors can produce signals  for  the  largest

SDWe . The sigrnals  Trom  Lhe plhotomal tipliers  are

BM1l

transnitted divectly to the veoording bt along wide band
coaxwial o wable. The slow signals are pub thorough s pre-ampli Fier
amgd then transmitbed via RE S5 cable.

The mlow signals at the hat, in the form of positive voltba

pulses, go to line receivers, abtenuwabors and inverters. These
devices shape and amplify  the pulses into & form that  is

acceptabhle Tor  the next stage. The wsigrals  are Lhen  Ted

geparately o discriminators which ensuwre that the pulses are of

st fisient magei bude. Simul baneowsly,  bthe puls are fed i1nta

The DAMAL O Compuber Automated Me

L ement angd Contyol )

vacoviding system. This system consists of a "orate" which houses
various moodul es as waell as an inter face o the Daba General M s

A8 wminicompuber  which contral

s Lhe experiment and handles  fhe

daté. The  wlow shem  pulses go to peak  sensing  Analog Lo

Digital Converters  (ADDZTs - Lellroy 4T which digitize the

pulse heights. Thie Pl s T Time  Ho Digital

onverters  CTDCY s - L L2V iy GBh 0. These TDDYs start  whaen

wWhy ey e

trigoered by a ooincidence oirouit for the timing  Fw

[ial
wd wil



codncidence ooouwrs  Lf at least two of the 11 fiming huts  have
Fived. The TDIZ?s  measure relabive Times wsing stop pulses
generated for each of the Liming huts. Henoe, the TDDYs conbain
the timing information for each hut, while the ADD’s contain the

reguired information  abouwt particle  numbers. If triggering

conditions are met ( see next section 2, the Nova receives 'L
At Me" (LAMY pulses from the ADD and TDD mocdules and then veoords

their contents.

3.0 Ced The Trigoaevinog Svstem

The arrvay must have a rvecording system that detects uwsetful
everts and rejects sigrnals  from  small or  oub-lying  showers
( which may be impossible to analyse 2, as well as rejecting
gpurious signals not associabed with airv showers. This is done
by a "trigoering" mechanism which involves both the slow and fast
Gy sl amns ., Mo ey, cdue  to the nature of  bthe triggering
reguiremesnts  the arrvay as a whole is sssentially triggered Dby
Just the slow system.

T trigoer the slow array at least two of the inner 19 slow
detectors  must  have recorded a minimum number of  particles  as
determined by the discriminator levels. BEwcluding the outaey hobts
reduces  the pumber of showers that are accepted which have cores
Iwving outside the array. These levels are selt  so that  this
trigger is extremely unlikely to ooccur in the absence of an EAH.
The slow system trigoers at a rate of approximately  O.IHz. The

fast

array also has briggering reguivements: namely that  at
least two of the 11 timing detectors must firve. Howewver  this
requiremsnt is met mwsh morve freguently, at approximately 1O0MHz.
An "event" ooours when the arvay experiences bhoth a fast and
slow trig

ger in coincidence, The reoording system bthen examines



bath the ADD and TDD contents. A Ffast array trigger alone will
start the TDX's which then record the times for  each  hat. It
there 1w no corrvesponding slow btrigger these TDD values are ot
fed to the ocomputer and are oleared with the next fast array
trigoer., The reguivement af a fast and slow  btrigger  in
coincidence to trigger the whole arvay is employed as it ensuwres

that there are always some btimes for divectional analysis.

e CALIBEATION OF THE Ea&W DATA

The information contained in the ADD and TDO modules ds ot
ivectly Lssabl e. The AT number 18 a digitised val L
representing a pulse helght. This number conbains information on
the mambery of actual particles which have traversed the debteotor
and this neseds to be extracted from the vaw  ADD number.
This process is known as "calibration'. Gimilarly the raw TDO
P 6 5 5 when  considered relabive LTo  each  obbher, coantain
information about the divection of the shower, but caloulations

arg regquired o exbtract this information.

el Cady  Density Calibration

Fri mar y particles from owbter spacte strike the earth
continuwously,  most of  this flux being of  very low  energy
e led Thiey produce very small showers at high albtitudes which
clissipatbe  early, leaving only remnant energebic muons. e ke
Time these muons reach sea level they are nolt associated with any
air  shower and constitube a general fluw  of  wsingle, e L =
divestional muomns,

Witen the wngated pulse height  spectruam from  any one
szintillator is examined with a malti-channel analyser CMIZAD
a peak is seen asn shown in Figuare 3.7. This peal © or mode,

iee. most likely pulse height?) is caused by  the uwncorrelated

el
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Fig 3.7 A sample pulse height spectrum, for the
gated 50 mm thick detector.



cmni-civestional o single  muon flux ang i

it

5 krown as a0 Msingle

particle peal' ¢ 0, The distvibubtion is of Landaw form and is

superimposed  wpon a low energy photomalbiplier nolge spilke Sdéaan
ton the left of the main peal.

T per form the density calibrations the mean pulse hedght of
the vertical single muon flux is requirved. To find this guantity
the pulse height spectrum of the scintillator is examined.  The
BFF wmf the ocmni-divestional singls muon pulse  height spectrom
is a good approximation to the mean pulse height for the vertical
wingle muon Tl This is due to the fortumabs colnocidesnce  that
the mean to mode vatio of any pulse height spectrum is 1.3, and

rmeryvaer For ommd-directional muons L 1.3

Lhat any pulse height o

times greatsr  than that for vertical muong. Mearge  bhe puol se

height  of the peak observed in the omnd-cbirvectional maon fluax is

wsed as the mean pulse helght for an "eguivalent single  verti
L',

T find the number of particles in any detectonr,  the vatio
i obtained of the wvoltage observed in that detector, Lo Lhe
valtage which wouwld be produced by one particle (i.se. the voltage
corvesponding Lo tThe SPFD). This was done wsing & tail  pul se
generator ( Berkeley HNucleonics Covrp., model BHID and a MOA O an

LRE BO0L or Tracor Movthern 1705, The voltbage observed i any

detector  was  expressed in terms of an soguivalent  BND O volt

That is, bthe ADD reading is converted to the volbage That Lhe BROC
pulse  generator  would rveguire o oproducs  bThat A0 veading.
Similarly, an egquivalent BND voltage reading for  tThe BFF is
fownd.  This gives the Tollowings:
BEME valuwe of density veading
NMize oFf pPArbicl @B B st o o e s e e e s

-y

BNC valwe of SFF

=5

o e



Fivastly, to obtain the BND value of density, a series of
inputs  from the BND pulse generator are fed inko the ADD's and

el This allows a plot of BN

the outputs are then re
versus "abDI" to be produced. These plots are found for each ADC
channel as  there are slight variations between them. These
relations are not quite limear, the best fits being power laws of

the forms

BNG value of density = & o (ADD value - Fech 3%
wher e Fed is the pedestal or "zero" value for each ADD,

arcl A& and B oare the fitted parameters.

Secondly, to obbtain the BND value of the SFF (i.e. BNZOSPR
the relation bebween the MUA channe) number and bhe BND reacling
s obbained, The BN pulses are fed Lo bhe MIA and a  straight

lime velation is found of the form:
MZA Czhanne]l number s = slope o (BMD valued + intercept
Hence at the channel numbrer corvesponding to the SPP
MIZACSFFY = slope o BMZOSPP) + intercept

MEACSHPY - intercept

= BN CEFF) 8 e s s i i e

gl e
These bwo expressions are substitubed into The euwpression for Lhe

numbery of parbticles, wviaz

A U ADL = Fed 2%,
MNevw of particles = @ oo —ee
M CEFFY — dntercept

Fonre the case of the Lm* detectors Cthese "l e o f

particles" wvalues are the actual particle densities. Huowever

i
L
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for the  2.2BSm® detectors, the value fov the number of particles

st be divided by 2 Lo Fingd Tthe particle density.

Thie wvaliues by 2 Lo e, MIZACSFFI and  interceplt are all
regularly ochecked as elechtronic drift can cawse changss to these
optant it &5, Additionally  raw ADD values that are  larger  hhan
1000 are ewcluded ¢ i.e. their weight is seb to zero ) as these
are close o satwation,  This corvesponds to aboat 400 particles

anc suckh oa value 18 very yare. For & detector o be satuwralbed a

shower of sire ™ v o 10% particles must land oloser than 5 mebres

to that detector.  The pre

ismion Tor each dete

o ds governed by

the particle to bhit rvatio and is ™ 0. particles.

ek Chad Timd g !

