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ABSTRACT 

Over- the years cosmic ray studies have yielded many new ~d intere~t~çg' 
secrets about the Universe and the Galax-t. Studies of cosmic 'f'r-a:yf' provi3ed 
direct information about the sources that produce them, Air sHowei arrays arè 
a popular way way of studying extensive air showers produced by cosmic rays.--­
in the fÙr4eV to l020eV range. The Large Experiment to Detect Air ~how-' " 
ers(LEDA) array consists of 19 liquid scintillator partic1e detecto~ occupying 
an area of 20,OOOm2 . In this thesis, the development of the detect& prototype' 
and the performance of the array are described. Finally, the preliminary results 
consisting of the size spectrum of cosmic rays are presented. From studies of the 
performance of various deteçJi1r arI'angements, the final scintillator dish with a 
gradcd bottom was evolvedV~The array spacing 'was chosen to give maximum 
collecting area for the number of detectors used. The final âize" spectrum ob­
tainéd between 104 .5 and and 1016.0' corresponding to energies of approximately 
1014 . .5 and lOl6.0eV shows evidence of the knee, a point where the slope of the 
speçtrum changes by 1. 
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, RESUME 

A tra~ers les années, les ét\1d~ d~ rayons cosmiques,.'Ont révelé'maints secret~ 
nouveafIJ>--et intéressani's ~ropo~e l'univers et de la galaxie. Les études d(" 
rayons gamma cosmiques donnent- de l'information direct~ sur l'ruts sou)'ccs. 
Les }matrices de dét6Ct~l}.A sont ~n moyen pop\djUre pour étudier les gerbes 
atrfiosphériques étend"il-~'p."r6duits par les rayons cosmiques primaires avec des 

. énergies entr~ '1014eV ~t~)02QeV, L'expérience LEDA consist.e en 19 détectcup: 
de particules fait de f!ciI,ltillateur ,liquide et occupe une superficie d'em'irons 
2Q 000m2 •• DéUlS cett~. thèse; le' développment d'un détecteur prototype ct la 

Q performance de la matrice' sont décrits.' Finalement, des résultats 'préliminaires 
sur,:le' spectre des tailles des rayons:'cosmiques primaires sont présent'e. A partir 
.d'études sur une variété ~ con~gurations de détecteurs, une cuvette pour le 
s~i'ntillateur avec un fond gradué a été évolué. La distance inter~détecteur a 
été choisi pour don~er une surface' de collection maximurri pour le nombre de n détecteurs. Le spectre de tailles obtenu était entre 104 Il et 106 particules, et 
démontre le "genou", un point où la pente du spectre change d'unité. <}a>< 
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'~ 1. INTRODUCTION 

General 

Before the advénf of the' era of big accelerators, cosmic rays were the only particle 

beams t~the particle physicist had, to study high energy interactions, Most of the 

major disco~Qncerning cosmic rays wer~' made in' 'the first hal~ of this ~ntury. 
Interest in these studies was greatly incr~~ec! when astrophysicists rcalised what aIl 

('" 

excellent tool they had for studying the n-umerous sources of radiation in the univçrse. 

The small scale experiments gave way to larger ones involving detector arrays consisting 

of a large number of detectors 4lècupying large areas, studying details about the arriva} 

direction and the energy of the particles, in the hope that these expcrimcnts would tell 

us more about the 'mysterious sources of cosmic r'ays t~at radiatcd s~ constantly and 

furiously. / 

Section l(a): Definitions 
C' 

.. . 
Cosmic Tays are highly _~tiC particles and radiation that arc extra -tcrrcstrinl in 

,origin. Their energies extend from thermal up to 1Q20eV where thcre is sornc cvid<'nec 

."" for a cutoffl. Cosmic rays are classified into two: primary and secondary COB mie 

. . 

rays. Primary cosmic radiation are particles that reach the carth frorn thcir flOurC('H. 

-1 

Secondary radiation are the product pf the interaction betwecn prirnary radiation and 
/ 

nuclei in the atmos'phere~ Primary radiation consist mainly of positively chargcd par-

tieles like protonS(HYdrOge~~i), alpha p,..-ticles and ot~er heavier n;'c1ci.· A ,mali 

fraction of cosmic ray pri~aries, about 10
1
00 ths are highly energetic ,-rays. Cosmic 

ray showers are triggered when a cosmic ray of very high energy enters the atmo-

.' ~ 
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aphere. Secondary cosmic radiation are the conatituents of these showers. The lateral 

sprcad of such showers can extend beyond lkm- leading to the term Extensive Air 

Showers Qt EAS. The deve10pment of EAS will be described in detail in a later section 

of this chapter. 

-J 
The energy un!t used in COSIDlC ray studies lS electron volt(leV= 1.602x 

lQ-19Joules). The energy of a cosmic ray shower refers to the ~nergy of the primary 

that precipitated it at the top of the atmosphere,' Gamma rays of energies .. >1014eV 

are called ultra-high energy gamma raya, Gamma ray primaries between lOlleV and 

1Q14eV are called very high e~ergy cosmic rays and those oflower eflergy are ~all~d high 

, energy gamma ray.. Thickncs. ~tter in cosmÎc ray .:udies i. expressed ~ terms of ~ 
mass thickness which expresses t~ thickn~ss of matter as the mass of a column of 

unit area through that layer. The unit of mass thickness is grams per s~uate centime­

ter. In these units the thickness of the atmosphere iB 1000 g cm-2
• ':Ç'he Radiation 

Length Xo of a medium is defined as that thickness of the medium wnich reduces the 

menn energy of a beam of el~ëtrons by a factor e. In terms of radiation length the 
, 

atmospher~ is 27 radiation lengths in depth and the radiation length of air is 37 g cm2 • ' 

The Critical energy Ec is defiued as'the energy at which ttverage radiation loss and 

ionization energy loss for fast electrons are eqùal, The Moliere unit is a measure of ,-, 

the' laterru spread of là- shower in a medium. In all material, thiVPz'ead is of the order 

of one Moliere unit given by 

In rur'at' sea level, the Moliere unit is 70-80 meters, 

Amongst the various phenomenon assoc1ated with cosmic rays, there are three' 

2 

D 



c· 

\ 

c 

1 • 
.: cr 

that req~re elabora~ion \ beca\lse of .t~e i~,~orta.nt ;OIes that they played in helpin~ 
f , 1 • 

physicists understand the physics ot,cosmic ra.ys. These are"the latitude effect, the 
r, 

altitude efl'ect and the transition effect . 
,..····r 

. ' (a) The Altitude Eff-ect: Discovere~ as early as 1912, by the Austrian physicist V. 

( ~ ..... ( )"7 

C\ 

F. Hess,2 this effect is proof of the fact that cosmic rays are extra terrestrial in 
( . 

. ori!!jin .. The finish~ng tou~hes to this effect were pr~~ide~ by G. ~fotzer in 1936 and 
. 

the.çurve of the cosmic ray intensity versus the altitude is called the Pfôtzcr curve. . \ 

. \ 
The curve is actually a plot of the counting'rate of a Gict~cr c<;H1nter telcseope fiS 

a function of the pressu~e of the atmosphere above the apparatus and hence the 

. altitude. It' is S};lOwn in fikure 1.1(a); The intensity' rise~ r~pidly with increasing 
~, ~ 

Ntit.llde and upon reaching a maxinlUm, fâlls rapidly with further intrease in . . . '. 
altitu~e: -è::e explnnation of tliiB effect was pro~ided with the diBcovery ~f the 

transition .effect descrilSed below. . 

(b) T~e Transition Effect: This effect was discovered in 1933 by the Italian physicist 
,1 •• J 

B. Rossi3 . The coincidence counting rate of a set of three Geiger counters placed 

in such a way that several particles are required to discharge them, was merumrcd 
t> 

as a fun~tion of the' thickness of lead placed above them. ~t was found that the 

rate i'ncreased with the thickness until it reached a maximum aftcr which the 
~ 

~ , 
rate decreased with further increase in thickness. The curve is shown in figure 

r-
, 

1.1(b). The striking' similarity between thi~ curve and the Pfotzer curve led to 
, ...... 

the interpretatibn'of the altitude effect in tcrms of the- transition dfect. Like the 

sheets o~ lead, the atmo!,ph~es not act as an absc;,>rber but as t~c originator 

JJ new particles until the 'thickness of atmosphere reaches a criÙca.! value beyond 
~... '.~ . ' 
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which the shower creation pro cess is ovetshadowed by a.bsorption prOce8SeB. This 

in tur~, gayc risc to the concept of primary and secondary cosmic rays. 

(' , (. 

(c) The Latitude Effect: Discovered by J. Clat' in 1927, this effect is important 

bccause it shed light on the nature of cosmic ray primary. As the name implies, 

the effect studied the intensity of cosmic rays as a ~unction of the geographic 

latitude. The curve appears as shown in figure 1.1(c). As can be seen the cosmic 

ray intensity is the lowest at the equator (zero latitude), where the horizontal 

component of the earth's geo-magnetic field is the strongest- increasing gradually 

towards the poles where the field is the weakest. The fact that tpe intensity of 

cosmic rays decreases at the equator implies that most of the primaries must be 

charged. On the other hand, the intensity does not faU to zero implying that 

(i) many of the charged primaries must be highly energetic so that they reach 

the equator despite the field; (ii) in addition to charged primaries, there may be 

uncharged ones tl1at are unaffected by magnetic fields. 

Another interesting effect was the East-West asymmetry. It was observed that 

the intensity of cosmic rays from the west was higher than the intensity from the. 
-

east at the equator. Assuming that the earth has a perfect dipole field, then all 

charged primaries can reach the earth along the axis of the dipole. Near the:;plane 
.~ 

of the dipole, only particles with momentum greater than a certain amount can do 

so. Also. a positively charged particle is deflected by this field differently than a 
~ 

negatively charged particle. With equal numbers of positive and negative particles, 

there would be no effect observable. The fact that there is a higher intensity of 

particles from the west is an indication that cosmic rays are primarily positively 

4 
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FIG 1.1: (a) Variation of the inten.eity of coernic rays with altitude. The altitude 
in kild~etres is indicated at the top of the diagram. (b) The coïncidence eounting ~ 
rate of a group of counters placed &8 shown in the inset is plotted as a function of 
the thickness t of a sheet of lead placed Aboye them. (c )The variation of cosrnic ray 
intensity ~;th latitude as recorded by Airbome counter-telescope measurementa. 0° 
latitude corresponds ta the equator 

5 

'J 



r 
\ 
\ 

',' 
1 

~Içharged nuclei. 
, " \ ~ 

The importance of gamma ray pri~aries was realised quite early in the history 

of cosmic ray studies. There are coun~less ~ources radiating high energy rays over 

wide ranges' of energy in our galaxy as well as in other active galaxies. Most of the 

radiation consists of charg~dfnuclei which, as they trav~l in gal7 and extra-galactic 

space experience magnetic fields and as a consequence get considerably deflected from 

, their original direction. As a result, charged primaries can give no useful information 

about the location of their source. On the other hand, gamma rays being uncharged 

are unaffeded by magnetic fields and suffer very litt.le deviation from their original 

direction, conveying valuable information about their source. The scientific potential of 
) . , 

, gamma rays was realised by theoreticians long before the experiments became possible--

the experimcntal development of g~ma ray astronomy has been rather slow by the 

__ standards of modern day. physics. But experimental gamma ray astronomy has led to 

[ many interesting results including the discovery of ~ew unsuspected sources of cosmic 

radiation. Ours is one such experiment, still in its infancy, which hopes to focus on, at 

a later stage one of the most intriguing sourCes of cosmic rays: the star Gy'GNUS-X3. 

More details about this will be covered in various parts of this thesis. 

Section l(b): The Compos,ition of'Cosmic Rays 

" '. 
The study of the composition of cosmic ray primaties has led to sorne very interest-

ing dues about the matter that exists outside the solar system. Figure 1.2( a) shows 

t.he cosmic ray abundances and is drawn in analogy with the relative abundances of 

elements found in the solar syste~ since cosmic rays have their abundances so similar 

~ to the solar system. The same figure can be used for the 'co~mic ray spectrurn with 

6 
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a few modifications shows the actual charge composition of primary cosmic radiation. 

In general, the charge spectrum shows remarkable resemblnnce to the charge spertm 
, 

,of the solar system 5 
. Figure 1.2(b) summarizes the differences thnt exist bdw{'<,u the 

, \~ 
'.' 

s(>lar cosmic ray abundances and the galactic cosmic ray abunpancf's6. 

In figllre 1.2, the even Z (Z stands for the atomic number of the clement lUHl is 

equal to the number of protons in the nucleus of that clement) clements nl'(, cOl1lwctt'd 

by solid lines and the odd Z elements by dashed lines." There is ~l('nrly nn oVt'mJ1 
" 

abundan~e of even Z elements over their odd Z neighbours; proof of the fnet. thnt. -

pairing effects in the nucleus makes even Z nuclei more stable. In the l08 cV - 1011 cV 

range, the spectra consists mainly of hydrogen nuclei or protons (~ 87%) followcd by 

about 12% helium and the remaining 1 % consists of heavier nuclei from carhon to Hw 

actinides. As the energy increases from 109 to IOlle V the ratio of the nUJ,nber of light 

nuclei (Li, Be, B) to the heavier ones (C, N, 0) decreases by a factor of 2.57 . In th" 
~ 

figure, the solid circles standJfor elements for whieh the arriving cosmic raya are lilcely 
,r 

to be eomposed of source nuclei. Open circles stand for the opposite- elcment.f:l t.hllt 

are fragments of the original ~ement. The abundancc" of lightly bOlmd Ilnd 1lf11 .. t.abl(· 

elements like lithium, beryllium and boron is very striking. These clements ba.ve ouly 

transient existence in the sun where conditions are relatively mild and th(, fad that t.}H'Y 

. are present in non-negligible qua~tities in primary cosmie rays irnplic:, t.hat. they W('l'(' 

formed as fragments knocked off larger nuclei during lhcir passage tluough interl1tC'lIar 

- matter. The squares in t~e figure represent the stage whcn cosmie rays on cartil an' 

likely to contain a mixture of botlf"Primary and secondary nuclei. The figure 8hO\;i1' an 

excess of the more stable elements carbon, oxygen, nitrogen and specially iron. The 
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FIG 1.2: (a)'Abundance of various nuclei 18 plotted logarithmically as a function 
of their ~ values. The even and odd Z elements are connected by solid and dashed 
lines respectively. Solid circ1es stand for clements that are composed of source nuc1ei. 
Open circ1es stand for fragmented nuclei. Squares stand for primaries that are a 
mixture of primary and secondary nuclei. (b) :The galactic cosmic ray abuQdances 
relative to solar abundances. 
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high iron content' is confirmation of the- fact that iron' has possibly the m08t stable 

nuclear configuration. 

A striking feature (not shown in figure 1.2) of the nuclear abundnnce spectra ie the 

abundance of isotopes: a feature that is different from the solar system abundanccs. 