Ll i aklon

The timing calibrations dinvolve ext l;

g bhe divection  of
Lhe  smhower fromm LThe numbers sbtoved in bhe TR s, The  sbower

divection is expressed using two angles, theta and phi. Theta i

The zenilh angle, whersas phi is the azimuth angle, and bobh are
e fined in Figure 3.8

Due  bo the variouws delays from the huats to the recording
mhal ion, the absalube valuwes of the numbers in the TDDTs have no

B @A I It

orily the di fferences between the numbers  whioh
are  used to exbtvact the divection. The delayvs are due  to bhe

cable  langths as well as

electyonic delays, and theiv sum tobal
Mas okt been accurately measored. Instead & more acouwrabe
technigue is employved where the total delays are caloulated with
a comnpuber progeam which anal ysaes many evenbs. In this Ltechniogue

the average Time differences between all the huts are  Townc

Cewr)s A gl il Tl

AV EY A vapresent  the Lims

di ffevrence that  would e observed for that paiv of hats  0f 0 a

vertiocal ly diveocted shower  wers bto fall on bthe arvay. This is

57

£
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§ = the azimuth angle

0 = the zenith angle

Figure 3.8 The definition of phi, the azimuth angle and theta,
the zenith angle.



bhecause showers come from all cdivections and when an average i
taken  over many  evenbs O el 30,000 3 fthe average  shower
divection will be vertical. These average time differences are
put  dinto & large arvay ¢ Llxwll, for 11 timing huts ) oalled
DIFF&GCLL, 110, Each  element of DIFFS, Gy, represents  the

ith minuws Jth LTime difference, . &

is element (1,37,
T use the elements of the DIFFES arrvay each TDD number  must

initially be converted to a number of  nanoseconods. This is

per formecd  wsing  another set of calibration data which i
regularly checked in case of electromic drift. The calibration
involves gplitting a pulse Trom a generator  and  sending it
directly to a TDI channel as well as through a known delay to the
T channel . The divect pulse then starts the TDD  and  the
lelayed  pulse stops ib. For each TRO channe]l this prodwces  a
relation  bebwesen the observed TDRO number and  the delay  (in
FLARD S I els . Division of the TDD number by fthe slope of  this
relation converts it to a number in nanoseconds. The result is
that, while the absolubte value of the time in panoseconcds s not
use ful, the wuseful  time oifferences will be in umits  of

MAaroHenonds .,

After  the TDD numbers have been converted ©GTo nanoseconds,
time oifferences bDebween all hubts are found. Subtracted from
these time differences are the average time differences thalt are

stored in the DIFFS array Ce.g. A - A-D ). The result is a

residual i1 nanoseconds whioh convh e s 1y e divectional

i formalion.

G T A Finding The Showery Dy et don

When a shower ooouwrs a reference Liming hoat is ohosen € the

"index" hut I This is the hult with the largest  number  of

He



particles and is given oo-

avidinat s (Mamy Yamda The awis of the
shower can be expressed as a direction vector, as follows:
@ o= - Jio+ i ok »lk )
¢ the negative sign resulls from the convention
which states that a mnegative direction veclor

points downward to the earth 2

Here  the i, Joand k vectors are unit veotors in the %, y and =2

directions, respestively. The Iymw and » values are bLhe

dirvection cosines and sach bhave a valuwe between 0 and 1.
Additionally, the locabion of any hut (xy,yve? with respect

to the index hut (dymyYam? 18 given by the vecbor:

(g = %amltd i o+ Uyg = Yamd J e (g = ®ams k

The wvariaticrns in the z2-plane, Za ™ e oy are small and so ocan

he dighnored. Uonsequently, assaming & planar shower front we haves

@ o Ty = projection of vy onto e

e -tk E) = & )
mo bhat  olly = Bin?) = =((my = Mymti + (yy = ¥YaewdJ) o Cli + mjd
moo LMy = My w3 b Uya o Wa )
The dirvection cosines I and » are found by minimising (with

regspest to o oand ») the least squares fit parameter (&)

B o= B oty = obymd = C ~J0xy = Xamd = 20ys = Yin2I1®

R A A L T T T N A - SR B S O SRV Ve B



The matrix algebra used to perform this minimisation can be

found in Appendix 1, and the results are shown beéelow:

C By ™ RGP, w?y = Ex?ayta EETyyta 2

where @, = (X " Haml,
P ow (y:l. = y:i.rw:]y

aned LTy om by oo Lyem?a

The value of » can now be found from I oand » as followss
p o ]l )AL

From the direction

wives, theta (©) and phi (@) are foundd

G o= omrzTs Cn )

@ = WO -~ arctancl/m)

The twr approximations made in this analysis, namely  a
planar shower front and no @ co-ordinate variation are Dotk goed
approximations provided the shower cores do not fall in the oul-
lying vegions of the arvay. The vadius of curvature of & shower
is mf the order of a kilometve and the @ wvariation is of  the
orcder of one metre O 3ns D.

The ervors in phi and theta were

rwervatively  estimabed
fror  Tthe old arrva ab 2.5 sec (02 that i A LS angul ar
¥ ¥

resslution  for  vertical showers O Gerharvdy 19835 0. A laber

0



evamination of the angular response of this system O Frotheroe &
Clay 1984 ) gave an angular resolution funotion with an angul ar
wncertainty parameter of 1.25°% for vertical showers. For the new
arvay there are 11 timing detectors as opposed to five ancl, i f
all  tubes brigoer, Lhern a further improvement to the angular
resolution is envisaged by a factor of (1180272 O dae. > 1.0 0.

To  test the gquality of fit for the theta and phi values o f

gach  event, a statistical variable ¢ sigma — related L T B -

caloulated. Sigma contains  the number  of  times  In its
denominator and hence is independent of the number of times uWsed
in the fit. Sigma is essentially the difference bebtwesn the
ariginal  recorded times and the times which have been caloulated
wsing the values of Iy» and ». Brmaller values of sigma incdicalbe
hetter fits for theta and phi. Gigma sguared dis defined as

fral liowss

oot cokrwr 4 T L wand 4 )
ES
[ s S 4 =t — ———— e = - s e e o e

ntd mes - 3

Wy ¢ Lams ¢ = observed btime di fference of one hut

with vespect to the reference hult (KamyYanly

w0y = Ham 2t MUYy T Wamd ]
whenr g 1 cml 4 W e o ki vl i et AL i B s 5 5 e o e i i o N 94

antd ntimes ig the total number of reoorded times.

For any event from the old arvay data, a value of sigma of
a g indicted that the angular resolution for that event was  of
the ovder of 29, A sigma of that maghnitude for the new  array

would indicate a superio angular resolution and events  having

£l



gigma > 10 ¢ of which there are compavitively few 2 are now

disecarded.

3.5 ANALYSIS OF THE CALIBRATED DATA

The wge  of  bhobkh the density calibration and tLiming
calibration techrnigues desoribed in section 3.4 oomprises  one

part of the overall analysis of the raw data. After these

processes have been per formed,  to produce values for phi, theta,
1, G and  the particle numbers, analysis of the shower
parvameter s Can Commenc . This analysis finds the core (XayYaeld,

the sea level size (Ned for bhobh Moscow and NEG lateral  density

distributions fits, and an age value (s) for the NEG fit.

o

3.8 Car  Data Handling

During most of the authorts candidature the standard  method
of  data handling inveolved the raw TDD and  ADD outpubs  being
written onto magnetic btape. These tapes were col Lected
regularly  from Buckland  Fark and ftaken to the lniversity of
Adelaide for analysis wsing a Uyber 173 ocomputer.

Since the end of 1985 ftwo major changes bave been made  to

the data handling process. Fravastly, The  MNMova  compuber atl

Buckland  Fark  has  been rve-—programmed so  that a dirvectional
analysis  is performed in "real time" as the events ooour, Tl

theta, phi and sigma values are then placed on tape along wi th

the 27 raw  ADD numbers. melly, the Lniversity b s
changed computers  from the Cyber to oa VaX 783 (along with  the
rest of the worldd. fAsoa conseguence,  though a few changes o
the analysis programs were vequired, essentially the same process

is wused to analyse the data. HMowever as cdisc space g more

Limited on  the VAX it may be necessary to change the analysis

(29



methods in the fubure.

The process of amalysis of the raw ADD data is now
disoussen]. Botkh  bhe ADD and TDD data are transferved from  the
tapes to the computer and two main analysis programs are vun. T
per form  the analysis the statistic chi-squared is usecd, Aas

defined in the section bhelow.

BuE )y Definition OFf Chi-soulared

Tn  order  to perform a shower analysis  the value of  the
goodness of fit statistic, ohi-sguared ¢ X2 0, is Fownd. F e
this application, the statistic is a measure of the difference
heltwesen the observed particle density wvalues and the ocaloulated
density wvalues. Hewnoe 1f ™ oiw minimised The best possible
choices for  the densities at  each bhut  are foand., T s
mirimisation process is disoussed further in section 3.5 (o).

Fior  this work a "reduced" X* is used, Lhi s red g ke
nermal 22 divided by the number of  degrees of  freedom. The
numbier  of  degrees of freecdom for oa fit to oa  function  with n
coefficients plus one constant term 18 the number of data points
mimus  the number of fitted parameters minus  one (0 Bevington

e ). The reduged ¥ i defined as FTollowss

C fraa = o y
X® (Woy Yoy Ned = I S

nel f

Wher e (Reoy Vo) are the co-ordinates of the core
Me is the shower size
Pas are the observed densities

Moy are the calculated densities

]
o sud



madf oie the number of degreess of Ffreechom
Civen mcf = N -~ n — 1

where N = the number of debtectors used
and o= the number of parvameters being
fitted (e.g. for NG fit, where

o

%, vy and % are fitted, n = 3 2 2

JaEH )

A _Analysi

This work used two main programs for anal ysis:

DIRCALE — The direction and calibrabtion  pyogram.

This calcoculates phi, theta arel 1 G HE

degscribed in sections 3.4 b and 3.4 (o). The
program  also performs the density ocalibrations
(as disocussed in section 3.40a0) which gives the
number of particles for each hut.

MIMUIT -

Thiss i the Jarmess amnl P

minimisation package produced at
program finds the necessary shower parameters by

a redured X¥ minimisation.,

Bud oy Cid PMINUET

MINUIT  is & powerful package desigrned Lo find  the  global

mirimum in & user—defined function, even L7 hThe funmction is very
coorng) 1o v It was purchased by the Cosmic Ray Group  subsequent to
i fficulties encountered by the original gradient-—-serch program,
SHOWERS, which was wsed to analyse the array data with the
Moscow-MIT function.  SHOWERS had a failure rate of ™ 3% when the
program became trapped in local minima of chi-sguared. MINUTLT,
which gives the user considerable choice in  the minimisation
method, improved this figure bto about 1% for analysis of the old
array data. MINUIT dis  also designed to fit wup  to 15 free

frave amet er s and  hence  the MNEG S funcbion  which  has  thrse



parameters ) ocould Lo be solved and ages found for the evenbs.