In particular, the identification of lOBe which is formed from the fragmentation of 

heavier nuclei has proven very intriguing. lOBe has a half life of 1.5 million yenra. If 

the production rate of the isotope is known, a mcasure of the abundance would he U.ll 
, 

indication of the time elapsed between its p~oduction and detection and ruso of the 

average amount of interstellar. matter that the. nuclei penctratcd. On the basis of this 

principle, a figure of 10 - 20 million years has been derived for the minimum escape 

lifetime of cosmic rays from the galaxy and a figure of .1-.3 atom-cm -3 has becn derivcd 

for the interstellar density6. There have been found, in the region bcyond iron, nrcn.s 

with Z corresponding to the heaviest nuclei found on eartl;1 and cvcn u. fcw with Z in 

the transuranic range. In the range 30 < Z < 60 there is a 8ubstantiru abundnnce 

of strontium, tin and barium. At Z > 60, there is an abundance in the vicinity of 

platinum(Z=78) and a curious lack of abundançe of actinidet clements: the ratio of 

number of 'Pt-Pb' events to the nun1ber of actinidc events being ~OO:1. Abo, so fa.r 
v 

there has been no evidence for the the existence of neg~tivcly charged nuclei. Cosmie 
., ;.; 

r~y electrons constitute .1% to 1% of the incom~artic.les in the energy n~gc lO-lO~O 

Ge V. Thus, though the relative abundanc,es 'if various elements in the cosmic rays is 

similar to the abundances found in the solar system, theve are important differcnccs 

t Actinide elements: 20 Th, 92 U, a.nd higher Z elementl are c1a.s.ified lU actinide element •. 
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thtit are cIues to identify the astrophysiealsites of cosmic ray BOurees and the processes 

that caused the high energy cosmic rays. 

S'ection l(e): Development of Air Showers 

Though our primary interest in eosrnic ray Bhowers are restricted to those precipitated 

by gamma ray primaries it is important to understand the development of proton 

initiated showers as weU to be able to distinguish between the two. The first question 

to answer. is how do these showers originate? The answers are almost as numerous 
• 

as there are number of sources and specifie proeesses associated with specifie sources. 
~ 

The source of partieular interest to us is the star CYGNUS-X3. Figure 1.3 shows one 

theory of the mech~ism of the production of high energy gamma rays and proton' by 

this source. CYGNUS-X3 is fi binary star system consisting of a dense neutron star 

'and a companion star, situated 37,000 light years from the solar system at the edge 

of the galaxy The neutron star aceelerates the protons to cosmic ray energies ejecting 

thcrn in all directions. Sorne of the highly energetie protons strike gas nuclei of the 
\ ' 

c~mp~ion star and part of its ene~gy is converted to unstable pions. The charged 

pions dccay into muons and neutrinos and the neutral pion decays into two highly 

energetic gamma rays that travel along the proton trajectory. A rugh energy gamma 

ray can travel from the outer part 'Qf the galaxy, with very little chance of interacting , 

ruld reaehes the earth 's atrnosphere ;irtually unattenuated. 

As mentioned before, air showers are created whenever a highly energetic cosmic 

ray eoUides with the field of a gas nucleus in the upper atmosphere. Electrons being 

the most stable and the lightest among charged prîmaries, have the longest mean free, 

path in the atmosphere, travelling 113 th of the vertical atmosphere ('" 40 km) before 

10 
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colliding. G~ma ray p~marles travel toth of the vertical atn10Bphere before they 

undergo collisions. The collision mechanism follows the srune pattern as that shown 

in figure 1.4, producing mostly pions( 11'"0, 1T- , 7r+) along with other heavy particles like 

the K-rnc80ns, hy{>erons, nucleons and anti-nucleons depending upon the energy of 

the prirnary and "the impact parameter of the collisions. After collision, which is not 

strongly inelastic, the primary proton retains about irds of its total energy and contin-. 

u~s its propagation. Th~ secondaries, depenfing upon their lifetimes, either decay or 

undergo further nuclear interactions and create a cascade of nuclear particlcs called the 

N-c8Bcooe. The core contains the'most energetic part of the,cascade and the direction 

of the cascade is that of the primary particle. 

, 
The 11'"0 (lifetirne '" 1O-16secs) decays into two photons which give rise to what is 

( -
known as the 'electromagnetic cascade(~cascade). Each gamma ray of energy E"( 

>,\ r; 

say, converts to an electron-positron(e- - e+j'pair each with average energy ~. The 

electron'" , alter travelling a short distance, is itself deHected by the electric, field of ,. 

,a gas nucleus in the air and radiates sorne of its energy in the form of a gamma fay 

pl~oton by bremsstrahlung. The secondary gamma rays then produce more e+ - e-

pairs and the process continues, .creating an EM cascade. The process stops when the 

energies of individual quanta are so low that the absorptive processes take over tpe 

bremsstrahlung and pair production processes._ 

Showers created by gamma rays result in the formation of an EM cascade described 

~ '" From here onward., unletlll explicitly IItated otherwi.e, 'electron' will.tand for bath electron and 
poeitron. 

12 



-

JI/ 

COL LlSION OF \ 
PRIMARY WITH 
AIR NUCLEUS ~ ....... 

-. 1 

PRIMARY NUCLEUS 

NUCLEAR FRAGMENTS 

... ... "', / \ 

\ ' 
SURVlVNG~ 

NUClEONS FROM 
PRIMARY NUCLEUS 

...... .-

Tf' 

1 
1 

1 

+ 
1 TT 

1 
1 

-
fA. 

+ 
'TT' 

" 
7T O

_ DECAYS IMMEOIATELY 
TO TWO GAMMAS 

".+ 

... ... 
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jn th_e previous p"aragraph. Figure 1.4 also depjcts the proceBS of formatjon of an EM 
i . 

cll8cade. In the case of proton initiated showers, ,..:. 20 - 30% of particles created in the 

first and all subsequent interactions are ?r0 -mesons. As a result the numoer of photons 

and e1ectrons is greater by a factor of '" 20 than all other particles. The ?r± and the 

l(± that decay iq flight \?efore interaction produce muons and neutrinos. The muons 
\ 

have a very smail interaction cross length and a relatively large lifetime ('" 2 X 10-6 sec) 

and they carry aÎmost the entire energy of the parent meson. Hence they cross the 

rest of the atmosphere without interacting. At sea level they cODstitute about 10% of 

the partitles in the air shower. Muons also have the largest spread amongst all shower 

particles-they cao be detected at a distance of lkm from the core of the shower. 

The basic features that distinguish a gamma ray shower from a proton or a charged 

particle shower are: The muon content: The nuclear cascade is rich~ muons. It --- . 

contains twenty times more muons than the EM cascade*8. The lateral spread of 

the particles: Gamma ray initiated air showers have a flatter lateral spread than the 

charged nuclèi initiated. showers9 

Section l(d): Energy Measurement at Low Energies 

. 
The LEDA array consists of particle detectors at ground level and like other parti~le 

1.> "1 \ 

detector arrays~ it is capable of detecting showers initiated t y primaries of energy higher 

than lOI"eV. To detect showers irrltiated by low energy primaries other detection tech-

lliql\es are used. Showers precipitated by primaries in the range of 101leV to 1014eV 

* Ga.rnma raye of energy > lOoeV can gener.te '" meaon. by photoprodudion and theae pions 
decay into muons. . 
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!OHeV are detected using arrays made up of optical detectors that detect èerenkov 

radiation. Such showers are not energetic enough to reach the earth surface and art' 

absorbed by the atm0sphere. Severa! experiments detecting Cerenkov mdiations emit-

ted by air show.er parti.des are currently in operation *9,10 • The basic technique ia 

as follows: when a charged particle passes through a medium in which its velocity' is 
. , 

greater than the velocity of light in the medium, it emits a bluish light called Ccrenkov 

light. Shower particles travel at relativistic velocities in air and ernit Cerenkov light in 

a cone about the shower axis before they are absorbed by the atmosphere. The light, 
cl 

emitted is in the visible range and is detected using focussing mirrors that fOCUR it on 

to photo multiplier tubes. 

This is the basic principle of the technique and different experiments achieve dif-

. ferent levels of sophistication. The detector at the Fred Lawrence Whipple Laboratory 

is called the 1ü-metre reflector' and consists of 248 mirrors that focus light outo n 
( 

hexagonal array of 37 phototubes .. The Fly's eye consists of 61 mirror units and 880 

phototubes. There are obvious advantages and disadvantagcs to this mcthod. "Such 
~,: 

cxperiments can be carried on onlyon dear moonless nights ruld this~ rcducc!i obscr-

vation time drastically. Air sllOwer arrays are capable of opcrating round-the-clock 

and are t'otally independent of weather conditions. Cerenkov detectors arc al!io v('ry 

sensitive to any stray light and extreme care has to be taken whcn experiment iH lwiIlg 

performed. Air shower arrays are more stable in that respect. A CCf(!ukov detector i~ <> 

capable of looking at only a very small part of the sky at one time tracking a "giwn 

* eg, The Fly's Eye detector al,. University of Utah; The 6erenkov light telescope at Fred Lawrence 
Whipple Laboratory at the Harvard-Smithaonian Centre for ABtrophyaÎce. 
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object m11ch lilre an.optical telescoJ>e. A particle detector has usua.lly an observation 

area extending to 30° from the vertical. 
t 

The èerenkov technique has sorne great advantages. Besides being capable of 

measuring energy in a range inaccessible to particIe detectors, Cerenkov detectors are 

also more accurat~ They produce maps of the intensity of light that they detect and 

sinee this light is in the visible range there is very little attenuation by the atmosphere. 

Consequently the energy'of the-shower can be estimated accurately. Aiso the arrivaI 

direction of the primary in the case of gâmma ray initiated showers can he pin pointed 
, . 

accurately.' In general, Cerenkov detector.s acrueve an angular resolution thll:t is a factor 

of four better than particle detectorsll . 

The threshold for earth based detectors is 1011 e V and below this limit Cerenkov 
. ~ A 

, light is too féèble to be detected. Cosmic ray primaries below this energy are measured 

with halloon borne detectors or with satellite borne detectors. Detectors used in this 

range of ener9y are more oft~rÎ particIe detectors than optical detectors because the 

high energy of the photons (i~ the case of 'gamma ray astronomy) allows them to be . 
èasily detected with scintillators and solid state detectors. Several types of gamma 

ray telcscopes have been developed and flown on balloons. The balloons are usually 

made out of thin (typically 4~O cm) polfethylene and have dimensi0ns typically around 
~ ( 

3 to 9 million cubic metres in volume when fully inflated. Satellite borne detectors 

. are qui te recent- the first experiment to be fiown was ahoard EXPLORER II around 

1965 and consisted of scintillator,and Cerenkov counters. Since then there has been a 

regular stream of experiments aboard satellites. Typically, the modern day gamma ray 
L,~ 

telescope consists of plastic scintillators sandwiched between layers of spark chambers. 
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The spark cJ:>.amber modules are interleaved with thin (.Olem) plates of metal, usually 

tungsten. In the upper half these plates provide material for gamma rays to internet 

and produce e+ e- pairs. In the bottom half they 1:~rve to provide pictoriaUnformation 
~ 

- r", 
used to identify gamma ray~. This combination of spark chamb~f8 and plates provides 

information about the energy of the gamma rays. A guard scintillator counter that 
\ 

encloses the entire arrangement provides the important charged particle veto. 'Irigger 
• 

is provided when there is a coïncidence between the 'scintillator tiles and Cerenkov 

counters placed below the spark chamber arrangement and thcre is no pulse recorded 

, by the guard scintillator. Figure 1.5 shows a schematic diagram of the gamma ray 

teles<;ope fiown on SAS-II in 1972. 

Section l(e): Number And Energy Spectra of Cosmic Rays 

A high energy particle entering the earth's atmosphe~e can create a cascade of particlcs 

that spreads over a radius of 1000 m or morc from the extrapolated trajectory of the 
A, 

o 

primary particle. This is the point where earth based p8.I'ticle detcctors enter the 

picture. The LEDA array is an excellent.example of a typical array. It .consists of 19 
\ 

J ~~ 

detectors arranged to form a hexagon covering an area of around 20,OOOm2 PulRcs are 
, , 

recorded whenever a multiple coincidence occurs. Amplitudes of the pulseR indiclltc 

the density of charged particles that cross the detector and the relative timcB of the 

pulses give directiol1.â.Lirtformation. This information is sufficicnt to locate the core of 

the shower, to _~etermine' bhe ~wer size (i.e the number of charged particles in the 

shower) and to determine the direction of the primary. The shower c<,rc and size arc 
• r . 

. determined by using known lateral distribution fuuctions and the ~nergy spectrum of 

the p;i'mary is obtained. The most widely used form of the lateral distribution function 
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FIG 1.6: Layout of the SAS-II "1 ray teleecope 
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is called the' NKG function. The exact function was given by Niahimuro.lUld Kamata 

and this was later modified by Griesen hence the name NKG fnnction 1l ,13 ,14, 16 

The NKG function has the form: 

r r ,-2 r ,-4.5 
f(-) = C(S) (-~ (- + 1) 

r m r m r m 
(1) 

where C, is the normalization factor approximately represented by 

(3 < 1.6) 

and 

C(8) ~ .36682 (2.07 - s)t .. (1.6 < s < 1.8') 

where rm is the Moliere radius and s is a shower parameter called the age of the shower. 

The shower age is a very important paramoter and it represents the shower as it 

develops. s = 0 at the starting point of the shower ; s = 1 at the maximum developmcnt 

of the,shower and s > 1 at the declining stages pf the shower. The NKG fUIlction na 
/ 

given above reproduces the real data weIl in the range .6 < s < 1.0 whereas lit larger I:i 

it is too small when r < r m but good when r > rffl' The relation between thé number 

of particles in the shower at seo. level and the energy' of the showcr prirnary Eo is given 
'" 

by: 

dlogN 

d log Eo 

In practice, the energy of a cosmic ray shower for cosrnic ray showers is taken to he 

1010 times the number of particles in the shower for the range lOIS < N < 106 
.16 

In the interval 1<r<200m from the shower axis,an approxirnate latcral distribution 
~ 

function is often used with little loss of accuracyl1 ' 18. In figure 1.6 both functions are 
. , 
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plotted for a shower of age 1.25 the solid line represents the exact function, the dashed 

line represents the approximation which is given below: 

( N) 
N exp(~) 

pr, =-
211" (r + 1) rI 

(2) 

where rI is called the characteristic shower radius. Values of 105 for N and 75m for 

rI have been used to obtain the curve in figure 1.6. The (r+1) terrn takes care of the 

singularity at r=O. The shape of the n(rve is not known to 100% accuracy and it is 

known to vary with conditions of observation. However, systematic variation in the 
r' 

shape of the ~'urve with sho~er size and elevation is known to be low. The function (2) 

fits the lateral distribution of showers of sizes from 2x 103 to 2x 109 . 