MINULT gives the user three oi fferent  mimimisatbion opbions.,

Thie are a Monbe Carvlo s

archy the simplexs  mebbhood  and Lhe

variabhle mebric method. The Monte Carlo technigue is nobt veally

aly 1 e froor % minimisabion as it oo

appli oot converge  boooAa
mindmuam  but finds bthe best value parameters Dy varncom ki e
The wobher two methods were wsed in this work and can be involed
with  ore commancds PMEINITMILGE Thi e command fival  per forms &
simplex minimisation and then uses the variable mebvic method o
175 . MLNLITT

further oconveros on the mindmum ¢ James ancd B

alao  has mwmerous oblher availlable optioms., The anes wsecd  mosh

D I A A T T T o A wor ks are bhe TMF

= ocemmansd which will atbaempt Lo

T

fird & another minimam, Lthe  MINDG o

wamaned which  per forms  an

ervor analysis,  and the CONTOURE command which proco

a plot of
LThie contowrs of bthe minimised funchion.

Too wse MINUIT the subroutine FON must be written by the user
to wlefine the function o be minimilsed. Froor bhe Buckland  Parvk

ghower analysis  the FON imitially reads in the phi, theta and

e mumbars O ooonvertbaed Lo

signa  values as well as the 27 parli
densities when rveguived 2. These parbticle numbers  sre then

sorted and  huts with  zero parbicles  are  excluded  from  tThe

Ew Tl wxolus

aral ys o oot wero densities is ol necessarily an

ideal  Lechnigue but it was foungd for This work to give the
reaul s, MIMUTIT takes several seconds to analyse an sevent, anl

therefiore when up bto 0,000 evenbs per ftape are analysed, this

vy Lime  Corsumiong . many of the showers which now trigoer
Lhe arrvay are  small  and  only  producs parbticles in & Tew
detertors, one way of vedusing the total analysis bime is  To

remove Muts wibth zero parbicles.

[0



T addition o supplying the subvoutine FION, The wsmer  of

MIMUIT @ supplies a series of commands to the program. Thiwsse are

Lrmwn as command "cavds" and btheir vole ism to inform MINULDT of
the variables involved in Lthe fitting procedure, including their
starting, limiting, anc step-size  values. These cards also

inform  MINUIT of the desived minimigsation technicguets) and  any

other special regquesta.

I FION the next step dn the analys: ie  to define  the
function  whickh  MINUIT  isws o mindimise. I bhis oase Lhe

furetion  is  the rveduced X% alveady given in sechion 3.0 (b

Valides  of Lhis Frmetiomn arae fown for each provssible  oore

povs d B d on Cuyvd)  wher  the Moscow  fitting funotion  is us
Shimd larly, valuwes of ¥ are fowlnd For each  w,y and age when the
NEG  function is used. These Fitting functions are used to find
Lthe values of bThe caloulabed densities, meecer for XRL A well

as this a value for the shower size is needed. The shower sios

is not oa fitted parameter as it is a dependent variable Cand

hetice can be calowlated from the obther parameters). The btechnicue

foor finding the shower e from the oore, the density  value

and age ¢ for  NEE ) is shown in dppendix 2.

MINMUTIT, wvia the subrowtine FIN, wal ol ate the valwes  of
Lhe ewpected densities at  each but for the starting wvalues of

Ry ¥ arel age. Tt then caloulates a shower size and finds &

value of 3, The minimising routines conbtained in MINUIT  are

then  wsed

Fiaw

firied  the divecohion in whickh % i minimised. When x*  is  a

fimdmwm then the calouwlated densities aore the best obtainable Tit

to the observed densitiles. Merz e bhe corresponoding valoes

Koy Yo and s ¢ and the Ne that is calouwlated from these ) are Lhie

best fit parameters for tThe shower.



Trn this investigation the minimisation of the X% Trmz i o
By MINULT i wvery bime consuming. This is pacbly due  to bhe
compley X% sur face but also results from the MINUIT package not
heing designed for vepeated minimisations of the same Tunochion
over many thowsands of events.  The most common wse for MINUIT is
the minimisation of a very complex function on a "one of " basis
for which it is well suited.

One  aim  of this work was to find a way of  overcoming the

problem of Time consuming analyses. ITmitially it was desired Lo

produse a program which would find a divection and a "oguiock® o

Ty ¥

choshower, Pem. o an approximabe location for the oore Lo
within 1 o 15 mebres. Suekoa progeam was planned to operate
i real Time by the compuber at Bookland Pavi. Frovr this, the
progeam GUITEFIT was written. Mowever it was found that the Nova

memnory was almost full and there was insufficient voom to  store

arnc run the pragran. Mence it has nob bheen used Tor anal ysis up
Lo the date of wribting. Fratuwre plans for tThe arvay involve  the

mf & another o

mputer  for use with bThe sxisting NMova

atd then the program GUIKFIT or its descendant can be used.

The e s of the progeam which finds the shower  divection

wsesn the

ame Lechnigues as th

alrveady desoribed, as  this

mebhood dm time efficient. Siber the diveotion has been found &)

i search techrnigue 15 U Lo smeleot

ardcl i Re. At present this program has only been developsd wsing
a Mosocow  laberal distribution, as the aim was bto search for a

guuiels oo, It may be pog

silble ho ewbsnd Lhis program Lo oope

with the NEG funchion, or alternatively & combination of bthe Lwo



programs GUIEFIT and MINUIT could be wused. QUIKFIT  coulid, in
real time, produce an estimate of the core anmd MINUIT could then
be used laber with the NEG function fo improve this ocore locatilon

and fit an age value to each shower.

The grid search technigue is descoribed below:

€12 Beleot the hut  of highest density and call  the

comordinates (e Yed.

i) Malke Hpyye the centre of a sguare grid of cerbain size

as determined by the location of e, ye.

03 I wpmyyey; L
Car mear the centre of the array ( i.e. less than 42

metraes From (0,00 1 the lengths of the grid sides

are defined as Mty @5 .

(b1 in the region bebtween the central and  oub-lying
regions of the array ( i.e. between 48 and 9
metres from (O,00 ) bthe arid sides aore 96 mebras
in length.

(o) in the out-lying region of  the arvay ( i.é.
greater than 98 metres from (0,03 3 the lengths

af the grid sides are 28 mebres.

The numbers <2, 56 and 98 are variable and were ocho

by experimentation.

el Bfter  the cenbtre and lengbh of the grid sguare have
bean chosen, Llhe program examines a grid of points  in
the sguare. These points are separated by &  set
distance which can be varied. Fov each grid point #

Moscow  shower  size, based on the core  location  and
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density data, is caloculated and then a valuwe for 2 is
foand. The best possible core is that which has  the

mievimaam N9 value.

This method is only suitable as a rvough estimate of the
core  position  and  given a variable point  spacing of d, the
approvximate worst  ervor for the core position ¢ excluding  the
effects of statistical fluctuations 2 is given by o ¢ Q.3 )37,
The method has the advantage of being approximately 10 times

faster than the use of MINUIT, taking * 0.3 s$/event.

S.95 o) Cidiid  ZXMWD

An altermative to MINUIT for the minimisation of X% ig  the
package on the Vax IMSEL library, namely ZXMWD. This package is
designed to find the global miod mam, with constraints, of a
funzction  with N variables. Hense it is similar in purpose Lo

MINUIT but the mathemabtical mebthods

g are not accesible o
the public. I wsing ZAMWD the user supplises a subroutine  FION
which calculates the function to be minimised. The user  also
supplies the constraints on the allowed parameber  values and
males various reguests on the manner of  the search. 6s  the
package is more vecent than MINMUIT a logical conclusion wiould he
that the package is  superior.  For this investigation, however,
this was not the case as will be explained in the next chapter.
Al i, somewhat surprisingly, ZXMWD took about fowr times as 1ong

as MIMUIT to find solubions.

The data analysis programs DIRCALE and MINUIT discussed here
have been the tws that have been mainly wsed in this work. The
package MINUIT has been utilised with a number of  analysis

methods and results from all methods examined are presented  in

c"",.



Law  Flisve, Foal Lowirig & discussion of tThe simulation  vesults

Clyaag

arich statistical consicderations in Chapher Foue,

70



CHAPTER FOUR

SIMULATIONS AND STATISTICAL LTONSTDERAT T CNG

4.1 SIMULATED FEREFORMANCE OF THE NEW AREMY

4.1 Ca) Intyroduction

The new array has been running since early 198, Henwe v
this has not been a smooth and continuous data collection due  toa
power failures and adjustments to the detectors which have caused
gaps  in  the data. Similarly, data analysis is yelb Lo be
per fovrmed on the bulk of the data as a final analysis method has
not been chosen. The new VAX 785 computer abt the University of
Adelaide is switable for all work involved in the analysis.
However, Gthe computer has many obher users and it may be unable
to handle the quantity of computing that will be necessary when
the arrvay is running at peak efficiency. Henoe the use of  the
VAX compuber for analysis could lead to a backlog of vaw data and
a computer which performs the analysis at Buckland Fark in real
time may be requirved.

Frior  to the completion of the arrvay, simulations were
conducted  to test its performance and examine possible selection
biases. These simulations caloculate the triggering probability
of the array as a function of position, size and age. Menoe the
caloculations of  the 100% triggeving contours, the velation  of
triggering area to showsr size and the relation of  Lriggering

probability to age were per formed.
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dal Chy  Dombouwrs oof LOOY Tricoer ing

The puwrpose of this simelation is to gain an  wnderstanding
of  the  per formance of  the array over  ibts enbire  area  with

all showey Sizes ik i &

R M

sl cleration o The silhiower

necessary  bo know whether a shower has landed in a region of the

arvay which will always cause it bto btrigger.