The differential energy spectrum J(E)dE cau be expressed by the equation 

J <X E-'Y, 

where 1 is a slowly varying function of the energy E. J (E) can be deri ved from the" 

<V 
integral energy flux I(E),(i.e, the flux of particles having energy greater than E) whieh 

is related to I(N) the integral number spectra. I(E) is given h,y 

Figure 1.7 shows the integral number spectrum for showers wi th 103 < N < 10 10. TIl(' 

differential nurnber spectrum is deduced from the dcnsity spcctrum Tra.nsf()rml~tioll 

from N to E can in theory be achieved hy determining the total energy spcnt by ShOWC~H 

of various sizes in the atmosphere and underground sinee the cncrgy of the primllry 

is distributed among the secondary particles. Howevcr, such rncrulUl CIW'IltH a.re Ilot 
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feasible over ~de ranges of the Bize and in practice one experiment can provide only 

one or two points on the energy spectrum. Thf! LED A array is capable of detecting 

energies in the range 1016 -lOI6eV. At the low end data is limited due to low efficiency 

and at th~ high end data is limited due to poor statistics. For a pure EM cascade, 

dlog I(E) dlogI(N) 
= s 

dlogE dlogN 

where B is the age of the shower. The behaviour of ~I?g EN resembles that of s. Figure 
~ q 

1.8 shows the integral and diffcrential energy spectrum of primary cosmic rays.It is 

mmal, owing to the steep nature of the spectrum, to_plot EUI(E) or E2.5J(E) instead 

of I(E) or J(E) BO that the peculiarities of the spectra are more visible. The following 

values for the exponent ; are considered validl9 : 

Between 1014 and lQllleV the primary energy spectrum corresponds to an exponent 

'1=2.5. l? 

At encrgicB above 3.5xIQ15eV till E=3x1016eV, ;=3.5. 

Bcyonq 1Q17eV, ;=2.8 to 3.0. 

The break in the spectrum is called the 'knee' of the spectrum. 

The cosmic ray energy spectrum does have a cutoff and beyond this cutoff 

the cosmic rays are too energetic to be contained by the galactic magnetic fields. 

The~ i8 evidence for a eut-off of the energy spectrum at energies in the vicinity of 

70EeVl(lEeV = 1Q18 eV) and this is in agreement with the faet that there are very 
~. 

fcw sources in the universe that could aceelerate particles to sueh high energies. AIso, 

the magnetic field of our galaxy in tIlis case would be insuffieien~ to retain a particle of 

--. 
grcnter energy within 'Hs dise. Figure 1.9 shows the size and estimated magnetic field 
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strength of several proposed sources of cosmic raya. The diagonalline is the eut off line 

and objects below this line cannot accelerate parti'des up to 1Q20eV. The solid Hne ra 

for protons and the dashed line is for iron nudei. Clearly there arè only a few sources 

that just barely satisfy the requirements. 

The air showers generated by primaries of the highest energy bear striking re-

semblance to the ones that are generated by lower energy primaries implying that the 

composition of the high energy primaries is not altered drasti~ally and consist mostly 

of protons. Studiesj have shown that the highest energy primaries are most1y protons of 
'. ~ \ 

extra gaIactic origin and the general direction of the protons is that of the Virgo cl~ter 

of galaxies. li the primaries under consideration were highly charged nuclei instead of 

protons the possibility of gaIactic origin (young pulsara, .... ) would be non-negligiblc, 
/ 

There are different theories about the origins of partides belonging to differcnt 

parts of the energy spectrum. Tt.e most widely accepted bypothesis is thc following: 

particles of energy above 2 X 101g eV are extra gruactic in origin and particlcB that are 
G 

lower in energy originate in our galaxy. There are two main reRSons for the first purt 

of the previous statement: 
-) 

(a) the energy flux in this part of the spectrum shows a marked difference form t.he 

rest of the spectrum, 

(b) the energy dependence of the anisotropy become; 0 less apparent aH can })(> He('I1 

from Figure 1.10*20 The arrivaI directions of the primaries suddcnly undergo('" Il 
.or 

* According to the leaky box picture (described la.ter) of the g~iaxy. if particles remain in the 
box for a period of Lime T that ill longer than the average escape lifetime t of the partiel". then an 
obllerver lIituated away from the centre of the box seell an &nillotropy proportional to t which ia alto 
proportionaJ to the energy of the particles, 

" " 
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change and becomes biased towards northerly gala.ctic latitudes. 
" 

The most intriguing part of the energy spectrum occurs at ~ 3 x 101~eV when the 

slope of the flux becomes steeper and the anisotropy increa.qes and changes phase 

(see figures 1.7 and 1.10). For obvious reasons this region is cnlled the "knee" of th(~ 

spectrum and the region ab ove this is called the "ankl~" of the ~pectrum. Figure 

1.11 show.s the changes in compo'sition that occur near the knee of the spectrum. 

Besides the changes in anisotropy and flux, there is ruso a rapid change in the 

depth of the shower maximbm implying a higher energy per nuclcon. This has 

been interpreted as being due to a change from near iron composition to mainly 

protons at higher energies. However, the number of muons in the shower is also 
, 

sensitive to the energy per nucleon and in this range it, shows no change in dcpth, 

thus implying contradictorily that there is no change in shower composition nt 

this stage. The shower cores ruso undergo change in this range bc('Oming flatt(>r 

instead of steeper as energy increases implying that t-he angle of emission o( the 

hadrons increases. With 80 many confticting events occurring in the same illt('rval, 

it is hardly surprising that there havé been so many thcories of the origin of tht> 

knee. 

Section 1(f): Interpretati.on(s) of the knee in the spectrum 

The rapid faU of flux above the knee indicates that the rate of leakage from the galactïc 

box increases. Models of cosmic ray confinement seek to explain the observed isotropy 

and composition of cosmic ray data. The leaky box model is one of the many modcls 

used for this purpose. It is assumed that cosmic rays are trapped inside reflccting 

boundaries surrounding the galaxy and that the probability of escape into extra galudic 
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spa.ce js finite. The mpdel 8Bsumes ft. uniform density of cosmic rays throughout the 

volume of the -box.Leakage 9f particles in the "leaky box" model is controlled by the 

magnetic field and hence the change should occur at an energy ex: Z. This in turn implies 

that the composition of cosmic rays r0uld change starting with the lea.ka.ge of protons 

"~d moving "onwards to iron nuclei. The spectrum would bend a little at energy Ep 

say, and the steepest bend" ~ould occur at energy 26Ep where all nuclei from hydrogen ' 

to iron were leaking away. The fact that the energy spectrum does not show such a 

" 
two step process indicates that this interpretation is not exact. 

1 

A second interpretation relates the knee region to photo nuclear reactions at the 
J 

source. For instance, ttB particles from a pulsar escape through the magnetic field of a 
~ . . 

supernova, iron and protons would be affected at the srune total energy. This theory 

expl,Jns the knee successfully but the anisotropy par't is still uncertain. The anisotropy 
SJ 

part is attri,buted to the presence of a special- component that changes direction at 

lOI1!e V. The possibility of t~ansition from heavy nuclei to protons at tlie knee rais~s 

quc1iJ;ions about the nature.pf the extra galactic pai-~~cles ab ove l016eV. Though this 

would ,cxplain nicely the nature of the speetrum theie is ~o irrevocable proof of the faet 

thnt the cosmic ray composition above 1016eV is any different from ordinary galactic 

cosmic rays. The knee position has also been related to the diffusion of cosmic rays 

which scat ter off of magnetized clouds in interstellar medium21 • Above the knee the 

dcflcction of cosmic rays by the clol.\d could give rise to a change in 'Y of .9 which is 

close to the obscrved value~ till :::::: 1Q16 eV. However, to achieve the right amount of 
) 1\ 1 

.'" 
anisotropy, the number of such douds required is so high that it puts the very theory 

in doubt. 
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The knee of the energy spectrum still is 8. region of mystery for which there ie no 

absolute solution. The fact that the knee does occur at the encrgy indicated above is 

undisputed. It has been observed again and again by different techniques and different 

~oups. Until a ,Uleory 'ls proposed that explains all the obscrved effects and Dot just 

" 
one or two, it will continue to arouse the curiosity of astrophysicists all over. " 
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2. THE COSMIC RAY DETECTOR 

r 

1 Section 2(a):General Considerations' 

Any detector designed to measure particle density must have two basic çharacteristics: 

(1) a. weIl resolved single particle peak; 

(2) uniformity of response. 

A weIl re~olved single particle peak is very important for detector calibra.tion: the 

UBUru technique of converting pulse heights recorded by analog to digit'bl converters 

(ADe's) to number of electrons involves dividing the pulse heights by the rnean of the 

single particle spectrum. Inability to ach.ieve a clean single particle peak can lead to 

systematic errors in determining the number of particles that traversed the detector, 

causing serious errors in data analysis. This criterion is a function of the light collection 

efficiency of the photo tube; the light emitting capabilities of the scintillator and the 

efficiency.of the arrangement that-dir~cts light emitted by the scintillator to the photo 

tube. In what fol1ows, each of these factors will be discussed in sorne detaiL 

The ScintiIIator 

An ideal scintillator would be one that has a high light output, a short decay time 

and high quantum efficiency, so that a single particle passing through the scintillator 

produces a pulse in the phototube of high amplitude that rises to its peak and de-

cays rapidly, giving a pulse output that is distinct and unambiguous. There are two 

classes of scintillat.ors - inorganic and organic. Sodium Iodide (NaI) is one ex ample of 

an inorganic scintillator. Light output of these scintillators is very high compared to 

orgnllic scintillators and there i~ very little statistical fluctuation in the number of pho-
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tons; consequently, the pulse height resolution is better. However, besides being more 

expensive, inorganic scintillators aIso have very large decay rates- ",,-,.2f'8 comparcd to 

a decay time of a few nana seconds for organic scintillators. Org~ic scintillators are 
. 

aIso less expensive and can be easily cast into any desired shape. These sC'int.i1lators 

are most commonly used in the constructi09: of detectors. AU organic scintillators have . 
two active components - the primary fluor which has molecular lcvels t.hnt gct cxcitcd 

1 

and emit ultra violet light during de-excitation; a secondary fluor which is esscntinlly 

a wavelength shifter (with the absorpt.ion spectrum t.he same as the cmission spectrum 
<1 

o 
of the primary fluor), that shifts the ultra violet light to visibl~ region 80 t.hn.t it can 

be detected by a photo tube. These two components are either dissolvcd in a suitu.blc 

liquid yielding liquia scintillàtors, or are mixed with na suitnble substance and polyrner-
• 

ized using aromatic or aliphatic polymers giving Poly Vinyl Toluene (PVT) or acrylic 
1 

(PMMA) scintillators, respectively. Aciylic scintillators have light outputs much Iower 
1 

than liquid or PVT scintillators but they are comparativcly incxpensivc élnd are faat 

gaining popularity as particle detectors replacing PVT detcctors in many cases. Liquid 

and P\7T scint1llators are comparable in all respects except priee: liquid scintillators 

cost much less. This experimen\ uses liqu-id scintillator BC-533* w~ieh h8..9 a light 

output of 51% Anthraeene and a decay time of 3 nano seconds(ns) cornpûred tn 60% 

and 3.3ns for the popular NEllO plastic scinti1lutc:.. 

PVT and ûcrylic scintillators have one very distinct advantûge --- they are ,mOf(~ 

convenient from the point of view of breakages. In general liquids necd more care in 

. * Bicron Corporation, Newbury, Ohio, USA. 
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handling thon do 80lid BCintillalors. Liquid .cintillators are hydrOBCOpic and h~ be 

wcll protected from moisfure. They can absorb the small quantities water in the.air 
" , 

and under warm and humid conditions, water can dissolve in the scintillator. When 

cooled, the water condenses forming a fine fog of droplets or ice crystals in the liquid20
• 

Liquid scintillators also have to he tested for st ahility in the presence of materials used 
'\ ' (. 1 

to huild the cOl\t;J~~rs. For optimum performance, they have to be de-oxygenated prior 

to use. AIl thinks considered, the choice of scintillator for any experiment is dictated 

~y two l~~m and ,financial resources available to the project. An 

keprt°lifi'i;lmrld when constructing a particle detector of this type 

is the volume or the amount of scintillator to be allotted to each detector. This is an 

factor is important because one has to achieve an optimum level: too t~in a layer would 

give a very low light output an~ with too thick a layer interactions that take place in 

the scintillator would have to be taken into account. 

'-, .' 
The Photôtube 

A photo tube with a dome shaped or a hemispherical surface has collection over a 

large surface arca. The shape of the photo-sensitive surface of the photo tube plays an 
, 

important role in !.fiIC timing efficiency of the photo tube. With a hemispherical photo 

tube, the transit time for photo electrons from all parts of the photo cathode is the 

same. AIso, the efficiency of the photo cathode is 'uniform 'over the entire surface. 

" 

The Light Collecting System 

Ideally, all the light that is emitted by the scintillator should he directe,d to the 
~ f 

phototube with as little modification as possible. Depeoding upon the detector coo-

figuration and the u~e to which they are put, this goal is achieved by different groups 

\ 
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in different ways. The ideal solution to the prohlem would be to have the photo tube " 

at the foeus of parabolie dome, perfectly reflecting on the inside so that all the light 

incident on the dome would be reflected and arrive at the photo tube to he dctcctcd. 

This concept not easy to realize in reallife because of the inhercnt difficulties nssocintt'd 

with constructing a perfectly parabolic dome. The second alternative is easier to renl-

. ize and is consequently very popular. The scintillator surface is coated with a highlY. 

\. 

reflective coating and light guides are attached to the scintillator at suit.able point,fj 

with a photo tube fixed at the other end of the guide to detect light. A third ffiethod 

involves having a light collecting cone or a pyramid with the inner surface polishcd HO 

that ail the light that is emitted reaches the photo tube by multiple reflcction. This ia 

the approach that we adopt in this experiment. 

The second characteristic that a detector must have is uniformity of rCRponsc -

two identical particles with identical energies, upon pass~,g thr<}ugh different parts of 

the detedor must, in the "'ideal case, pro duce identical puls'ès in the photo tube. This 

is not truc in general. This factor is the function of the dctector geometry and H}(' 

following statistical factors: 

(i) Photo-electron statistics: The conversion of photons at the photo cathode and 

their subsequent multiplication at the dynodes, espccially the first, IH a. Htatistical 

pr:ocess that shows fl~ctuations. These fluctuations are intrinsic tü photo tlllH'!i 

and cannot be controlled by expcrimental arrangementH. 

(ii) Landau i:\~tistic8: Energy 108s of charged particles in a scintillator il> al~o gow:med 

by statistics and as a result this factor a1so shows fluctuations. 
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The detector geometry plaYB an important role in achieving a uniform response 

from any detector. In general, photons that are emitted from the centre of the Bcintilla-

tor or the part that faces the the photo tube directly are collected more efficiently than 

those emitted from the more remote parts of the detector. Agron, the method chosen 

to achieve uniform response from a detector varies, and depends upon the ingenuity of 

the experimentalist. One of the common methods involves having more than one light 

guide-photo tube assembly looking into the detector and then summing up the pulse 

hcights to get rid of any non uniformity.21. An alternative method consists of scribing 

thin lines on the face of the scintillator and effectively atte~uating light from the high 

efficiency areas. The approach taken by this experiment is the opposite - instead of 

throwing away excess light, the amount of light generated is controlled by varying the 

amount of scintillator in different parts of the detector. Details are given in the next 

section. 

Section 2(b): Desig~ and Fabrication of the Counter 

The counters used the LEDA array consist of three main parts: the scintillator dish, 

the light collecting cone and the photo, multiplier tube. The dishes are 1m2 in area 

moulded out of 6mm thick white acrylic. The acrylic was tested by us by exposing 

it to both to the liquid and its vapours for extended periods of time and no evidence 

of deterioration was detected. The choice of 1m2 for the area has two simple reasons. 

Firstly, it has become a standard choice in EAS experiments. S~condly, t~e acrylic 

used to for the dish cornes in sheets of 1.2mx2.4m and two dishes can be moulded 

from one shed with very little waste of material. The formation of the dish takes 

place" in two steps. First the mould for 3:e dish is cODstru~f plywood at 



,. 

the workshop in the Physics department. The ply:.wood cast is taken to the Cnllctoll 

University School of Industrial Designs in Ottawa and the dishcs arc mouldcd tht'n'. 

The School of Indu/e:.i~ Designs at Carleton University is the!;facility closcst to M<'qill 

equipped with a moulding machine big enough to mould the detector. The operation of 

moulding takes about 25-30 minutes. The dish is thcn trimmed leaving a Hp of about 

2 cms around the rim. A clear 3mm thick acrylic window is glued on to the dish using 

di-chloroethane as a soivent type cement. Ideally the detector should be circuln.r in 
, " 

shape, but octagon is a good approximation to a circle and an octagonal dish is Il111ch 

easier to implement in plywood. So this was chosen as the shape of the dctector. TIl<' 

reason behind desiring a circularly shaped dish will be discusscd shortly. 

The light collection cone is an eight faced truncated pyramid made~ut of white 

PVC which appears as shown in figure -2.1. Each panel is trapezoidal in shape and the 

the eight panels are joined using strips of PVC bent at an angle, with holcs for BcrCWH 

to enable attachment to the panels. In arriving at a final design thrce constraintf:l hnd 

to be satisfied: 

- f f' 
(1) The top of the pyramid which is an octagon, had to be big enough to fit the 130IllJll 

(5")photo tube without leaving too much gap in between. 

(2) The bottom of the pyramid sits on the dish cont.aining t.he liquid scint.i1lator iLIld 

so the lower edge each panel of the assembled pyramid had to align with the sides 

of the dish (which is 580mms). 

(3) For the best response the phototube should be as high above the detector aB pos­

sible without making the detector physically bulky. ·The rcason for thifl. comtraint 

is discussed in section (c). 
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FIG 2.1: Plan and aide view of the light collection cone u.sed for detectors in th~ 
LEDA array \ 
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The first constraÏnt yielded (ref figure 2.1) Xl '" 54mm; the second yielded X2 '" 

580mm. The third constraÏnt 'led to l = 1000mm. 

Two pyrami,ds were constructed and tested, one with no coating on the inside lUld 

, 
the other with a mirrored inside, construded using mirrored pve. The pulsc hcight 

spectrum in each case was obtained and fitted with a Landau curve. The results nr(' 

P shown in figure 2.2 and 2.3. Since the scintillator dish is semi-trlUlsluccnt, light lossrR 

occur due to particles passing through the bot tom of the dish. To test. the degrce of 

seriousness of this factor, the response of the detector with a shcct of reflccting mylnr 

was compared with the response obtained without the mylar sheet. The result is the 
'-

plot 2.4. - showing considerable' increase in the mcan of the pulse height spectrum. 

It is clear that a mirrored cone has a much better light col1ecti~n efficiency than the 
~ 

white cone even without the sheet of mylar. Since mirrored pve is cxpcnsive, a layer of 

aluminised mylar was glued on to white pve and the rcsponse of thc dctcctor tested. 

The results is shown in figure 2.5. Since there is not much change in the det('dor 

response, aluminised mylar was substituted for the mirrorcd FVe. 

The photo tubes used in this experiment are 5" R2218 Hamamatsu photo tulWH 

with hemispherical photocathod'e shown in figure 2.6 The photo tube opemteH w(·ll 

between -80 0 to +50 °Celsius and has a maximum voltage rating of 1800 vdc, a. cum·nt. 

amplification of 1 x 108 and 13 dynodes a~ranged in the venetian blind faRhion. TlH' 

hemispherical surface photo cathode allows light collection over almost the full 211" 80lid 
-, 

angle. On the other band, the size of the tube is small enough to allow us to neglcct 

the variation in electron collection efficiency of the first dynode22
. 

39 



~ .. 

« 

.. 

." 

J 

" 

120 

White Cone 
100 

Mean -54.7 

80 

, 

GO 

~ 
c 
~40 
0" 
~ 

1.&.. 

\ 20 

40 60 80 100 120 140 160 
Pulse Height (arbitrary units) 

.FIG 2.2: Pulse height distributioDobtained with light collectil'D cone made of white 
pve with no coating inside . 

40 

1 



....... 
"""'-"" 

U· ( 
MlrrOred Cone 

1.4 

1.2 (WIth~yIar Iheot und.,. thtJ d1ah) 

1-
1. 

0.8 

~o.a 
C -\ 
1) 
:l 
0- 1 ~O.4 

li... \ 
0.2 

O. 0~--~~~40~--~&O~--~~~'~~100~--1~~----1~~--~1~ 
Pulse Height (arbitrary units) 
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an inverted PVC cup whicili resta on the Jil}~t collection cone 
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Section 2(c): Tbe Final Detector Design 
R-

ln arriving at the final prototype for the dish and the light fùnnel, a great deal oi very 
( -

useful information was extracted from the paper by R. W. Clay and A. G. Gregory23 

entitled "Light collection from a 1m2 scintiffator rôr cosmic ray work". Using a 12cm 

diameter scintillator as a gating or a triggering device for a ~ulti ~annel nnalyzer! thcy 

did a very dbmp~ehensive study of the the outpu~~jbtn.incd under diffcrent conditionH 

wh en the trigger was ,placed in ten different positions above the 1m2 scintillator. Theil' 

experimental setup and the trigger positions are shown in figure 2.7(a) and (b) Tests 

were done with 5 diff,erent heights of the of the light collecting pyramid and twelvc 

-' differet;lt coatings for the inside of the pyramid. Their r~ult8 for' different detector 

geometries with NE-560 coatingz::the inside of the pyramid are shown in Table 1. 
, ? 

The column showing the percen iation of pulse amplitude at differcnt gating 

positions from the poSition 1 has been added on. 

-'. 
An ideal detector would give the srune output at gating position 1 and nt gating 

position 10. As ca..J. be seen from the figures in column thrce, with the photo tube 

300mm from the scintillator, there is a difference of 57% betwcen the two outputs; at Il. 

distance Of6~~owever, this difference reduces to ",,40%. No doubt that the unifor­

mit y could imp~e(with fu~ther increase in the distance betwecn the photo multiplieI 

l) and the scintillator, but at this point the physical size if the detcctor arrangement 

becomes considerably bulky. There is another rcmarkablc fe~turc that can he notieed 

from' the figures. A circular detector of area 1 m2 would pass through the positions 

indicate~ the dotted Hnes. It is clear that the r~sponse of a circular dctcdor wO,uId 
r-I ), -

be more uniform compared to a square detector. The authors also did a comparative 
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FIG 2.7: (a) Sc.hematic diagram of the experimental set up UMd by Clay imd Gre­
lory. A-aluminum pyramid with coatinl on the insidej L-a light tight box contain­
in, the detC'Jctorj P-photomultiplierj S-acintillator. (b) The dift'erent satin, positions 
which corrapond to the positions of the lating detector placed above the ecintillator 
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study of the effect of changing the surface coating of the pyramid keeping the photo 

tube distance med. The results obtained for aluminised mylar coating and that for 

the expensive NE-560 are shown in' Table 2. While the resulting amplitude for' the 

NE-560 is slightly higher qn the average, the uniformity of respOllse 'shows 9nly a 10% 

difference between the two coatingJ- the mylar being better. 

Having decided upon an octagonal dish with a light funnel 57cms high, a diBh 

with a fiat bàttom was moulded, the detector assembled and its rcspons; tested. In 

this case Binee the detector is roughly circular, more than half its area lics bcyond li 

radius of 40ems; so uniformity of response across the radius is a very important factor. 

The dish was filled with ",40 litres of liquid seintillator. The arrangement wâB made , 

light tight by draping a black cloth over it and enclosing the detector in a plywood 

hut. A trigger counter was constructed out of a 4cm wide, 100 cm long, 2cm thick 

strip of plastic scintillator and two 2" phélio tubes, one at cach end of the Btrip. The 

trigger eounter* was placed under the detector along its diameter. Output from the 

three photo tubes were fed to ApCs and through a discriminator to Time to Digital 

Converters(TDCs) as shown in figure 2.9. Outputs Tl and T 2 From the count(~rA go 
\ 

to an AND gate. Essentially this means that a start pulse for the TDC and the glltl~ 
, 

for the ADC are generated only when a pulse is recorded by the triggcr counter. An J' 

additional delay is added on to T 2 so that the dock starts only after a signal frOlh T 2 

is recei ved. 

A plot of the me~ detect,2r pulse height versus the diffcrencc b~twcen the tirncH 
________ "_ \J c. 

* To avoid confusion, trom thiB point onwards the term detector in thia chapter will .t&nd for the 
actual detector a.ssembly and the term counter(s) for the trigger counter(e). 
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Table 1 
J 

,",_14 'COltina ru60 

NT dhtauci <.> 300 400 60~ 

COUDce % d1ff CO\pltl % cl1ff COUDt. Z d1ff 

CaUnl po.1t1on 1 63 0.0 44 0.0 38 0.0 

2 52 17 • .5 38 13.7 37 2.6 

J 45 28.6 36 18.1 35 7.a 

4 44 30.1 33 25.0 \ 35 7.' 

,l .5 41 34.9 32 27.3 34 10.5 

6 18 39.7 29 14.1 32 1.5.' 

7 17 41.1 30 31.8 30 21.0 

8 15 44.4 21 38.6 29 23.7 

9 31 50.a 23 U 47
•
7 19 24.7 

10 27 S7.1 23 23 39.S 47.7 

TobIe 2 

""_id coattq R.56O AhaWud .J1u 

PNT d11taaca ( .. ) 400 400 

COUDtl 1 dUf CIO\lDta 1 dUf 

Gatu., podUon 1 44 0.0 39 0.0 

2 la n.7 3S 10.3 

) 36 18.1 33 IS.4 

4 Jl 25.0 32 17.9 

.5 32 27.3 12 17.9 

6 29 34.1 28 28.2 

7 10 31.a 27 30.7 

8 27 18.6 27 10.7 

9 23 47.7 26 33.3 

10 21 47.7 22 43.6 

". 

FIG 2.8: Output pulse ampltude with scintillator at the gating positions indicated 
and (a) PMT at different dist&nce8j (b) different coatings on the pyramid surface. 

48 



.,. 

, 

2249A AOC 
" l A--------~~----~ 

8------~~----~~~ 
Count.r -'rr'r-t+--------J 

Gat. 

620 Discriminator 

Start 
r--''''-

----.f~: ~ = Delay cabl. 
w-c C1028 Coïncidence 

'. 

2228A TOC 

FIG 2.9: Schematic of the electronics used to atudy the unlormity of responae of the 
test detector. A and B refer-to the two trigger eounters. Counter here refera to the 
test detector. 
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at which Tl and T 2 recorded the passage of the srune pulse gives direct information 

about the uniformity of response of the detector. The tri~~er counter and the detector 
~~ 

are separated by a distance of only ,....,2-3cms and so a particle 'that passes through 

the center of the detector passes through the center of the trigger counter. In this 

case,' the difference (Tl - T2 ) would he zero. Similarly, negative value would signify 

the passage of a charged particle through a particular section of the detector and a 

positive value the passage through a s,ection on the opposite side of the center of the 
"r; . 

deteetor. In effeet, this is the same as having a smalt trigger eounter under the detector 

and recording coincidences hetween the detector and tp.e trigger counter: By having a 

, longer trigger counter spanning the entire detector end to end, we elimillate the need 

to move the trigger counter from one position to another. At the same time, 'data can 

be obtained from essentially all the points along the diameter of the dish. A plot of 

the pulse height versus the distance from tRe centre of the detector 'i~ shown in figure 

2.10. For a detector with a Bat hottom, the response ofthe detector shows considerable 

vanation over the radius of the dish. 

/ 
Our solution to the problem lay in modifying the design of the bottom of thef..$iis_h. 

from perfectly fiat to one with different levels in ît. The central part of the dish ~om , 

whieh the photo tube efficiency is the highest, was e1evated to a height of 25mm with 

respect to the fiat version. As a result, the layer of scintillator in this part of the dish 

is less thick and the light output from the dish is automatically reduced. In its final 

design, the dish consists of five levels and appears as shown in figure 2.11. The pulse 

h~ight rcsponse of the modified dish is also shown in figure 2.10j the average radial 

variation in the response is greatly reduced. 
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FIG 2.11: (a) Plan view of the final scintillator dish developed for the experiment. 
The diBtances are indicated in centimetres. (b) A vertical cross section Olf the dish. 
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Resulting Pulse Height Spectrum from 'the Final Detector 

The single particle pulse height spectrurn necessary for determination of the single 

particle spectrum was obtained ~y replacing the long trigger counter \lsed to test tIlt' 

uniformity of response, by two small 7cm x 9cm x 2cm plastic scintillator blocks sepn-

rated by a block of lead of the same dimensions. Each block of scintillator was vicwed 

by a photo tube attached to one end. Tt-igger was provided only upon coïncidence of 

the two photo tubes. The block of lead served to stop the soft components (c+ ,e- ,etc) 

of air showers so that only high energy particles could pass through and trigg('r the 

detector. The trigger counters had small enough area that the probability of more tha.n 

one particle passing through them simultaneously is small. The pulse height spectrum 

resulting fr~m the data collected is a single particle "spectrum and it shows a Landau 

distribution - rising rapidly and then decaying with a relativcly long tail. The stnn-

dard deviation was calculated by fitting a Landau curvc to the distribution which is 

expressed analytically as follows: 

where .À = (E-Ep) , u' 

Ep = most probable energy loss or mode of the distribution, 

a = standard deviation of the distribution. 