T perform this simalation a compuber program wats  wWwrithen
whi h gsimul ated wvertical showers landing at  variows e

positions over the array. Both bhe Moscow function and the  NEG

frimet ion WET @ g gl T sl at e T ke particle lateral
distributions. & valuwe Tor the mean rnumber of particles alt each

detector is fownd which dis then fluctuated acoording to o a Podss

O

clistribution o simwlatbe real fluctuations. These parbicle

nuimbey s are then compared wilth the brigoering reouivemsnts of bthe

arvay bto  best whether bhe simulalbed shower has  briggsred  the

AF Y AY . This  pro ismo per formed @ nombey of  Times ancd a

trigoering  percent imo Fownd for o all poinkts considersed s

the array. fa ewpected, it odiw fownd that small showers of size
around 3 x 1O% particles only consistently bTrigoer in a  @mall
cerrbral vegion, Ma bhe size of the shower increases bthe size of
the 1QOA briggering area also lncrvsases, &85 seen din Figures . L.

{ FPremoott el al. 1983 3

These triggering aresa o culations are wseful dn the design

ation of

stages of an array. They are helpful in choosing The 1
the detsctors, and dindicate whebther the arvay i capable of
accepting showers of the desirved sizes. Hipwever ,  orre bhe areay
ig runmning, an analyvsis of the observed cove locabions in varilous
size vanges  must be per formed. This produces thae briue 100U
coollecting  areas  Tor the arvay which arve needed For  acourale

prochaction . of spechra. Aot i biorally, Lhese oonbours  were

7



100

Figure 4.1 The contours of 100% triggering, from simulation.
The lines represent sizes (x 105) and the distances
are in metres.
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foor the arvvay involved finding wvariows

area and shower SiEe. & mumbier of

These cuwrves arae Townd as

the preceding  section.

area region has been  Toond T a

v the area of  this region  ocan  be

the effecstive collecktion are from Lhe

with less than 1OOY  bvi A by e

1 i

the oviginal 100% btriggering aresas Lo
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ra Flx,y, N is the btriggering probability
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roobhe array.
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Pery meE, Hemoe it seems thalt this showld
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Figure 4.2 Triggering areas as a function of shower size, from
simulation,for various triggering conditioms.



e the choice for the triggering requirements. However what this

relation oo

not show i that when the triggering level is
veacius ed, while increasing the overall triggering area, the 100%
trigogering region desrveases significantly. This is undesivable
as the aim is to arvange the arvay so that there dis a large
plateaw of 1004 triggering probability  that falls of f rapidly to

small probabilities at the plateawn edge The result is that the

Lrigoering  thresholds  cannot be sel too low. Similarly they
shoulod  not be  sebt too high as, while this sharpens  the  100%
Lot ean, it oalso loses bToo many small evenls. Tt was Founel Lhat

a brigoering delb

oo bhveshiold of 4 parbicles per m¥® was boo Low

ancd B was una

epbably highk. Mence the level of & parbicles per

m was chosen as the optimal value.

N The B

slation of Triagoering Frobeald lity b Sos

& Turbther  simulation per formed was an examinabion  of  Lhe
bias that inevitably ooours at the Lower shower size  limits  of
the array. The arvay is unable to debect small showers of larvge

age, and  the simulations of this trend are shown in Figure &.3.

Yourg  showsers ( lees s 4 100 2 have a steep labteral distribution

3

aril  the  detesctors near the o i M bhe

e have high der

shower size decreases bthere are novmally still enough parbicles

i the core detectors to ensure thalt the arrvay triggers.  Howaver
ari older  showsr has a flatter lateral oistribution and  so tThe
same total  mumber of particles i spread over  a  larger  areda.
This means that triggering the arrvay becomes more difficalt  as
there are fewer particles in individual detectors. Hesriz e Fo
small showers as the age increases the trigoering probability for

sLch showers ey easas. This selection bias is wunavoidable with

The brigoering conditions and could only be removed with mach

7
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Figure 4.3 Array acceptance as a function of age for two values
of shower size, from simulation.



lower triggering thresholds. However this introduces the effects
dimrussed in the previous section as well as merely shifting the

Bias cdown to lower S12a5.

4.1 (el MIMUIT Simuleaticon

4 further simulation as a check on the minimisabion pyogram
MINUIT was also per formed, Thig involved the simulation of some
showers with a given core, size and age. Thess parameters wer e
gubstituted into  the NEG function to find  the densities that
would be produced at hut locations. These density values were
Lhen  fluctuated acoording o Poigsson statistics and MINUIT was
used to find  the shower parameters. Initially, whien  mo
fluctuations were considered and when the standard Torm of X% was
used ( see  the next section 2, the proagram found  the shower
parameters wvery effectively, finding ¢ at worst ) the ocore to
within 0.4 of a metre, the size to within 4% and the age Lo
within 0.07.

Whern the Poisson  fluctuations were applied an increase  in
x® was observed and ( ab worst 2 bthe ocore was found to within 2
mebres, the size to within 18% and the age to within 0415, The
contours of X% of these fits were esxamined and the trouwaghs  had
a circular symmetry and hence it was considered that the fitting

procedure was working acceptably.

4.3 HTATISTICAHL. DONSIDERATIONS

G (a)  Ghi-sguarsd

The definition of x% as used in this study bhas been given in

Section 3.9 Chy. Thig statistic bhas been the main one wsed for

5
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the analyses. A descriptive fovrm of the X% test statistic is as

fral Lonwese

¢ observed — theoretical freguency)®
SILAIM i i o 403 S 4 e 44 5 i 815, e o0 i S 1 81 BPY e S S 450 s o1 o seen

theoretical frequency

The properties of this sum were first studied by Fearson in 1900,
He calouwlated its distribution for different samples and fowncd
that it  approximated 2 X distvibution ¢ a well Eaowa mormal
related cistribution which is & special case of  the Hamma
disgtribution 2. Hence the name used for  the  goodness of fit

e KRnown as o oa X oteast,

test bhased on this statistic has bec
I general the formalation of the goodhness of fit test, 9%,

Cya = ylxwgdl=

ORI =L e b et T e e o S e ]

i Gy

Whier e v s oare bhe observed data points,
Ywiwy 178 are the estimated values,

ancl gat's are the standard deviations on
The dindividaal observed data pointes.

The  dernominator of the expression conbaings  bhe  standard
deviations which must be found., Hence the spread of bthe oariginal
parvent  population distribubtion  from which the observabtions are
mace  must be found. As the number of particles measursd in &

igeon distribution this allowvws Lhe well

detaestor fiol Leoow A

krown statistical featuwures of this distribution to be wbilised.,
If an infinite number of observations of the same evenl were

taken it would be seen  that the observations were sSpryeaac

according  to oa Poisson distribubion  and a mean value for Lhe

7E



rumbey of particles in thalt debector (u) coulod be found. Then
the standard deviation of the FPoisson distribuaton ds egqual to the

saguare voot of that mean.

1w 'v3 ] ¢ JA JEEA

Hiowe v er, rather than an infinite number of observalbions of  the

number  of particles in a detector per event, this wvalue
obhserver once only. This means Lthat tThe value could, in theomr vy,
fall anywhere fron O to infinity. However Foisson distributions
for  high particle numbers approach a normal  distribution  where
the most probable value is equal to the mean. As the particle
Mumber decreases, this approximation becomes less valid  but for
most  cases it 1w still reasonable. Hemroe the valuwes of  the
standard deviations for  each  indivicwal  measuyement  can be

estimatec by

Ty =z (:y":).‘l./‘;iﬂ

There is  anobther approach o the determination of  bthe

oy cldstribution based  on

standard  deviation of the parent |
the ideas presented above. Allowing that the value of the square
root  of the observed density can be used as an estimate of  the
standard deviation, then it is plausible Lo consider tThalt  the
value of the caloalated © or predicted 2 cdensity ocan  also be
LEec . This follows as the caloulated valuwe should be olose Lo
the observed value for oa  good  fit. Additionally in the
evaluation of the caloulated density at any hut, the values of

the densities at the other huts bave been considerec. Thi s means

that the value of the calowlated densiby could be &  oloser
ap P imat o T the true mean of Lhe parent F'od s

distribution, This mebhod can also be useful when consicdering



ohserved densities of zero. The calculated density values at
these points are unlikely to be exactly zero and so the above
expression is less likely to go to infinity.
The two possible forms of X% are given belowd
N 1
AE w B0 e [y o wCuy 2I0F D v www Form &
im=l VAETR
This has  been termed the "standard” or usual "md doeam X

met e ! C eage Fadie ot al. 1971 2

e il 1. 2 T VoL AP I e wonowoww Fowem B

Fradie ot al . torm this form as the "modi fied  minimum X5

method. However  éwava (1979) describes this as the wsual form

Ay dd shyd bt d o

forr conting experiments which follow the Foig

I fact there iz no general agreement as bo which  is the
appropriate form of the standard deviation to be used in the case
of ocounting experiments such as this one. Awaya (1979)  points
outs  that for his experiment, where pulse hseight spectra are
fitted, neithser of these alternatives give the best answer., [
finds that when Form BOOds wsed the wvalues for y(xa)  are
corsistently  under-estimated leading to the area  under the
fitting function being too Little by a value equal to the mdndmuam
value of XN=, Similarly when Awaya uses Form & he finds that the
values are over-estimated with the result that the area under the
fitting function is too large by a factor of half  the  minimum
value of X%,

For  the PBuckland FPark analysis it was  Tfound that the

asuperior fits to the data were not obtained from either Form & or
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E. By a process best described as educabted guesswork the  most
reliable fits were found to oome from a "hybrid" version of  the

twia, This is given belows

N Cyay = yluydd=

VR w e e |
i Cygaylxgdatr=

As  can be seen bhe denominator containse the geomebyic  mean
af  the two possible values of standard  deviation, namely  the
ohserved and the caloulated values Tor the densiby.