The mean o~ the Landau distribution is given by: 

The single particle pulse height spectrum with the Landau fitted to it is shown iu 

figure 2.12. 
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Section 2(d): Effect orthe Photo Tube Size on the Pulse Height Resolution 

Having achieved a fairly high degree of unif6rmity of response and fi well resolved single 

particle peak, a study was conducted to determine what effect the photo hlbe size hnd 

on the these factors. The procedure adopted was essentially the same as that dcscribcd 

in the previous section. In determining the uniformity of response, using a small trigger 

counter rpeant moving the trigger counter beneath the detec~?r to differcnt pre mark{'d 

positions. The data collected in this case could be read directly in terms of distii'I("(' 

from the centre of the detector instead of time difference. The advantage of following 

thi~ procedure is that detector re,solution and its uniformity ofresponse could be te8t~1 

with the sarne set of data thus saving time. Data was eollected with the bare tube and 

the trigger counter at four different gating positions: Dcm, l5ems, 30cms,and 50cms 

from the center of the detector. The size orthe photo cathode was reduced by covcring 

the photo tube with a thick opaque piece of black plastic with a circular hole in the 

center. Three different sizes of the photo tube were tested in this way using plastic 
- (,. , 

with hoIes Wem ,Bcm and 6cm in diameter. 

The mean pulse height at each position was plotted as a function of the distance 

from the center of the detector for eaeh size of the hole to detcrmine the cffcct of the 
f' 

photo tube size on uniformity of response. The results are shown in figure 2.13( a) and it 

is clear that there is no change in this factor with change in photo tube size. Amplitude 

of the pulse at zero position as the tube becomes smaller, do es show a decIine as can be 

seen from figure 2. l3( a). The standard deviation aiso becomes smaller (figure 2.l3(b)) 

showing that the single particle resolution (see figure 2.l3(c)) which if:! the ratio of the 

standard deviation and the mean, is independent of the photo tube size. 
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FIG 2.13: Effect of photo tube size on pulse height resolution of the detector. 
(a) Plot of the mean pulse heightj (b) the standard deviation of the pulse height 
spectrum and (c) the <letector resolution are plotted as a function of the photo tube 
size. The bare tube is equivalent to a 12 cm hole. 
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Temperature Dependence of the Detedor Response 

Since the actual array is located on a stretch of land with no wcather protection, 

it was important to test if the deteetor functioned as weil at low temperaturcs l\!I 

.:::;> 

it did under normal con4itions. Pulse height spectra were obtained nt six different 

temperàtures, ranging from O°C to 18°C. The resulting plot is shown in figures 2.14(a) 
.. 1 

, 
. ) 

and (b). The detector clearly shows no tempernture dependence - the photo tube ~ j/ ~ 

weIl as the the scintillator obviously function well at low temperatures. This resul t did 

not come as any great surprise however, because of the raet that the scintillator tlmt 

we use was specially developed to perform weIl at temperatures as low as -40°C. The 
, 

photo tube is also designed to operate well at low temperatures. However, this study 

did confirm one important faet: di-chloroethane which is used to join the window to 

the dish is an excellent sealant and it succeeds in keeping the liquid scintillator well 

proteeted .against moisture . 
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3. THE LEDA ARRAY 

Section 3( a): Location and generai Iayout 
• 

The experiment is carried on using detectors identical to the one described in the 

Iast chapter. There c1u-e 19 detectors at present in the array arranged in the form of 

â regular hexagon with the c~ntral (longest) row consisting ,of 5 dctectors (sec Figur~ 

3.1). There is a distance of ro~ghly 43 metres betwecn efch detector and its Il(,l\rest 

neighbour. So the longest row is 172 metres in~ngth. The strange choice of grid size is 

.due to the location of the experiment since we e bound on one side by a s,teep cliff Imd 
, 

on the opposite side by a country road( the grid size was intended to be 50 metres, not 

) 43). The experiment is located on land belohging to the McGill School of Agriculture, 
,{i 

the Macdonald College, and is n'ext to the McGill Weather Radar Observatory (the 

Radar center, in short). The site is about 40 kilometres west of McGill University 

near the town or-St. Anne de Bellevue. The land that is not occupied by the detectorR 

is still used to grow corn and around August, it is a major feat to be able to locate the 

d.etectors amidst the taU stalks of cln . 

• 
. One of the advantages of this site is 'that the land is approximately level a.nd 

the maximum vertical height difference being less than a metre; this allow8 for equal 

acceptance in all directions and also me ans that timing consideratioJls at the trigger 
\ 

level are simplified. But the biggest advantage by far is the fact that su eh Il large arca( '" 

20,000 m 2 ) of unoccupied land allows us to have a symmctrical array.· A symrnetrieal 

array allows us to have as simple a trigger as we choose, besicles .making açceptance 

uniform over the face of the array. A counter array with unsymmetrically locatcd 
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- detectors does not have this advantage. The relatively large'" grid size pInces constrrunts 

on the size(i.e the energy) of the shower thnt we are capable of detecting. ,As will b{' 
Ji 
il 

shown later,this array is not capable of detecting srnall( < lOllleV) showcrs. Howevcr, 

preliminary studies done by the Chicago group show definitely that the signal to noise 

ratio (,-ray/nuclei) improves as we go to higher energies and this is definite1y an 

asset24 • The desire to have as large a collecting area as possible with a limited number 

of detectors was a main factor in the choice of grid size. The LEDA array Wfi..9 origiunlly 

intended as an exercise to gain much needed experience with triggering an extended 

detector, operating out of doors, etc., for the DUMBO project '(Deep Underground 

Muon Bundle Observatory). The project was not funded. 

The hut containing the electronics is located near the central detcctor, which is 

labelled detector 1. The labelling scheme is shown in Figure 3.1. Each dctcctor IUlli two 

c~bles conneding it to the eledronics hut. The signal cab les are the RG5Ra~MtLJ cll.bles 

and the high voltage cables are the coaxial RG59 type. Power to run the clcctronicH 

and to maintain normal ternperatùres in the hut is drawn from the Radar ccut.er uHiIlP; 

three 14-gauge power cables speciall~ ordered for this purpose. 

Canadian weather being what it is, adequate precautions had to he tak('J1 to proted 

the equipment from it. The electronics hut is very well insulated witl. fibre gla.'-lH 

and is' equipped with a space heater and an air conditlO"'-ner., The hut }j('lBg ollly 

1.22m x 2.44m x 1.83m( 4' x 8' X 6') in dimensions, wc found that the heat P;('ll(~l itt(~d 

by the electronics when the experiment is 'on' is more than sufficicnt to kcep the pla('e 

* The array at Dugway, Utah proposed by the Chicago group hu a grid lIize of 10 metrel. 
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warm. The detectors themselves do not need any special weather protection because 

both the 'active' components - the photo tube and the liquid scintillator were carefully 

chosen to perform weil at low temperatures. It is necessary however, to protect the 

photo tubes and the detector as a who le trom direct light and wind, rain and of course 

snow. 

Section 3(b): The Counte~s 

The assembled detector appears as shown in figure 3.2. The dish containing liquid 

scintillator 'sits' on a 1.22m x 1.22m( 4' x 4') wooden platform which is firmly screwed 

on 'to four wooden legs thàt are weather treated and buriell metre into the ground. 

Each platform has a small hole at <J'ne corner to allow cables to pass througJ:!. ( The 

" platforms are levelled at the time of installation and are covered with a piece of thick 

black plastic on the inside. On the layer of plastic is placed a piece of aluminium mylar 

eut to the shape of the scintillator dish. The dish is placed on the top of the layer of 

mylar. The light collecting cone is placeâ on the dish and the photo tube is placed 
---". ' 

on the cone looking down into the scintillator dish. The assembled detector thus h8:" 

thrcc parts: the dish, the light collecting cone and the phototube. This arrangement 

is covercd with a cover ('the shroud') made out of black plastic to make it light tight. 

Great care is taken when the shroud is being made to ensure that there are no holes in 

it and it is tucked under the dish where possible or otherwise stapled to the platform so 

thnt the arrangement is as light tight as possible. Once this is completed, the detector is 

enclosed in a pyramid made of galvaniz;;<i steel. {hiS setup has the following ad~tage: 
nuy light that leaks inside~d falls on the platform is absorbed by the black, plastic. 

The few scintillation photons that do pass through the bottom of the dish (which is 
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semi~translucent) however, ar~ refiected back tà the insid~e detector by the highly 

reflecting mylar layer and this increases the efficienc~ of the detector hy about 20% 

(ref Chapter 2). 

The pyramid has four sides, trapezoidal in shape with Il. vertical height of approx-

imately 122 cm( 4 feet) 50 that they can be eut without 'Y"aste from a four feet wide roll 

of steel. The four pie ces can he screwed together and as additional protection the top 

of the pyramid has a rectangular piece of steel 25cm x 30cm (called the 'cap') Bcrewed , 

\ on to it. The pyramids are sealed at the joints with duct tape after they arc assembled. 

_~ The platform on which the counter sits has border ~ong the edges which is bcveled nt. 
-' 

an angle to match the pyramid and 80 the pyramid when placed, rests firmly on the 
') 

platform. The pyramid is secured to the platform with wood scrcws. Figure 3.3 showH 

the various parts of the pyramid. The assembled pyramid weighs about 10 kilogra.mH . 
and can he easily removed by twp people if any detector needs servicing. 

The operation of filling the dish with scintillator takcs place once the platform 

is installed. Liquid scintillator is Imown to perform poorly when contaminntNI wit.h 

oxygen and so to avoid this the dishes are purged of air using dry nitrogen prior tn 

filling. During the process of filling, a siphon is used and again nitrogen i"l used to [>uHh 

the liquid scintillator into the dish, thus climinating any risk of oxyg('ll contamiuat.ioll. 

Each dish is fllled with 45 litres of liquid scintillator and this lcaves a layer of nitrog<'ll 

about 2cm thick in the dish hetween the scintillator surface and the window of the 

dish. The layer of nitrogen acts as a buffer and protccts the dishes byaccOlllIrlodatillg 

the pressure due to expansion of the liquid scintillator. 

J 
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FIG 3.2: A èr088 aectional view of t~e prototype detector. 
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FIG S.S: VariOWl parte. oC the steel pyramid uaed ta protect the detectar !rom wind iL" 

and molY ~," 
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Section 3( c): The ElectronÎcB 

Particles in the shower front of an air shower travel in the form of a disk or a 'pancake' 

\ of finite thickness and spread, de\ding upon the depth of the atmosphere at the place 

of observation. Consider three coynear detectors placed a distapce 'd' apart as shown 

in figure 3.4. A shower ~Se"'6xis makes an angle () with the vertical upon reaching 

the detectors woul~se detector A to fire mat and B to fire ~ext after a time interval 

of ~ x sinO, where c is the velocity of light. Only in the case'of vertical incidence would 

cach detector fire simuItaneously. Showers with zenith angles up to 300 are accepted 
l'. 

liS 'good' showers sinee at larger angles, the amount of atmosphere traversed would he 

unaceeptably high (Beyond 300 a shower of energy 3 xl 014 eV pro duces a shower of the 

same size as a vertical shower of one thirds that energy. 24). 

A sensible trigger for the hard~ould have its threshold on one of the in­

ner counters for the following reason: firstly, the outer counters are connected to the 
,. 

electronics with 100 m long cables, the inner counters use cables half that length. Sig-

nals, travel in theCG58 cables with two thirds the velocity of light. 80 signals from 

the outer counters reach the electronics 250 n8 later than those from the inner seven. 
't " 

Consequently, with the threshold for the trigger set on any one of the outer counters, 

numerous delays would be needed to ensure that signals from the inner seven reach 

the digitizing electronics after the event has passed the threshold test and gates have 

bcen g~rated. The second reason is related to the faet that the shower particles are 

conccntrated near the core of the shower and such a requirement automatically biases 
Q 

the core of the shower to he inside the arrayr';fhis faet, as will be seen later ,,,is crucial 

for reliahlc estimation of the shower size and hence its energy. 
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FIG 3.4: A ahower front incident at an angle 0 on an array of three colinear detectors 
f;> , 
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The disadvantage of having a simple hardware trigger is the high event rate which 

tesults. More details- about this will be given in a later section in this chapter. The 

basic hardware trigger requîres at least one inner counter to go above the disqiminator 

threshold. Once this condition is satisfied, the on-line filter requires at least three 

counters in the array to receive a pulse height equivalent of hal! Mparticle. A data set 
'? 

that passes both these conditions is recorded on diskette. Raw data collected with this 

trigger is Bubjected to further off-Hne cuts during analysis using secondary hardware 
1 

triggers that will be discussed later. The electronics used to record data consists of the 

following hardware components: '" J 
1. The high voltage 8upply [LeCroy HV 4032A] is used to s pply the phototubes 

) 

with appropriate voltages. LeCroy HV 4032A is a programmable, microprocessor 
\ 

(~!), 

controlled high voltage power system that is specially designed for photomultiplier 

applications. It houses 32 channels and is provided with a battery backed up 

mernory that is capable of storing the voltages for 24 hours should the main power 

go off. 

2. 4:1 signal splitter: As is obvious from the name, the splitter is used to divide 

the signal into two parts, one four tirnes the other. This is achieved with thé help 

of appropriate resistors. 

3. Discriminators [LeCroy 623B] : discriminators are used to filter out signals 

that are below a preset threshold. NIM 623B is an eight channel discrirninatorwith 

a minimum threshold of -30rnV and a maximum threshold of -IV. The threshold 

on each channel can be adjusted witn a front panel screwdriver adjustment -and 

it remains stable to <.2% per oC. The width of the discriminator outpU:t can be 
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adjusted via a. front panel screwdriver adjustment and can range from less than 6 

ns to greater than 150 ns, with a typical rise time?'f 2.1 ns. For an output of -

minimum width, the device responds to a. second pulse within 9 ns of the leading 

edge of the first pulse. 
• 

4. Delays that signals from ea!h counter have to pass through are calculate'd with 

the help of a Monte, Carlo simulation of the shower process that will be describcd 

Iater. The required delays are achieved by taking app~opriate lengths of RG58 

cables and coiIing them so that they fit into a specially constructed dclay box. A 

delay of 100 ns is ~chieved b~onnecting two 50 ns delays in series, A 50 ns dclay 

requires 10 m of RG58 cables. 

5. Gate Generator [LeCroy model 222]: Dual gatc and delay gencrntor is used 

to provide the start or the gate pulses to start the ADe and the TDC. The gatc 

width is adjustable with the help of a range switch and a potentiomcter for fille 

adjustment. The width can range from 100 ns to 11 s . We usc 650 nscc. Model 

222 is packaged in a NIM standard housing and fits into the standard NIM bin. 

6. Fan in Fan out [LeCroy model 429AJ: The fan in fan out is Bimply a multi 

input logical OR gate. Model 429A can be fitted in a single width NIM module. 

7. Analog to Digital Converters(ADCs) [LeCroy model 2249W]: SignaIs 

coming from the photomultiplici~are integrated and scaled with the ADCs .Thil:! 
) ~ 

is achieved in the following way: an integratiJVcapaci.tor is chargcd up with the 

signal of interest while a linear gate is on and then it is discharged at a constant 

rate while pulses from an oscillator are gated into a scaler. The final cou nt of,thc 

scaler is proportional to the charge stored in the capacitor originally. The model 
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2249W is a 12-channel ADC capable of operating between gate widths of 30 ns and 

lOJ.ls and mainta.ins linearity to signals as large as -2V. The ADC is packaged in a 

standard width CAMAC module and can be plugged into the standard CAMAC 

CRATE. 
'> 

8. Tire to Digital Converters(TDCs) LeCroy 2228A~ To fit a direction to the" 

'\~ '. 

shdwer front, the times at which counters in the array fired have to be recorded iî.nd 

this is done using TDCs. The TDC works on~ e following principle: a common 

start pulse initiates a constant current source that arges up a capacitor. A stop 

pulse provided by the discriminated output of the otomultiplier terminates the 

charging. The charge on the capacitor is an analog measure of the time interval 

between the start and the stop pulses. This analog measure lS digitized using the 
, 

Brune technique (which is known 4e Wilkinson rundown method) as used for 

the ADCs yielding a count prOP07al to the time interval. Model 2228A is an 8 

channel TDC and measures time from the leading edge of the common st art pulse 
. 

to the leading edge of the hldividual stop pulses. Model2228A has three selectable 

full sc ale time ranges of 100, 200 and 500 ns which have resolutions of 50, 100 and 

250 ps respectively. 

9. Crate Controller [CAMAC 3912]: The crate co~trol1er is an interface between 

the computer and the CAMAC crate that hou ses the ADCs and the TDCs. It 

occupies two slots at the right hand end of the the CAMAC crate. The crate 

controller is also equipped with an external event interrupt facility that enables it 

to record the ()ccurrence of an event in real time, i.e in ~onds past midnight. 

10. The computer thàt pro cesses and records data is the LSI-ll lO-Bit microcom-

) 
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puter. The entire system which is the LSI.~l1, consists of the microcompute:..1 ~ 

RTll operating system, a. console for operator intervention, and is equipped with 
\\,.,.1 f' 

.8. tWd-diskette diskette drive. 

A block diagram of the electronics is shown in figure 3.5. Signals arriving from 

each counter are split into two parts with the 4:1 signal splitter:' For the inner seven, 

the t part passes through a 100 ns delay to' the ADC recording density informatIon. 

For the outer twelve, the signals bypass the delay and are {ed directly to the ADe. 

The t part for the inner seven i8 split equa.lly, one part of it going via 8. low level 

discriminator set at -30rn V through Mother delay to the TDC.- The other part passes 

through 8. high level discriminator set at -200rn V to 8. seven f01d OR(the Fan-in-Fan-
c \\ 

out). Output from the OR is fed to the gate generator whose output iB a pulse 600 n8 

wide that is the start pulse for the TDC and the gate for the ADC. The ~ plLrt from 

the outer counters passes through the low level discriminator and iB {cd directly to the 

TDC (to minimize tirne slewing effects27
). Outputs from the ADe and the TDC arc 

processed by the computer and accepted events are recordcd on the data diBk along 

-
with the time of occurrence of the event. 

Appropriate delays, discriminator levels and gate widths required to opcl'ate the 

system were determined with the help of il Monte Carlo simula.tion which is descrilwcl 

in the next section. 

Shower Monte Carlo - Determination of the Gate Widths and Delay Re~ 

quir~mel1ts 

Referring back to figure 3.4, a shower travelling with the velocity of light making 
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an angle 8 with the zenith would have a velocity of ~ along the x direction. For 

such a shower, the times nt~ which the counters A and B fire will differ bv i X sin8. 

50, in or<!er to ~ccommodate showers with zemth a.ngles 0 S 8 S 30°,' tim~ s~ift, that 

have to be a~con}nodated are 0 ::; t $ ;c. In our case, since d is 43 metres, this gives 

o < t ~ 70ns for two neighbouring detectors. The gate must be wide enough to allow 

ail signals to be recorded without chopping off the end of a pulse. In addition, sorne, 

counters not in the trigger may produce pulses that arrive before the trigger. 1h('S(' 

pulses must be delayed appropriately 50 as to be properly recorded by the ADe and 

the TDC. 

ln the simulation, random showers with 8 between 0 and 30 degrees and azimuthal 

angle </J between 0 and 360 degrees were generated uniformly, fiat in cos8 and ~, land 

fiat in rdr for 0 < r < 100m from the center of the array: Each set of values (8, </J ) 

determines ~ unit normal to the plane of the shower front and is given by': 

fi, - sine cos</J i + sine sin</J J + cos(} k 
, 

A A A ' - !_ 
where i,j, k are unit vectors in the x, y, z directions respectively. 

When the s"hower passes the ori~in, then the point on the shower front above a 

counter at (XCI YCI 0) Ib~ve the coordinates (XCI Yc, zc). Aline from this point to the 
c..:. ~- ./ 

origin lies in the plan~ of the shower front and is hence orthogonal to the dormal n: 
'J 

or, 

Xc sin8 cos</J + Yc sine sin4> + Zc cos8 = 0 
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or, 

Ze = -(xe cosrjJ + Yc sin</> )tan8 

The effective velocity of the shower in the z-direction i!i,given by:' 

V z -
c 

cos8 

So, if the time at which the shower front passes the origin is defined as time t = 0, then 

a counter at (xc, Yc, 0) would he hit at: 

Zc 
te - - = 

Vz 
(

.J..' ".J..) sin8 
- XcCOStp + ycszntp --. 

c 

The Monte Carlo generated events, populated counters and checked to see if the shower 
11 

satisficd the trigger conditions. The trigger condition requîres at least one inner counter 

to have a minimum of NI particles and at least Nt counters in the array to have at 

least Nz (Nz < NI) particles. When a shower was accepted, the time at which each 

, counter in t,he array fired was &etermiped. Since the trigger is provided by a counter 

in the inner cirde, the counter in the inner seven that passed the threshold eut and 

..recorded the lowest time is taken as the counter that started the experiment for that 

shower. This time is taken as zero time and is subtracted from all times. The new 

times are histogrammed and the results appear as shown in figure 3.6(a) and 3.6(b) 

corrcsponding to counter 1 and counter Il respectively. 

As expected, there is a distinct difference hetween the histograms corresponding 

~ to the inner seven and the outer twelve. Each counter in the inner seven shows a sharp 

peak nt zer<? lime çorresponding to the events when that counter was the first to fire. 

Ncgntive times fndicate events when the shower front crossed the counter before it 

74 



"'''''' 

-
"""-'" 

'rl ____________________ __ 

... 
a .. 

J 
~ 

)r 
~ 

1 

.L.~~--~~--~--~~~~--~-J -D 0 too" 

nm. (nano eeoonde) 

lOGO 
Ji 

" 
IDO 

,~ 

IDO 
" 

b 

400 

~ 

!~ 
... 

0 
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(h) ~ counter in the outer cirde of detecton in the anay. 
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pB.88ed the origin, populating the counter with particles sufficient to pass the low level 

trigger but not the high level. AIl counters in the outer twelve have positive times only 
< 

bccause of the extra 250 ns that signals from these counters have to pass through in 

order to ensure that they arrive after the ADe gate pulse and the start ~or the TDC. 

Notice that there is a time difference of ",,250 ns between the earliest time of the inn,er 

count~r and the outer or:~:,iFrom the histograms it is ~so clear that to accommodate all 
~ 

signals, the gate must be approximately 500 ns wide. To accommodate non zero-width 
.. r \ 

pulses, an additional 100 ns is added to the width. The signals arriving from the inI].~p',' 
\ 

counters require a delay of 100 ns to be recorded. 

Dead Time Problem 
li 

,,' 

J The combination of the hardware and the software trigger that filters data is 

relutively simple: it requires that at least one inner counter pass the high threshold 

discriminator (which is set at a level corresponding to 5 partides) and at least five 

counters of the nineteen receive at least half a partic1e. Data collected with these 

conditions is subjected to further cuts with another set of off-line trigger conditions at 

the time of analysis. Application of cuts in this rn-anner has one serious disadvantage: 

i t results in a very high event rate. The indiscriminate passing of data results in a loss 

of 'gooq' data dueoto the fini te time taken by the system to reset itself after rec,;iving 

a trigger pulse. This interval 's called the 'dead time' of the system. The high level 

discriminator serves to reduce this problem and to bring t~e trigger rate to a more 

reasonable level. A good tri r rate wQ>uld allow the comp.uter to pro cess an event 

bcfore the next event was fe to it. To arrive upon such a trigger rate, a scaler was 

u~d to count the trigger r te and a graph was plotted betwccn the trigger rate and 
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the rate at which the computer processed the data. The trigger rate was varied by 

changing the discriminator threshold. The graph that resulted is shown in figure 3.7. 

The processing rate reaches saturation as the trigger rate goes beyond 80 per second. A 

trigger rate 10 per second was chosen as a resonable compromise betwccn a Tor energy 

threshold and Iow dead time. This trigger rate requires a discriminator thrcshold of 

v' 
-300 rn V and this was chosen as the threshold for the high level discriminator. 

\ , 

Section 3( d)Computer Program for Data taking 

Figure 3.8 shows a block diagram of the computer program -that is used to colled 

data. The initialization cycle involves, among other things, calculation of the ADC, 
IJ 

TDC addresses, opening and,naming the outptlt file and setting up the ~a.ilbox. Thp 

mailbox is a sort of interface between the foreground and the background programs. 

The foreground program is the main prograrn that actually collècts the data following 

the steps shown in the line diagram. The background programs are not shown; the6è 

consist of a group of programs that, among other things, allow- data transfer from the 

micro computer to the VAX. (Data accurnulated over 24 hour period is transfcrrcçl via a 

phone link to the VAX 785 located at the physics departrnent.) Once the initialization 

is completed, the ADC, TDC buffers and the Inhibit circuits on the modules arc cleared. 

With the applicatilon of a gâte pulse the inhibit circuit prevents additional charge from 

entering the ADe, until that set of information has bcen processcd. At tItis stage, 

the system is ready ta ,?,ccept data and it waits until an interrupt in the form of Il 

Look-At-Me(LAM) signal is sent by the ADe. 

With the arrival of the first interrupt, further interrupts arc disablcd until the 
~ 

data is processed. The program then executes the next thrce steps applying t~elrtriggcr 
- . 
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FIG 3.7: A plot of the computer analysis rate Ver8WJ the trigger rate of ~he elec-
troruca. \ 
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FIG 3.8: A ftow chart diagram of the computer program uaed to colled data 
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conditions to test whether or not the data. set received is acceptable. A signal set, to 

be accèpted as ,'good' data, must pas8 all three cuts; failure at any of the three stages 

resuIts in the buffer being cleared and the system being reset to await the arrivaI of 

another set of data. If a signal passes all the cuts, then the ADC and TDC information 

along with the time of arrivaI are packed into the output file. Steps from 3 to 10 

are repeated until the output file is full, V/hen a flag is set up in the mailbox and the 

program returns to step 2 and opens a new output file. The flag is read by a background 
, 1 

\ 

program and the file is stored temporarilyon the data disk in the diskette drive until it 

can be collccted and copicd to the VAX via a modem and a telephone line. Since files 
i;' 

stay on the data disk only temporarily, the disk can never get mu and data collection 

contipucs with virtually no interruption. 

Section 3(e): Preliminary Data Collection 

Bcfore proceeding to collect actual 'shower' data, sever al sets of preliminary data neecl 

to be taken to calibrate ~cl standarclize the det,ectors in the array. These involve: 

1. Determination of the ADC pedestal; 

2. Determination of the sinile particle spectrum of eaeh detector; 

3. Standardization of the re~onse of all detectors in the array; 

4. Detc,mination of the nois~ cuts required by signals ar~iving from individual de-

tectorsj 

5. Timing seans for each detector. 

The last of the list given ahove is not deseribed'here because it cloes not apply to that 

aspect of the problem whieh is being clealt with in this thesis. Timing seans form part 

of another the&lS written on the timing characteristics of the LEDA array27. Time data 
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are necessary to determine the arrivaI direction of the primary. The times at which 

each detector in the array fired upon shower incidence is recordcd and during ruuùysis, 

converted to distances by multiplying with the velocity of light. A plane is fitte~ to 

this data and the direction,pf the normal to the plane givcs the direction of the shower 

axIS .. 

1. Determination of the ADe Pedestals 

The pedestal of an ADe channel is the number of counts obtained when fi gate 

pulse is applied to the channel and its analog input is terminated in a 500. The 

effect of the pedestal is to boost the digitized output by the amount of the pedestal, 

resulting in outputs that are systematically higher than the real values. During analysis, 

this quantity must be subtracted from the pulse height recorded by the corresponding 

channel of the ADe. The pedestal is intrinsic to each channel of the ADe and for the 

Lecroy 2249W ADCs that we use, the pedestal can be adjusted to a low value with 

o ntiometers provided for that purpose. The pcdestal obtaincd 

from an ADe c nel depends on the width of the gate applied and on the tCInlwratmc 

of the surroundings*. That is, the pedestal of the ADe is not a constant quantity 

and it requires measurement frequently. AIso, the pedestals from individual chaIlIH'lH 

even when adjusted, show sorne fluctuation about the set value due to noise in tlH' 

electr~nics making the process of setting difficult and liable to errorH. So, r~ther thall 

set ADe pedestals to values "'D, we set it 10 a low value, around 10, and llHcd a Himpl(' 

program to record the ADe counts of each channel with the gatc pulsc on and the photo __ , ,d 

* Lecroy ADC manual 
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multiplier voltage off. The pedestal data thus collected was histogrammed and mean 

of the distribution taken Las the pedestal corresponding to that AOC channel. Figure 
A 

3.9 showa the histOgram~ed pedeat~ data for channe12 of the AOC, corresponding to 
... 

counter 3 in the array . \. 
.... 

2,3. Determination of the Pulse Height Spectrum of each Detector 

AlI the pulse height spectra described so far ~ determined with the help of 

two external trigger countera, placed vertically below the photo tube, underneath the 

scintillator dish. Though feasible, this procedure is somewhat impractical to be carrie~ 

on in a field where detectors spread as far as 90 metres from the electronica hut. 