Alao relevant to this work are the values of the frequenciss
in the dabta bins. Basic bewbts on stabtisbics (e.g. Ehrenberg
1975 astate that the theoretical freguency in any one  Qrouping
interval  showld be  sgqual to or greater  than  five. If this
e f

conmdition is not satisfied then the use of X% as a goodne

fit test is somewhat doubtful. For the analysis of avray data it
is  gquite common that huts have less than five particles in them
are  wmo,  theoretically, these huts should be ewcluded from  the
analysis. MHowevey  if they are excluded the resultant fits are
warse, rather than betber. MHence, while it is possible thalt this

ig  the cause of bthe analysi

g okl ems, it dwm by Ao meuis
definite.

One  attempt  to overoome the problem of X% ot being
applicable for low freguencies was o change the whole  Lerhnigue
af  solution. The technigue of maximum 1ilkelihood can be used in
ingtances of  low fregquencies and o it was applied to the adir
shower data. This method allows for a move oomovect breatment of
density  fluctuations when the particle densities are small  and
the  asymmetry of  the Poisson distribution beoomes  important.
This work was performed by a wvacabtion wscholar, David  Birvd,

Awaya (19730 found this method gave improved answers  for his

7



pulse height spectra as opposed to the use of X%, A further
discussion on the comparison between the minimum X2 method or The

maximum likelihood method is given in Lai and Mackeown (19810,

4,8 (b Meawd mum L kel i oo

An alternative methog for finding the best solubion for the
shower  parameters is to use the method of  maximuam  1ikelihood,
This method makes use of the sample likelihood funoction which is
a  function of the unknown paramebers. The  mawimum  Likel b
eshimatory  of  the parameters is the value of  thoge parameters

Which causes the likelikhood fumction o De &  maximuam. &as bhe

densities increase the maximum likelihood method approaches  the
A® omethod.

The following discussion is derived from  Benjamin  and
Cornell €170, Ir general  terms where there are r

parameters in  veotor  form, 0 = {0,,05,...,6003, then to use the

method  of maximuam Likeldkooe

eatimabors of  those paramebtsrs
are chosen, 6 = {0y Omyunay Ol  These estimators are used bo
maximise the likelihood, Lo
I
(O | MyyHamgaunygBmd = I FCxy 0 3
i=el

or equivalently, the log likelibhood cas is appropriate for  this
wiorlk Je
3

longg  CllO@lMayHmyuwwyhmdd = log I TCx, 1022 =
i

When these general egquations are applied to the reduction of
air shower data with the particle densities fluchtuated with
Foisson  statistics, then the funotion to be max<imised ds  the
probability function. The probability of observing y  events in

a given time interval (where p is the mean of the distribution)

B0

CFCwy 122,



is given lys

Lsing
of the distvibubtion can be replacsc

yOm) s the fitting function and

My yixydy, then the complebs

ol lowss

Ya
) Cy Gy )0
e = 11 £ it s

Ya!

The simplest way to solve this

i

The logarithm of Lthe probability

the notation has been changed to swit this actual

Yi'ls
Vi, d's have been replaced with the

It

[ i e C e 10 Py 2

i=1

The  wvaluwe for log P! can be

appyoximation for

maximum  lilkel ihooed  shoald bhe

data ancd has been

Leoawri and Winn 1984 5.,

the standarod deviation for a

reguired and so the method has not

this case it was stbill found to

£1

the same arguments as before,

the

furstion

have been replaced with observed

found analytically or

gl bed o
srccessfully wsed by oabther
However, a

Fovi, smom

oo e domper feot

the valuwe for the mean

in this function. HMercas 6 f

mearts for each data bin are

tio be maximiserd is as

=
2
Ly

problem is to use logarithms.

maximised, as follows, where

ksl em. Thyes

densities, Powy, and the

calvuwlated densitles, Moo

1
- a0 Py
=1

1 Pl frea ! j)

Gtirling®s

can be wsed. The method of

the wolubion of  shower

Wi ke s O g i

wilbstitution for bthe valwe of

distributlon e owmbill

solved This difficulty. In

el b



LHAPTER FLVE

el INTEODLICTTON

Even though final reswlts have yet to be found  from  the
array a considerable amount of work has been done and will  be
pr esertec. Both  the theta and phi distributions of  the array
have been found and are acceptable. Lging the best available
methood  of  analysis, a differential vate spectrum has Dbeen
prociue e, Im  addition other methods of analysis wers  studied.
The age distribution for various size bins have been examined and
compared with other resulis.

At the time of writing further improvements had been made to
the dirvectional abilities of the array by the addition of more
timing detectors. Alan a superior timing analysis program  was
written which removed some of the approwimations made in this and
previous  work  to improve the angular resolution, C Chiampa and
Zlay 1986 1. The present situation involving the core and gize
analysis  for  the arrvay is that there ave s%i11  sowme unknown
systematic effects whioch are affecting the results. Hiweaver, it

appears  that while oores are nobt being accurabely Lo

catedd, e

core errvars are nobt excessively large C generally less bthan 15 m)
it the "hybrid" version of ¥ is used Cbo be further explained ).
The fitted shower sizes are nol critically dependent on the core

loezations  and hence these sizes

may sbtill be ol Lo bk Ty

i



siyes, When  the  hybrid version of ¥ is used and  indivicdual

evenbs  are  examined, et particle  density  wvalues at the

detbectors are  normally well fitted, especially buts with  kigh

densitiesy; the hubts with low densibti

radng movre pooyly Fibheod.

The result of this method € as well as obthers ) is  that
shower  ocores are artificially forced to land on but locabions.
This problem is seen when attempts are made to find the actual
triggering areas for various sizeée ranges. To do this the overall
distribution of coves is examined and the "hut-seeking" tendenoy
is  then observed. The resulbs of this woirk are discussed  dn

section J.d.

Bewm THE ZENITH ANGLE DISTEIBUTICON

A examination of the zenith angle (thetad) disbtribution  of
the array is important as it enables a check to be made on the
divectional analysis that is being made. This is because LThe
theta distribution depends on twsy simple functions. The fivet is
that as theba increases, the solid angle subbtended by an element
af  theta, 40, incyeases a5 ZNsind A0. Hernoe the  number  of
showers  originating  from  a thebta range inoreases as  theta

[y

Inoreateds., Secondly,  and in opp

sition to the firvst effecl, as
theta increases, the attenwation from  the atmosphere  also
increases resulting in less showers reaching ground level Ty eam
larger theltas. Consequently  there dis a peak in the Lhela
di stribution., The approximate value of this pealk can be found
from the following brief analysis.

The wolid angle C £ 0 variation with theta is fol Lows

(1Y)
e = Eomosing
e

The atmospheric attenuwation effect seen by the arvay mush

&3



now be considered. The zenith angle distribution from this

effect has been examined previously by éshton et al., 197300,

Their results show that there i a zenith angle variation

approximatel v proportional to cos®d in the size range T = 10°

teo 1.4 w 10% particles, as alen wsed by Frotheroe and Clay

CluaEd0 ., Hence the variation of array efficiency ¢ g ) with

zenith angle, can be expressed as follows:

g oog cos®o

For gsizes less than 9 % 10% parbticles, the value of the exponent

ig  less ( Ashbton et al. (1979bh) find & value of ™ 5 0 bt ite

exact  value is  nobt ovitical  to this  result, The oog® 0
dependency 1s  multiplied by the d0/d0 expression to  abtain  a

function, F, which describes both the solid angle  and  the

that iss

atmospheric attenuation effects,

Froom= constant ¢ 2 o sin® cos®0 ded.,

This function is  then solved for the most  probable  thelta,

1w ol

qe

D] A

i
Y
e
.

2on osing

cos®E 0 - 8 ooog?e sind sin® o= 0

g}

e L an+® fisia

A btheta distribution f
The
is in agreement with the oal

is slightly greater at 22,5

1/8

19.5%

oy the is shown

array

culations above.

due to the effect
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Figure 5.1 The theta distribution of the array from = 23,000
events. The mean theta is 22.5°,



theta distribution.

.3 THE _AZIMUTHAL. ANGLE DISTREIERUTION

The azimuth angle (phi) distribution is shown in Figure 5.2
This distribution should be wniform  except for statistical
fluctuations as the array is essentially symmetrical and  should
ohserve showers arviving uni formly from all azimuthal dirvections.
It can be seen that the arimuthal distribution of the array is
relatively flat as ewpected.

In the past, with fewer array detectbors, there have Deen
variations +to  this wniform phi disgtribotion due  to projection
efferts. Gerhardy (19832 notes the Buckland Park arvay as havirng
an  azimuthal  angle digtribution modulated by & large  second
harmonic., Thi s is  explained by the ftwa main triggering
detectors, A and D, having a reduced separation  to inclined
showers  from  aorthern or southern divections, as compared  to
wesbern or eastern. For the array at present, the different
triggering conditions ¢ namely any two of the inner 19 detectors
firing?) remove this asymmetry of friggering and  any small
moclul ation  effect is now due to the asymmebrical arvangement of

the detectors.

Sed CORE_LOCATIONS AND SHOWER SIZE DETEREMINAGTIONSG

The basic principles for finding the core and size of a
shower were discussed in Chapter  Three. Mlso some of  Lhe
statistical methods uwsed in this work have been desovibed  in
section 4,2, In addition to these methoods, a number of  other
alternatives have been tried. All methods of analysis will  now
be discussecd with their results.