To find a more efficient way of determining the. spectra, a study was done in the 

laboratory using the '~odel' detector to det~ne the 'self triggered' counter pulse 

height spectrum and to compare its parameters wit those of the 'externally triggered' 
/ 

counter. Figure 3.IO(a) and (b) shows the results of the atudy for counter 11. The 
,1 

self triggerec!,spectrum has a lower peak and higher standard deviatioa, but the mean 
1 

of both t~~ spectra are certainly comparable. This is the primary quantity th<\t we 

are interest~~ in, and this indicates that the pulse-height spectrum can be obtained 
. \ , ) 

without the h.~\p\.0{ external trigger counters. 
- 4 è' ! .' '- , 

/ 
(/ 

Having determined this, the next step was to standardize the detectors in the array 

50 that all, the detectors had approximately the srune values of the pulse height spectrum 

peaks. This was done in the following way: pulse height spectrum for' each detector 

were obtained for 8 different values of the photo tube voltage. Each spectrum was fitted 
. 

to a Landau distribution and the values of the peak in the spectrum .obtained from the 

fit was plotted as a function of the high voltage on the photo tube. Th~sulting plot 
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was fitted ta a. curve of the form: 

ph = a + bv + CV
2

, 

( 
where, 

ph = mode of the pulse height spectrum, 

v = voltage. 

a,b,c = output paralneters 
1 

Figure 3.11 shows the results for counter 1. The output parametcrs a,b,c wcre 
,,( , 

used to determine exactly the voltage v required to obtain a peak in the spcctrum at 

100 ADC counts. 

4. Determination of Noise Cuts 

The pulse height spectrum as shown in figure 3.12 shows a smaIl sccondary peak 

around 60 ADe counts along with the real peak .. This secondary peak is the noise peak 

and is due to several factors like the photo tube dark current, the stray radio signals 

picked up by the long connecting cables used, etc. Clearly, noise is dependent to some 
\~\~ , f 

. ehent upon the high voltage applied at the photo tube. Noise is an important factor 

in studies like the one described under the previous heading, becausc of the fact that 

observations are taken with voltages low enough to resuIt in actual peaks that are close 

to the noise peaks. The need to determine the noise speetra arises out of the desire ta 

obtain better fits ta the pulse height spectrum and hence obtain a law~r chi-squared. 

The noise eut for counter 11 cao be seen in figure 3.12. The method of dctcrmining 

the noise cuts is fairly crude but efficient: the pulse height spcctrum is obtaincd and 

the noise level detcrmined by eye, and then in subsequent analysis, aIl points that 
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rail below this threshold are rejected. Since this quantity depends 50 critically on the 

applied voltage, noise levels have to be determined 'whenever the photo tube voltage is 

changed. 

Section 3(f): Description of the data set used 

Once the preliminary data has been collected, and the detectors in the array standnrd-

ized, shower data is ready for collection. The data collection program has ruready been 

described in Section 3( d). Data is stored on fioppy disk in the following manner: 

1 The first four bytes contain the reru*4 variable which indicatcs the time of arrivaI 

of the shower in seconds elapsed after midnight. 

2 The next three bytes contain the pa:ttern of counters hit by the ahower and the 

total nnmber of counters thllt were hit. / 

Byte # Bi,t # 1 Interpretation ! 
1 0-7 counter 1-8 fired? , 
2 0-7 counter ~-16-fired? 
3 0-2 counters 17-19 fired? 
3 
. 

3-7 # of counters that nred 
j 

3 The ADC and TDC values for eaeh counter that wb hit is stored in three bytes 

per hit counter- 50 there are (3xthe number of hit counters) in this section. 

Byte # Bit. # 1 Interpretation 1 
1 

1 0-7 low bits of ADC 
2 1 0-3 high bits of ADe 
2 4-7 low bits of TDC 

L
3 0-7 high bits~ of TDC ' 

() 1 

T~s condensed forrn o~ dat!;. packed into 20cm tU) floppy di.k. Each di.k ha., 

the capacity for holding 10 files of data - each file cont'aina an average'of 10,000 su eh 
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• 0 eyents with a typical trigger requireID:ent that ;:::5 counters fire in a shower for it to . ~ , 
be accepted. It takes 40 hours for a disk to he filled. The event rate is -4 showers 

per minute. The data is not, however, accumulated on Hoppy.disks. It.is collected 

at roughly 24 hour intervals via. a phone link hetween the LSI 11 and the VAX 785 
< , 

in the Physics depart ment , Once a file is ready to he transfrerred, it is Hagged so 

that is can be overwritten whenever space is required on the disk. No dead time is' 

introduced in the process of data collection sinee the transfer program runs in the 

background mode. The ~r.Qc~ss of data ttansfer takes approiimately 8 min~es pér.file 
/ ' ' . 

and p,resent1y're.q~re8 operator initiation. Since data is collected each day wit out fail, , 
" ~ .. J:J 

'v tJie;fioppy disk never gets full and data is colltfcted constantly. 
\', ,.-

, " 

( " 

'-

.. ~. t 

,r 

" 

) 
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4. DATA ANALYSIS ) 
General 

The shower data that is a.ccumulated over a period 0f time is divided into blocks. 

E~ block of data has a set of 19 single particle ,spectra. corresponding to thc nincteen 
~ 

counters in the array. As mentioned in Cha.pter 2, the number of particlcs that travcrse 

a counter is obtained by dividing the ADe pulse height d'ata by the mean of tl~ngle 
. ~ ~. 

particle spectrum for that counter. Figure 4.1 sqows a plot of the single particle 

means for counter lover a period of 60 days. It is clear that 'this quantity does vary 

somewhat over time. Ideally, single partiele line (nenceforth SPL) data for each counter 

should be taken each day or even more frequently if possible. Unfortunately, due to 
(! 

funding restrictions the additional ele~tronics required to automate the process of SPL 

data collection could not be installed and hence this'part of the experiment requircs 

operator intervention. Owing to .the the distance between the PhysicB departrnent and 

the experiment location, a field trip every day is not possibl~. So at prcsent, SPL data 

are col1ect~d once a week and the mean~ ~f the spectra are stored in a file 'that can he 
Q 

accessed when shower data corresponding to that week are being analysed. At the timc 

of writing this part of the thesis,' shower data has been collected almost continuously 

for 5 months a.nd analysed to determine the shower size and the core posi tion of ~ach 

accepted shower. See figure 4:2. ,..!I:he computation of the shower pararnetcrs i,e, its sizc 
) 

and core location is performed'by applying the technique of Likelihood Maxirnization to 

accumulated data. In the two sections that follow, the basic principle of the technique 

and its application for our case is described in detail. 
--' 
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Section 4(a): The ~aximum Likelihood Method 
<> 

\'For' the purpose of paramet~r fittin~, the maximum likeÎihoÎci '(ML) method is. 
-, 

considered the most powerful,tool. _ This is specially true for par~eter fitting of cosmic <J 

. r~y shower ?ata whe~e other ,~echni[ues like x2-fuinimizati~n have failed repeatedly to 

give reasonahle results. A more detailed comparison of the two fitting techniques will 

he giveh Iater in t'his chapter. 

Consider -the distribution- funftion y' which is a function of two parameters a and \ 
t 

" ]J. Suppose again that we have sorne experimental data on the distribution consisting. " 

of a set of values Xi for each event that is observed. So, 

, " 
.' Yi =' f(a,b;x.) (1) 

-II 

As,sumi'ng that the distribution functioh Y is a reasonably good one for our ex-

" 
periment, we seek to fin~ out the answers to two questions: (i) What values of the 

\ 

' 0 , 
--' , 

pàrameters a and b prov~de the best description of the data set used? (ii) To what 

'" . 
,limita of a~curacy can a and b be determined? To arrive upon' the answerf;! to these 

1 

questions, in the likelihood method the distribution function is rewritten as: 

f,' 

Y = NI f(a, b;x) (2) 

where NI is the normalization factor su ch that: 
~ ... 

X" 
J J ydx = 1 

l 

XI 

where, Xl and Xia are the low and high limits on x. In short, the functiQn y is normalized 

so that the function (2) behaves as a probability distribùtion, For the i fla event, the 
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\ 
probability density for ob~ing the event ie given by: 

Yi = NI f(a, bj x,) 

which is a function of the parameters. The likelihood function ~i8 defined aS the product 

of the y, for 8011 the n events in our sample. i.e., 

n 

C (a, b) - rr Yi 
,=1 

So, C is the joint Pfobability dcnsity for ~btaining the observed set of valucs of Xi 

for any specifie value of a and b. Thus,to obtrun the besf vaJ,ues of the paraineters, tht.' . .-

likelihood function i~ maximized. The normalization factor is very important becauBc 

it ensures that the likelihood function has an absolute maximum, sinœ YI can no longcr 

be indefinitely increased by making the parameters larger. In nfany cases, the logar~thm 
.... 

of the likelihood function is a more convenient function to maximizej 

1 = log C 

n 

1 = L log y,. 
,=1 

It is also corn mon to minimize the neg'ativè of the logarithm of the likclihood 
'" 

function. The best values of the parameters then are those that minimii'e -1. The 

errors on ~he parameters are determined by several methods. The most direct rncthod is 

to perform a Monte Carlo of the events and directly use the sigmas of the distributions 
~ '. ~ 

of fit' par~~ters min~s the thrown par~meters provided the experirncrtt is capable of 

being reproduced weIl using Monte Carlo simulations. A second technique is to keep aIl 
\ ' . 

but one of the parameters fixed (thus reducing it to a one parameter ~stimate problcm) 

94 ,. 

\ 
• . . 



( 
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.1 

, 
ând then te determine tbe change ln tlfat' pa.ramet~r reqtÏired to reduee 1 from its value 

~t .the maximum Jby .0, 

If othe di~tribution of C in, that parameter i~ not Gaussilm., two values al and 'a2 are 

obtained such that 

l 
I(a,) = l(ao) - -:-, 

2 
. 

[J 

./ 
i = l, ~ 

" 
then, in the range al '< a < a2, the true value of,a has 68% probability of being within 

" 

the rangé. This is the 'one standard deviation confidence inte~' of the likelihood 

function. 

The i-Minimiztion Method Compared to the Likeliho~d Method 

.·.:Taking the same dis~ribl.!tion function (~) in the form of a histogram, and denoting" 

by. v:b"the entry in the ith bin of the histogram, th~ X2 -mi~mization tries te: fit the 

data by constructing and minimizing 

where.. the aj are the j par~eters in the theoretical expression and (7, are the assurded 

. errors of y:,h. 
, 

The greatest advantage of the ML method is immediately apparent - the input 
1 c: 

data are individual events and 80 there is no need to first construct a histogram. So,' 

in cases where Che eVent density is too low( as is the case in our experiment) to make . 
"""'-

" . ' :\ 
a histogram, the likelihood method is superior to X2 -minimization method. Again, if 

\ , 

the x2,.;urface is not regular iri the parameters, the surface cau have ~everal minima 
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and the minimization can copverge at a secondary minima instend of converging nt the 
, D 

t 
global minimu~. ,\he ML m.èthod does not search any surface fot the maximum IUld· 

80 this problem does not applY. 

, Since the ML method absolutely requires the (unction to be normalized, this could 

pr~sent diffi~ulties in case dt complicated functions involving ·many pnrameters. Both 

the ML and the l methods are based on the basic assump}ion that the function used 
\ -

,gives a satisfactory description of the data observed. In our case this is not a problcm 
\ Q 

because the function used h~een tried and .. tested for a long Ume. The application 

of the "X2 method cfor parame ter fitting of shower data has been studi'ed by severnl 

groups28, 29 without much success in the limits'of a small number of detect">d particles, 
l 

the X2 surface is not a smooth function of the core location and 80 i t can have severa] 

local minima. So, unless elaborate precautions are taken to ensure that aIl local minima 

are rejected and convergence occ~ only at the global minima, more ofteIl than no~ 
the 'minimization terminates at the loc~ minimum yielding unreliable results. ThiR 

problem' would disappear when the number of qetected particles is high but at thiH 

point, the method would not' be of much use to us sinee, as will be secn latcr, our 

statisiics on showers of.very large size is quite low. 

Section 4(b): Maximum Likelihood Technique Appli~d to Sh~wer, Data30 

In this case, the density of shower particles is assumed to have a lateraI diH~~r'l ' 

along the plane of the shower front given by the NKG function: 
D 

N exp[ =.!:] . 
ro 

p N X J, ... 271' ro(r + 1) 

where, N is the number of particles in the shower and r is the distance between the 
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sh;wer axis and the counter in the plane of observation. So, a 8h~wer Qf size N upon :'--,;. 
") 

1 • 
, l, J 

incidence at a point (X,Y) would deposit ml particles in a counter.situated at (Xi, YI) 

and this is given by, J , 

i = 1 ... 19 

and, 

o ' 

~ 
~ . 

t>, 

where, 1 and m are the çlirection cosines of the shower axis in the X and Y directions 
- , 

respecti vely. 

Defining 

(i) P(E/S) ~ the probability that an event (a shower) of the type S charactex:ized 

by the parameters N,X,Y would give rise.to an event of type E chaÎac~erized by 
o ' 

{ni}' ni is ~actual nlflIlber of part~les observed in co~nter i wh en the expected 

number was m" This probability is given by 

[
exp( -ml) m:iJ ; 

n
·' 
, . 

(ii) P(S/E) as the posterior probability i.e., the probability that an event of type E , 
~as caused by a shower of type S; 

, 
(Hi) P(S) as the a priori probabi}ity of occurrence of of a shower of type S (taken equal 

to N- 2.5 ); 

(iv) peE) as the a priori probability of the occurrence of an event of type E. This 

quanti ty is not a function of the array characteristlcs, it is taken as â consta.Ôt and . . 
ig~ored in the calculations; r 
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tt pro\>ahili!y density function ~rresponcling ~o "of Section (a) thn! i. ~aximized i. 
gi~en by: ' 

'? 

,P(S/E)=P(E/S) P(S)/P(E) 

", 

P($/E) _ [exP( -mi) m~i] N.-'1..6 
nt! . 

The best values of X, Y, N, are obtained by minimizing the negativ~ logarithm 
( 

of the posterior probability : 

Substituting l 
"texp(-m,)m~i] 

F(X, Y, N) = -loge l + 2.510geN 
nt! 

m, ~ JI, 

(3). 

F(X, Y,N) = N 2:h -, L ni log li - (2: n. 