The core location results are displayed in the form of core

8%
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The phi distribution for the array from = 23,000 events.



density plots seen in Figures D.3 to 5.10. Over the entire area
aof the arrvay, Smo % Sm sguare elements are consicered. )

gample of data ¢ one of a number 3 is analysed using one of the

and the core locations ave binned in

possible analysis methods
the 5m x 5m squUares. These are then represented in diagyammatic
form using a program written by L. Campbell. Dn the coiagrams
the centre of each %Sm % Sm bin is represenbted by a rectangle
which has a size that is proportional to the valuwe in that bin.
The largest bin value produces the largest rectangle which is
ad justed so as to just not overlap any other rectangles. It the
value in a bin ig sufficiently small then a only a point  is
dy awr . In this way the groupings of the cores can be seen.

The examples are shown with two separate core plots  with
each set consisting of between 3000 and £000 evenlts. The  top
plot of each set is  for  those with shower cores with sizes
10 particles whereas the lower plot is for those with sizes
wm 1O, to show the effect that shower size has on the resulbs.
The wsize value of 10% was also approximately the lower threshold
af the old array and so the plots with sizes > 10™ also  indicate
the showers the old arvay would have detected. There is also a
x® cut g that poorly fitted events which have a xX#  of » 10 are
ot included in the core plobs.

Initially the standard form of X* ¢ Form & in section &
(ar 3 was  used in conjunction with MINUIT and & NEEG fitting
function. This X% is given below, where N is the number of huts

wi ik nan—-2ero densilties, DET3 are the observed densities and

CDEIY are the caloulated densities:

N (DCTY = CDCLY Y=
-\.'c..‘ P m Vo o446 i i i il i s A NS Y e e oo (: 5 g g |."" 'l ':I AP e T

ol [ W

if
=
-

Bt
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Thiw form of X% produced core plotes as shown in Figures 3.3 0 Cal
ancel (b).  The total number of events considered was H8E5 and from
these only 4 were excluded due to XB0F 10, The number of events
10% particles was 2982 and the number >= 10% wasg 2899, FHe iz e
this method found 109 to be close o the median size. As ran
he seen if the overlay ( in back flap » of the arvay is placed on
the core plot there is no smoooth  platean of  cores  as  was
expected, The vast majority of events are being placed on  or
near huts. The mean NEG age found considering all 5881 events
was Ll.61. This is rather high and results from fthe large cove
egrrors for the showers. If for some reason the fitting procedure
carnot locate the true core of the shower then the best it found
will generally be a flat distribution as this reduces the value
af x®,  This corvesponds to a large agéa.
The so called modi Fied form of X% ¢ Form B, section 4.2 (add
was then tried ( as below ) with its results shown in Figures 5.4

(ta) and <Chi.

N CRCLY = CDCTd Y=

x® o= A e S i { wee Figure D.oc )

iz=l DCLD

This form did net produce the "hut seeking" tendency  that  the
standard form of X® produced but it did produce a response  that
Was Just  as  unsatbtifactory. Out =f  the SBBE total events
congldered, %768 had X® values < 10 and of these 31135 are found

st all af the

in the plot with sizes < 10% particles. Flemr e al me
showers  were fitted with a very small size. Upan fur b ey
examination  this problem was found to be gquite extreme as 700

mf these events were assighned sizes <4 109 particles with ocores

mr (0,00, Many of these were given sizes of just a few particles

a7



¢ and even fractions of particles! ) as a result of the distorted
fitting procedure.  This procedure would take a small flat shower
with, for example, 1-10 particles observed in 180 huts, and assign
all huts a calculated density of zero except for  bhut 0 which
willd  have a few particles. Mowever due to the large number of
huts in the fit, the valuwe of X% was still < 10, This explaing
the central featuwre seen in Figure 5.4 Ca) and the (0,0 bin was
found to contain * G680 events  l.e. more events than were found
with sizes * 10% particles! 3 The mean age found from the S76E8
events was 1.03 which is low and is a result of the largse number
of small steep showers that were fitted.

To compare  with these two more wsual forms of 0 X%, ot b ey
variations were attempted. Ade it is only the denominator that

haw changed in these cases, only this will be shown.

1o i
T ( see Figure 5.5 O
(DCTy. DT r e

This hybrid version of X% was tried as a compromise  to the
standard  and modi fied forms and produced the cove plots shown in
Figures 5.5 (a) and (b, Out of HE68% events, 5HB48 had x® < 10,
with 4051 having sizes < 10% and 1797 sizes »= 10%, This method
weses  the geometric mean of the caloulated and observed densities
and  still produces the tendency for cores to land  on huts,  in
particular bhuts W, X and &, especially for the showers < 10% in

gire. However, when ©the individual fits were examined, Lhe

covrespondense between the observed and caloulated densities was
reasonakbl e, in particular for the large observed densities. The

mean age was 1.3,

&



320 1
i ¢ see Figure H9.6 2
(DCLI+ZNCTII /2
This form of ¥ is similar in principle to the hybrid version
af (1) as it is a compromise. It is the arithmebtic mean of DOI)
and CDCIY and couwld be considersd to be a possible conclusion of

the work of Awaya (1979 as mentioned in section 4.2 Cal. Out of

a btotal of 3618 events considered, 3574 had ¥® fg o0 10 and  of

s

[ By

these 3574 were fitted with sizes < 10% particles and 2409 with
mizes o 109, The mean aQe produced by these 3574 events was
1.3% but it can be seen from Figures 5.6 (a) and (b)) that the
method etill results is too many cores on hut locations.

(32 T test if the fitting problems were caused by limitations
in  the MINUIT package it was decided to use the standard form of

X% owith a NEG fitting function and utilise the IMEL  minimisation

routine (called ZAMWDI. The results are shown in  core plobs
Figures 5.7 (ad) and (b, Fyom S88% events only nine waere

excluded with the X* cut. 3623 events were assigned sizes < 109,

events were assighned sizes »= 10% and a mean age of 1.4  was
Forel . However a sbtrong bendency for the huts to be singled out
as core locations is seen. This implies that the effect noted in
the standard xX®  fit is not changed with the wse of a4 newser
micimisation  voubine. Aleso ( as mentioned earlier ) the  ZXMWD
package took  about  fowr times  as long as MINUIT to find

solutions.

= Ta test the effect of the fitting function, the Mosoow

—

Tateral distribution funchion with the standard form of X2

using MINUIT ) was attempted. The results are seen in core plots

£



Figures 5.8 (ad, (hi. However , i general the fits Wl e
consicerably poorenrn, evern allowing for the increase in X#*  that
eventuates as the rumber of fitted parameters is decreased ( as
there is o age parameber J. From 5885 events, 1259 were
rejected with the ¥*® cut to leave 4631 events. Mt wof  Lhese
rejected Mg were very large ¢ x B0 1 and so would not be
included even if the ¥ acceptance was made monme gernerous. T 5
showers were assigned sizes < 10™ and 1288 were == 10%., There is
nio apparent tendency for cores to be placed on huts but there was
a tendency for unrealistic sizes of < 10% particles to be
assigned to the showers  which explaing plobt 5.8 (a0 3.
Adctitionally, on plot 5.8 () there appears a "hole” in the oore
dersities on  the south west side of the array. This may be

gernwine but may be a statistical effect.

(51 The maxinam Likelihood method as described in section <2
tho wsing the NEG function and MINUIT was also used. The oore
plets  are  seen in Figures 5.9 (a) and (bd. The data selt  for
this mebhod is larger being 26129 events with 17708 being given
sires € 10% particles and 8431 with sizes = 10%, The mean age
fouwnd for this work was 1,43, ds can be seen in the plots, the
trend still exists for cores Lo be placed on huts. Hiowever this
tendency  is  not as marked as for the standavd form  of  X*  and
herce the use of the maximum likelibood method  seems preferable
to this. There are still some fitting problems associated with
this method as was seen when an examination of the apes was mace.
When larger sized events were evamined ¢ » 9 w 10™ particles 2
many events were not fitted corrvectly as they were assighned age

values of 2 (the upper limit of the age paramebter and the upper

=0



limit given to MINUIT ). Thia implies that these larger showers
have significant core errors as theirv lateral distributions have
been flattened to produce the best fit. This explains the

relatively high mean age that was found for the ™ 26000 events.

(&Y The core distributicns abtained from the GOQUIKFIT  program
were examined to  test the results of an  alternative fitting
routine which was designed simply to find a rough estimabe of Lhe
SO €. These are seen in Figures 5,10 (a) and (b, 5800 events
were used and of these 5817 had X 74 4 10 Bives of < 10% were
assigned to 4314 of these events and 1503 had sizes = 0%, The
main effect is seen in (a) Where the core distributions follow A&
scuare pattern, presumably  as a result of the sguare grid
techrnique used to seavch for the comres. Other than this the cove

distributions appear acceptable, although the statistiocs

AN

fairly poor in the size range = 109,

The core plots that have been presented in Figures 5.3 to
.10 represent the main analysis methods that have been examined.
However other alternatives were tried, as presented below:

1

COL1 + CZDCIYDCIIIC® 4+ 0,01 ZDCTY.DCLID

This is a version of the hybrid X# which was used to
consider the effect of noise, represented by the first term, and
electronic sampling errvors, represented by the thivd term. This
farm of the standard deviation was suggested by Lai and  Mackeown
(19812, However, it produced a very similar result to the hybrid

version in (1) and did not resolve the core locabion problems,



1/DcCTD for DI < 25 particles =
1
T foor DCIY = 25 particles mo®
(2 DO

This is a version of the modified X¥* which attempts  to

redure the contribution of the large observed densities in The

fits. It is possible that the large densities may [y e
contributing too heavily to ¥® and hence causing the cores to bDe
placed on these detectors. This method recduses the value of the
denominator of X2 for densities » 29 particles m™® as it sels the
standard deviation to 20% of the observed density, corvesponding
to the measurement @rrors. However o improvement appeared in
the core plots. A large number of small events were still fitted
very poorly at (0,0) with sizes <+ 10® and the ocove plots
appeared similar to that presented in Figure 5.4

As an extension to this, when < 25 particles were present in
the detector, the denominator of ¥®  was changed to the hybrid
version  as  given in (3. This removed the wnrealistic size
assighment but  introduced  the but seeking tendency again  and
hence was not considered an dmprovement.

Another variation involved, as a test Ccase, the vemnoval of
the denominator of X% completely (i.e. replacement of  the
denominator with one J.  This is equivalent to the setting of the
standard deviation for all events equal o one and hence is very
wrrealistic. The wset of solutions produced by  this  method
however was well distributed in cove, size and age. Evern though
¥# varied from O.1 wp to 2000 ¢ the numerical meaning of X* oas  a
measure of fit in  this instance would bhe different to the

standard form but a value for a good cut-off is not khnown ) the

shower  cores were well spread over the arvay in a  manner  that



looked reasonable. Also, most sizes produced were accepbtable,
except  that too many showers appeared between 10% and  10%  in
slze. MHowever bthere were undoubbtedly many poor fits as the ages
had hit the limits ¢ ice. 0.5 or 2.0 2. Mevertheless the method
indicated that if a good percentage of possible solutions  could
be found with merely the numerator of X%, there should be hope
that a method using a more corvect form could be found in the
fubure.

A wvariation of the above method, namely that given below,
was  also bried. This was an attempt to give more weight to Lhe
densities < % particles m™® so that they would contribute mooe Lo
the N% sum. However this did not work as the tendency for cores

to land on huts re-appeared.

Y

171 for DOLY =0 5 particles m™

1
T for DO
(PCID. DCIyr s

R

9 oparticles m

.

Methods which varied the minimum distance that a shower Core

could  approach a hut in the ¥® search were also wsed. For all

i
Y

the X methods mentioned so far, this mindimum  distance  was
arbitrarily set to 0.1 m  and hence many cores would be  placed
Q.1 m from a hut Location. This minimum distance was changed Lo
10 m and  the hybrid form of X¥® was  used. However little
effect was seen in the results except that cores would now  Land
exactly on a hut as opposed to 0.1 wm from one. This lead to the
conclusion that this was not the problem. Also attempted was the
inclusion of all densities, including  the huts with zero
particles, in the fits, Theoretically there is  support  for

including zero densities as they are observed values and should

H
03
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Core distributions using the QUIKFIT program (as in

(6), see text).



bhe considered. However, in reality, no improvement was observed
arel  a large number of very poor fits ¢ to otherwise moderately
well fitted events ) were obtained. Additionally, the inclusion
of  all 27 density values ( especially for small  showers  where
only  the central detectors bhave fired ) increased the analysis

time considerably.

5.5 CONTOURS OF CHI-SOUARED

One method that was wused to assess the variouws problems that
arcse  with the analysis was the examinabion of the ¥ contowrs
that were produced. MINUIT has an aptional command which allows
the user to examine the contouwrs of the minimised funobion ay oo
the mindimum. The uwser can request the number  of  conbtours
recuired and also the spacing between the ocontouwrs. However the
wser  has  no other  control over the vegion of  the minimised
suy fare that will be pregsented and so often,  very small or  very
large regions are drawn. If MINUIT finds the user®s regquests boo
demancing € eugl. it takes toon many iterations to find the next
point o that the contours extend beyond the allowed region )
then that contour will not be printed.

In  this woirk the contowrs of X2 were plobbed on the w-y
sur face but they did mot prove very helpful. Often none or only
one  of the requested contours were drawn.  This may suggest that
the X2 was very flat and so the contows could not be  found.
This wsitwation could apply for a shower that has  an  dncorvect
core fitted with a large s and hence a flat distribution. This
flat distribution should mean that large movements in the oore
location  would result in very small changes in the value of X5,
However, it is nobt certain that this is the case and the contours

evamined for such situations did not clarify the problem.



Just as confusing were the contours produced for a number of
salutions which landed on huts. Dften flat or very complicaled
sur faces would be apparent but also guite often a deep, oircular
waell of x=, would  be  seen implying & wvery good  solution.
Similarly, contours of events that appeared to be good solutions
( i.e. nob near a hut with a low value of 2% ) would show  all
types of ocontours. Hence the wuse of the CONTOUR command as  a
tonl for problem solving in this particular instance was nob very
use ful . However as only small samples of events were used it is
possibhle that more work in this area could be fruitful.

A an example of the type of contours produced by  MINUILT,
three have been presented. Figure S5.11 shows an example of &
contour of an event that has landed on a bhut and therefore is  a
suspect solution. The contowrs are very symmetrical and are the
type of contours that would be seen in an simulated wunfluctuated
event. Figure 5.12 shows an event that also has a solution on a
hut but which produces a awch more complex X gurface. Similarly
Figure 5.13 indicates an event which was placed well away from

hut Iocations but also produced a complex X% sur face.

HBel THE &GE RESULTS

Wsing MINUIT and the NEG function an examination of the ages
produced by btwo mebthods was made. These methods were the hybrid
form  of X% and the maximum likelihood method as  described in
gections S.4 (1) and (35, Only vertical showers © 0 < 209 2
were consicdered. Histograms of the age distributions are shown
in Figurses S5.14 and 5,15,

Using the hybrid x%, the shower parameters, including  the

-

age, were found for 538 vertical showers ¢ all with X# 2 10 2



CONTOUR 1 = FMIN + 0.50000

N

FUNCTIDON CONTOURS FOR PARAMETERS 1

PARAMETER 2

1-3000001 L I R R N I I A B A I R R I BN B A )

- 4 4 4 4 4 4 .

1.1000000 ... 4 4 . 4 4 .

. 4 . 4 -

0.9000001 ... 4 - 4 .
- 4 . 4 -
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ONE COLUMN = 0.0500000

Figure 5./1  Contours of x2 produced by MINUIT, for an event that has been placed on hut A at (0,22).



CONTOUR 1 = FMIN + 0.50000

[N

FUNCTION CONTOURS FOR PARAMETERS 1
PARAMETER 2
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- 222 .
49.0000000 ... 2
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41.0000000 ... 2 2
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37.0000000 ...2
35.0000000 ...
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.
¢ R s N ¢ ¢ 1 ¢ & 6 0 8 2 & & 1

L I T T T S T I R S S S T S R
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. .2
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. 2. 2
21.0000000 ... 2 222
. 22
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. . 2
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R 2 .
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. 2 =
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- . 2 3
11.0000000 ... 2 . 2 3 3
. . 22
?.0000000 .. 11 3 3
7.0000000 «.. 11 2 3 3
5.0000000 ... B 3 3
. 2 . 3 3 3
3.0000000 ... 222 . 2 333 3
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1 /
-40.0000000 -0.0940235 116.0000000
ONE GOLUMN = 2.0000000

Figure 5.12 Contours of x? as produced by MINUIT, for an event
that has been placed on hut Al at (0,8.5).



FUNCTION CONTOURS FOR PARAMETERS 1 2 CONTOUR 1 = FHIN + 0.50000

PARAMETER 2

—1B.0000000 w.ciucecaueacesccanascaenancseenasansosuasesocanannvancsanssentuanciocninantanas

. - 4 .

=22.0000000 ... - 555§ .
- 33 . 55 59 .

=26.0000000 ... 33 33 4 S 3 .
. 33 33 33 S S .

=30.0000000 ... 3 « 3 T 333 45 .
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. 3222 . 22 345 5 .

=38.0000000 ... 32 22. 22 22 S5 S .
. 333333322 22222 2 3 45 S.
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Figure 5.13 Contours of x? as produced by MINUIT, for an event
that has been placed in an empty region of the
array, at (14.8,-50).



ancl the events were binned into seven shower size byirs,
These bins were  in particles 2 Me < Eulo, B L0 O Ne ==
Buwlom, BHwlo™ o Ne <= 10O%, 10O% < Ne <:= 2xl10%, Ew 0% Me ds
Swl 09, FulOW £ Ne <= 10%,  and Ne » 10%, The ages in each size
range were placed into age bins from 0.5 up to 2.0 in steps o f
0.l However the events with ages 0.9 or 2.0 have nob  been
included in  the diagrams or in the calculations as  these bins
mastly contain events that have not been well fitted and have it
the age Limits given to MINLIIT. ¢ This is seen in many insbances
by a large excess in these bins, angd this excess in a few
instances extends to the adjacent bing ). Inm Figure 5,14, Toar
the hybrid X%, the set of seven histograms for the size rvanges
A€ Been. The boves contain the information relevant to each
histogram, mnamely bthe size range, mean size of the sample, mean
age with the ervor in the mean age, and the percentage of events
that have not been included due to the events being in the Q.5 or
2.0 age bhins. It can be seen that it ig only when the shower
size exceeds 5 x 10% particles that substantial numbers of evenls
are excluded in the end age Ding.

Figure S5.15 shows the age histograms obtained  when  the
maximum 1ikelihood method is used. A total of 12,013 events were
anal ysedl. I general the mean ages are larger for this  method
than for  the hybrid X% and the distriboutions are broader.
However, there are many poorer fits and the percentage of events
Lhat must be excluded in the 0.5 and 2.0 bins  is  larger,
egpecially betweesn 8 o« 10% and 10% particles. There are also
move  excesses observed in the other high age bing  which will
contribute To the higher average ages. Mence it was felt  that
the age results from this method were not as reliable as results

obhtained wusing the hybrid X%,
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Figure 5.14 Age distribution histograms, for seven size ranges,
using the "hybrid" x? method. (for showers with 6 < 20°)
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Figure 5.15 Age distribution histograms, for seven size ranges,

using the maximum likelihood method. (for showers
with 6 < 209)



The mean ages found using the hybrid X% were plotted against
mean  size  and  are shown in Figure 5. 16. Also shown are age
resul be from other workers who have undertaken similar  work, as
well as the vertical shower age results for the original Buckland
Fea k arvay ( Acharya et al. c1979r,  Abdullabkh et al. C1egLy,
Chaudburi et al. ¢198%), Clay et al. (1981 . It can be seen
that above  the size of 2w 10™ particles, the results are in
agreement  with most others including the earlier  BEuckland Foar b
results. Below this size, down to 10% particles, bthe mean age is
higher than other workers have found. This may be a genuine
ef fect due to the greater ability of the arvay to observe smaller
showers  without selection effects, ane  that the observed
reductian  in mean shower age for obher groups rvesults from their
owhn selechion hiases. Bimilarly, the results of this work below

| =

B ow 10 particles which indicate a les

B

mening in The mean age  aré

probably  a result of the arrvay selection effects, as discussed

in section 4.1 Cdy. This is likely, as when the age distribution
for the smallest size vange is examined, there are practically no

events fitted with ages greater than 1.35.

.7 THE SIZE RESULTS

The observed di fferential rate spectra produced by the two
methods,  the hybrid ¥® and maximum likelihood, bhave also  been
obtained. These rate spectra can be used to derive the size
gpectrum for the array. To find the true size spectrum, an event
ghould  only be included if it has landed in a vegion that has &
krown  triggering probability for that  shower  size. General 1y
this probability is  chosen  to be 1007, de it has  been
impoesible  to find sufficiently reliable triggering conbours o

either of these analysis methods, a size spectrum has not been

W7
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Figure 5.16 The mean age found using the "hybrid" version of x2, for

different sizes, compared to other work.



includedd ey e, However , the rate spectra that are presented show
LTlhat  the array anal ysils, althouwgh not yel  perfeot, s giving

gerierally reasonabhl e results.

The rate spectra are shown in Figure D017 as well as  an
approvimate predicted rate spectrum for the armcay. Thiw  was

eving contours shown il

caloulated  from fthe simulated 1004 trigg
Figure .1 and the differential spectrum of cosmic rays at Lhe

sean in Figure L. Combination of

tap of the atmosphere as
these btwo figures yvields the approximate differential  spectrum
that the array shouled observe. Two veasons Tor tThis predictiaon
heing approximate are that the simulated 100% contours are  only
approximations  to the true contouwrs of the arrvay ( as  mentioned
in smection 4.1 Ch) 2 and that the differential spectrum tThat is

ugerel can only, at pye

sty e an appeoximate one.
It is  seen that the spectrum found for the hybrid X% is
guite close to the appromimate predicted spectrum. The spectrum

proeciu el from the maximam likelibhood mebthod is not as olose  bub

is still well approxwimabed by it, at least for sizes greaber than

=

5 w 10% particles. The spectrum produced for the hybrid X% shows

the ewpected sharp fall-off for small sizes as  the  brig

ey lng
probability for these sizes cdiminishes to  Tero. Unfortunately
st show this effect and hende

the mawimwm Likeldibhood methood oo

appears to be assigning many showers b smal l & siwe.

ITn conclusion it appears that the mebhods, and in parbicular

the hybrid method of %, are procusing ve wabh e estimates of

ke arl showers that are detected by the Buokland

Fark arrvay. It iw also possible that the majority  of  showsys

that have been acceptably analysed are contained in the near 100%

e
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differential spectrum of Figure 1.2 and the simulated 100%
triggering contours in Figure 4.1.
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CHAFTER GIX

CONCLUSTION AND SUGGEESTIONS FOR FURTHER WORE

This thesis has described the work per formed in  connection
with the extensions to the Buckland Park array, together with a
thorough  examination of analysis methods applicable to the ailr
shower data. Hes seen, the analysis of this data is not a simple
process and difficulties have emerged as Lt which  technigue
should  be  wsed. This thesis has presented the problems that
arose  and concluded that an analysis method that is reliable in
every way has yet to be found. Howevery ,  the hybrid form of the
chi-squared goodhness of Tit test suggested here appears to have
resul ted in the best option that is currently available. Thi s
method, in conjunction with the NEG lateval distribution function
anc  the minimisation package MINUIT, finds only approximate
shower cores bubt any cove errvors do not appear bto severely affeot
the fitted shower sizes and ages. However, a set of accuratbe
collestion areas for different size ranges has yelb to be prodused
and so a differential size spectrum similar to those appearing in
Figures 2.7 (a) and (k) has not been derived here. This area of
the analysis needs further work and will provide an  interesting

field of study to produce a size spectrum of the knee regilon.
The exact cause of difficulties with the shower analysis is

not known.  The assumption has been made thalt the NEE function is

the best available fitting function  for  the shower lateral

100



AFPEPENDIX 1

Matyix Algebra for Shower Arvival Divectiorn Anal ysis

The projection of the shower direction vector, g, ot the

Fiut location vector, ry, is given by

[ S O S ( "31 L t:l.r'\ b

i

~CI Ry = Kamd b omCxg Yaeedd
o that oo by o been 2= o= O I(%y T RKamd bt BlY. = Yard )
Then the least sguares fit paramebter, 5, i defined as follows:
G m B olhy = tam) + Jlxy = Mupm ) b »lys - Yam?) ¥
i
Mirimising G with respect to 7 and »  leads to solvable

equations in I and ».

1w € wom mm PE U m il o bamd b Iy o Raed b omUya v Yaemd) (g ™ Hagm?

ancl e BOE C by = tam) F TORe = Mamd b BOYa T Yamd) (v ™ Yam)

These partial derivatives must both egual zero for 8 to bhe a

mi i . Therefores

PRt am) (Xe=Ram? o+ J Blxym%e@?® b p BlysmYamd (Ra=Xam) & Q
i i i

andl

v

CoEBCEambamd (YaYamd bl
i
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These two equations in I and » are best written in matrix forme

L

r =
L i
r

L
I
L i
L
Heno e

1C 1 L
(..‘Is's,""‘fls'g,n:lm E(:K;g,”"'.‘(';ﬁ)c)/*""y’_n) 1 c 1 ~- L :f':cti"'tim)(:3-’11""3121.-.)
i 1L 1 [ i
1L 1 = r
1L ] L
(:fl{g‘“‘?{*n)(y;““yin) E(Zyi"-y‘n)'z 1 C » 1 L Zlty~timd (:yal.""y:tn:)
i 1L 1 [ i
1 L 1 L

This matrix equation can be rewritten as follows:

The solution to this equation is given by:

X = A”' B

where A~! is the inverse of matrix Al

Fow

then

a 2 x & matriw of the forms
L a b 1
Al = C ]
L « d 1
1 [ u] -t ]
A A el o= o oY e e ot o E ]
Cad—~he) r - a 1
I ]
[ 5 (YarYams® “T (M mRamd OYa~=¥Yam)
L 1
[ —2 (Mg~ %1md (Ys~Yan) B (Ky=¥gmd® ]
i i ]
C ]
BlRy~RKam?® B(Y1=Yim?® = (Blhg=%aen? (Ya"Yan) )™
i i i
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To find the solution matrix ¢ X 3 containing I and m», the

matrix multiplication At B is per formed.

Hence X =

|2 T o N O e T A e B |

BlRe =K1 m?® B0y~ Yimd® =~ (B8Rl (YL =YimdI=®
i i i

The divection cosines, ! and », can then be calouwlated as follows:

CECyg-*-y,n)f‘l‘",.'(:tl-“ti.—.)(:r:,_-:/;i.,.) -t E(:?\"_“”)'\':,m:’ (yi""y,,n)E(ti“timJ (:y;q_““yg_n:’
i i i i
! = =2 Lt O Tl e i il il Al Ml G 4 TS G o S e S R P R
BlRa™%am?® BlYi=Yim?® = (BlR1"%1md (¥YsYinl)®
1 1 1

And

Blna =R @R t1nd (Ya=Yirmd — ElXe=%am) (Yo" ¥Yimd?E(Ei~Camd (ha=%anm)
i i i i
B D] S e — e e o
TRy =%a ™ BlYe=VYimd?® = (Blug=%im? (Yi~Yind)?<E
i i i
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densities follow FPoisson statistics the standard deviation, @i,
can be replaced with ( py 217%, Hence the variance, ¢,% = 0y S0
that the weights, wy = 1/P..

To find the shower size the value of A& must be found. This

is done by minimising X¥® with respect to A, as follows:

& Ya "4
B AU X S < PR - S A I A = O for mindmum
GA i ) e

Fearranging this leads tos

¥
B owy Py fO e )
i Yo
Iy siie e v e i et
¥ a
T owy [ fC === 2 ]=
i Yo
That is:
—ra/lro
(=3
R I
1 V;/TQ
7 s
~ra/¥e
¢ & DI
Bowg [ e )
1 « ra/ro )

Hence the shower size, Ne, is given by 2 n ro® A

(h) Using The NEE Lateral Distribution Function

The notation used in section (a) can be similarly applied to
the NEG function as follows:
Me flra/vmd

Py calc Crg) =
L
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where the constant ve = 79 m for air at sea level
and the va are as defined in part (ad
¥a Ya Yy
and f{ == ) o= Z0g) L meee PR (e ) EdL®
Vm Y'm ¥
With ©C€(s2, a normalising factor  invelving the  Gamma
function, as defined section in 1.4 (e
The chi-sguared function is written as follows:
Mes Ya
X2 o= Doy [Py = e O e ) R
i (F g2 # ¥m
with the weights, wy = 1/p4
Now minimising ¥* with respect to Me gives:
&y Ne L Fa
. T " PR S - PR el R S N O WV . B (St
SiNe i CF e d ¥ m
so that
| Y
oWy Ry fC ==
1 Y
Ne = CF g D TR b i e s i i k1 G
Y a
Bowyg [ f¢ =3 ¥
1 Yora
LS
with f( —=— 3 as defined above.
o
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