For fixed (X,Y), the value of N that leads to a minimum for the function is given by: 
1 • 

l: f • . 0 

(5) 

U sing the above formulae, the pa.!'ameters are obtained by uBing the popular grid se arch 
• 1 

method18
• The parameter search is started at thé 'centre of mass' of t6e hits which if! 

d~termined sim ply calculating : 

X crn = , Yern = 

, 

A 3X3 grid is then constructed with its centre at (x ern , Vern)' At each 'pf the' nine 

points on the grid, No is calculated and used in equation (4) ,to compute F(X,Y,N). 
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H the smallest value of F(X,Y,N) does-~ot occur at the centre of the grid, a new one 

is constructed with its centre positioned at the site of the minimum of the function. . " 

The procedure is repeated uhl11 a point i~ reached when the position of the function 
./ . 

minimum and the grid centre coincide. A smaller grid is construded with "the'same 

centre and the procedure ia repeated. The shrinking of the grid is stopped. when the 
-J 

grid size reaches the detector dimensions aince no further increase in accuraay can he 
\ "r.:.. ~ Il 

achieved. An estimate of the quality of the fit iB ohtained by computing the quantity 

x2 
/degrees of freedo~(DOF) J.ven, by: 

" ' [I:(ni - m.)2/ni] 

il/DO = -r1~1 ____ -

(8 - 3) 
~ , 

where, s iB the number of counters that participated in the event~ The quantity x2/DOF 
~ ~ , , 

has an" expectation value of 1. \ 

Section 4(c): Monte Carlo of Fitting Routine 

To test the reliability of the fitting t~chnique, a series of Monte Carlo calcuÏations 
c;. 

was performed and the known input parameters were compared with the parameters 
" Cl, 

obtained from the lit. As before, showers -were generated uniform1y in cose and" </> 

over a radius of lOOm from the centre of the array. Knowing X, Y ~d N for each 

shower generated, the number of particles that each counter in t'lie' array would detect 

was calculated using' the NKG function. This numher was Poisson sm.saredJ to take 

statisticru fluctuations into account and ~ealistic trigger conditions were chos~n to flIter 

data. A shower that passed the trigger cuts was subjected to the fitti'ng procedure 

described ab ove , taking the centre of mass of the shower as the starting point for the 
.~. 

grid search. The grid size was chosen as 20m and it w~ shrunk by half four tlmes , 
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when the grid' size eqùalled 1.25m (recaJl th~t the de"tector aren is Im1 ), The trigge.r 
1 

\ conditions were chosen to -show bias towards sh'owers thnt faU n.eaX the centre of tllC 
, ~ ., 

array, for the following reason, Since th~ stnrting point for pnrruneter fitting is the 

. ' 
centre of m8,$S of the shower, with a shower falling nenr the centre of the array thi:s 

, position can be determined with considerable a.ccuracy, However, with a ahower that 
, 1 

. falls towards the edge of the .axray this estimate would n~t be as accûf(~e ainee there . , 

would not be any input from the points outside the arrny thnt neverthelcss receivcd 
.." 

\ niajoritrof"particle~ in the ~hower. <The}~t would be a ,false centre'of mass and ~ 

consequently the parameters determined would not have a high degree ~f accura.cy. 
~ 

\. To understand the effect of the trigger conditions for the' LEI;>A nrrny, n plot 

. " 
was made of. the trigger efRciency of the 8.rr~y as a fun\:.c~ion of the shower size for 

,'yër.t'ical showers. 'Trigger effieiency is ju~t the rati~ of the number pf showers generated 
t ./ .. ~ .. ~ 

-to-:-the number of showers that pass the trigger conditions hnpoaed. Effieiency plots 

~~âililid~for, t~ré~ ttigger conditions ar~. s~bwn in Fig:tue 4.3. To b: able ta fit a pInne 
~ \, ~ .., } ..... ~ , 1 ( t 

to the sho~r front to find out the,-direction of arrival of th~ sho~ef, n minimum of 
,fI" ~ - ~ 1 

~ . 
, \, ,iJ ' 

three eounters must partîcipate in the shower. Datafts't:}iased ~Q~n.rds the centre of th(' 

) " 

b ., h C>l .',' ~I tl tN '1 br array y reqUl~l~g t at at east one mne.r counter reCClve n cas Cl partie cs (~10re a. 
II 

shower is acceptéd. In figure 4.3, the numbers (2-1-3,etc) lndicate the trigger conditions 
'J,. 

used on the Mo'~te Carlo data. The first number indicafés- the minimum number of 
'\ . , 

particles that at least on{ of the inn~ eounters must receiv~:' The minimum nu~ber of 

partieles Ne2 that.i't~8St NT.counter~ i~ the .ar~ay ffi)lst receiv~ are i~dkatcd bYJjê~ 
second and the thlrd numberS'l>" The. tngger condItIon finally ~~scn reqUlrcd N Cl '4, . 

'- ...."" 

Nc2 =1 and NT =5 since with this condition, th~ trigger efficicney for showers of Bi~e-....""" 
~ ... ~~ , ~ 
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4.25 is approximately 50%. A 1008er trigger condiji\ would result in unacccptable 

dead time wh.ereas 8: tighter trigger condition decrease( the efficiency for smalIcr sizes 

and hence raises the energy threshold of the shower. Further cuts are applied to the 

. -
data during parameter fitting to eliminate 'bad' events. A shower is rcjected if its centre 

is greater than a certain distance from the array centre for reasons already diseusBed. 

An additional eut is imposed on the i /DOF of the fits as well as on the total number ; 

of particles that must be deteeted. This last eut is neeessary to speed up the progrrun 

by rejecting events that would not result in fitted showers with size above the th~eBhold 

of 4.25. A final cut on fitted showers/r~q~ircs the shower core to be at a distance not 

more than 50m from the array centre. The reasons for application of such multi-step 

cuts are diseussed un der 'Fitting efficienr.y' in this chapter. 

The results obtained from the fitting program are shown in Figures 4.4 to 4. 111( a 

" 
value of ro equal to 75m was used in the calcula~ions). Figure 4.4 is a plot of the r8.dial 

distribution function used for fitting the parameters. For selected showers, the qun.lity 

of the fits can be viewed in theform shown in Figure 4.5(a) and (h). In 4.5(a), the arrn.y 

layout is depicted as the set of 19 small circlcs. The radius of the larger superimposed 

circle js a function of the number of particles received by that counter. The dashed 

conc~ntric circles are contours of constant number of particles deereasing outward with 

the centre loeated at the position of th~ shower core. Figure 4.5(h) shows,the theoretica.l 

curve fitted to the data. Figure 4.6 is a plot of the difference betwecn the thrown point 

G:( incidcr..œ of the shower in the X-Y plane and the point of incidence as calculatcd 

by the fitting program. Ideally, this should he zero. In our case, with a radial eut of 

75 metres, the difference rarely exceeds 10 metres. The resolution of the array was 
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Btudied by comparing the known thrown parameters with the parameters returned by 

the fit ter. The resll~ts are shown in Figures 4.7 to 4.11. The array resolution improves 

-.Jtt high energicâ. This could he beca.usc a.t high energies, more counters are popul8oted 

with higher number of particles and the resulting statistics result in a better estimate 

of the shower centre of mass. In X and Y, the array resolution is of the order of 7m at 
\ 

low energies and 3m at high energies. In shower size determination, the error ranges 

• from a factor of .3 at the low end to a factor of .05 at the high end. Figures 4.7(80) to 

4.11(a) are the results of the Monte Carlo simulation of 500 showers of size 5.8(630957 

pa~ticles). Figure 4.11 is a histogram of uneut X2/DOF for the fits and it has an 

expectation value around one. 

Fitting efflciency plots 

The number density spectrum obtained as a result of the analysis of actual shower 

C- data h,as to he corrected for the fifting efficiency to obtain the real number spectrum. 

A shower that passes trigger cuts need not necessarily be passed hy the fitting routine. 

Figure 4.12 is a plot of the trigger efficiency of the array for the actual 4-1-5 trigger 
, 

that is applied on the shower data alông with -the fitting efficiency plot. The fitting 

efficiency plot shows the p~rcentage of s~o)Vers that upon passing the trigger cuts, also 
, 

pass the fitting routine cuts. The cuts that are imposed in the parameter fitting part 

of the program reql~re(i) the X2/DOF of th~' fits to be les's\ than 3; (ii) the fitted 

shower to lie within 50 metres of the array centre. 

The first constraÏnt rejects 'bad' fits. The final constraint rejects events that pass 
t' 

the first two cuts but are bad fits nonetheless. Referring back to figures 4.7 to 4.11, it is 
/ 

cle~at 'its the distance from the array centre in,creases, 50 do the er;or5 in parameter 
. ' 
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estimation. Beyond a radius of SOm from the array <=:entre, there is an' abundance of 

badly fitted events. 

Because showers are thrown out to R=lOOm but the analysis requires R<:50m 

to enBure good fits the maximum fitting efficiency is only 25%. For purposes of flux 

measurementB we can say that the array is essentially 100% efficient over an area of 
'tI -

radius,,50m for shower size >4.75. It is worth remembering that there is no correcti<;>n 

made for the triggering deadtime. 

Section 4{ d): AnalysÎs of shower data 

Having decided upon the trigger and the fHting cuts that are required for param-

eter fitting for the array, the cuts were incorporated into the progrruri that decodes 

rèal Bhower data for analysis. As, mentioned at the beginning of this chapter, shower 

data are diviq,ed into l:l1ocks with a set of nineteen single ~kticle m~ans cor;esponding 

to each. This ensures that the conversion from ADe counts to number of particles is 

consistent over time. The data presented in this thesis represents 6 such blocks spah-
" 

ning a period of 60 days with a total or' 4QO,000 raw showers(showers that passed the . 
hardware -trigger). ) 

The ADC data are conv,erted to particle data by dividing by the SPL means; the 
~ , 

TDC data are converted to distances by multipl§ing by the v~locity of light an~ this 

daL is used to.fit a plane ct = ax + by + c' where c 'S the velo fit y of light ru:d a, 

b and c' are c~nstants of the plane, .to obtain the direction coordinates of the sho~er 
'"'" 

axis. Showers with B greater than 300 are rejected. T6 get rid of the ft dependenc~ of 
(' , \ 

'\ the shower, the array is rotated by 4> about the z-axis. The data set is then subjected 
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to th-e trigger <;uts and the shower 'parameters ~timated exactly as described in the 

~ ~ 

previous section. 

The outputs thatrcorrespond to figures 4.5(a) and (b) are shown in figures 4.13(a) 

__ '" ""8.}:.ld', Cb). Figure 4.14 is a plot of the X2/DOF for the fit'~. Figure 4.15 is a pl~t of the' 
- If ~ • 

r p~sition of the shower cores in the X\r plane obtained from the fits. Finnlly, figure 

4.16 is the histogram of th~ raw:size spectrum representing the number of showers thnt 

had size between N and N+dN. 

To obtain an estimate of the errors in th~ three fit parameters, the method de­

f!.cribed ,in Section 4(a)- is applied. The error in N is obtained by keeping X and Y 

of the shower fuced and çstimating the change SN in· N, required to cause a change in 

F(Xo,Yo,N) hy .5 (see in equation (4». The error in X and Yare,ohtained,similarly. 

Figures 4.17( a), (b) and (c) show'the error estimates obtaincd for the threc pu.rarneters 
. -

• " ", b 0 

for reJ data as weIl as Montè Carlo. The errors obtained for real data aie remarkably 
'if 

consistent with the errors obtained !rom Monte c"ariû. The one standard deviation 
, . 

confidence interval for X ra~s from ±6 at" low e~ergies to ±3m at high energies. The 
~ .. 

corresponding errors in Y range from ±5 to ±3. This is bec~use the detectors in th~ 

array are placed closer in y than in x. The èhower size can he determined to within 

factor that ranges from .3 ta .07 . 

Section 4(e): DifferentiaI Size and Energy Spectra 

The efficiency of the array ~~ences the shower size sp~ctru~ obtained from raw 

data. Si~ce Monte Carlo of the shower .data shows that the array",efficienc'y is 10"'-: for 
'. ' 

showers of ~ize lower than 4.75, the number of showers in that range that are detectcd -

are a factor of .1/efficiency lower than the number that would have becn dctcct,ed if the 
~ . , 
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. array was 100% efficient at low energies. So the 1\ shower size spectrum shown in 

figure 4.16 has to be corrected for the efficiency of the ~ obtain the reru spectrum. 

The efficiency corrected flux is shown in figure 4.18. . " . 
The differe:'hal size spectrum is defined as t~e number of showers~per unit time, 

, 
per unit solid angle, per unit area tqat had a size between N and N+dN. Sihce only 

'x 
showers with zenith angles less than 300 are accepted during analysis, the total solid 

angle for the array i~ a constant. The area of the array should be so chosen ihat. Emy 

shower that falls within that \area has practically 100% chance of being accepted. Sinet' 

the number flux is corrected for the array efficiency this means that 8.uy shower thnt 

falla within a radius of 50m from the array centre has would meet thia condition. So 

the effective acceptance area of thefray is 1f X 502 m2
. The total ti~e for which 

data was collected is calculated sepat\ately for each block of data by summing the timc 
, . 

intervals between events . These are distributed according to 

-t 
net) = C exp(-) 

r 

where n( t) represents the frequency of events, t the time interval since the IUBt (w(~at." 

T the event rate and C a constant as shown in figure 4.19. This is expected fron'l 

probability theory and indicates that there are no problems with data collection. The 

differentialnumber spectrum is obtained by dividing the corrected flux shown in figu~f 

4.18 by the product of the area, the total time and the total solïd angle. Figure 4.20 

shows the differentlal number spectrum for the data analysed. The conversion from , 

number spectrum to ener~ spectrum was obtained by }ls by re-scaling the hize spcctrum 

by 1010. However, this conversion may not be exact sinee the relation betwccn ahower 

size and its energy is not as simple as we assume. Figure 4.21 shows the differcntial 
"' 
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energy spectrum corresponrung to fi~re 4.20. The integral size (energy) epectrum is 

defined as the number of showers per unit time, per unit P,rea, per unit solid angle that 
. 

had size (energy) greater than N (E). Figure 4.22( a) and (b) show the integral size and 

energy spectra that correspond to differential spectra shown in figures 4.20 and 4.21 

_respectively. 
( ; 

'~ 

Section 4(f): Discussion of Results 

The diff~rential spectra shown in fi'gures 4.20 and 4.21 show evidcnce of the 'knee' 
c 

discussed in section (e) of chapter 1. The slope L of the spectrum below N=105
•
1211 

\ 
in figure 4.20 has a value of 2.11; ~bove, '''Y ~hanges to 3.06. The slopes of the spcctrn \ \ 

'f\.-

above and be10w the knee.are in the srune range 88 the slopes obtaineçl by the Sydney 

group18and the Durhaml1 and the change in the slope is consistent with the expccted 

slope. The differential size sp,ectrum obtained b~ the Sydney group has a slope of 

2.14±.04 below the knee ~d a slope of '2.91±.08 above the knee. ~e ~ifferential flux 

obtained bYSS is a factor of rv2 smaJler th~n the flux obtained hy that group . 
~ </ 

·There cou d he several reasons for these differences. During analysis, no compewm-

tion is applied for saturated counters. The ADCs overflow at a count tho.t corrcsp()wlH 

to arouild 15 particles. In effect, a counter that is populated with more than Hi pa.rti-

'" des, during ana1ysis is considered as having received only 15. A-shower that is inridelll. 

directly on a counter or very close to it cou1d popu1ate that counter with enollgli par-

ti'cles so as to cause the ADC to overflow . The 10ss of information wOllld resuIt. ill IL, 
.ol 

sm aller s~lOwer size heing fitted, provided an the cuts are still pa.sscd. A more fmbt.l(· 

saturation effect is where the photo tube goes non linear at high light 1cvdfl. This has 
, 

not yet been studied in detail for our counters. 
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During Ille conversion of raw flux tnumber 8jlectrum; the 80lid angle of the 

showerB is taken as a constant asBuming a.fiat distribution in cos e. This is only an 

approximation as thete is sorne variation expected over this larger cos(J range. Ideally, 
) 

the weighting factor for each bin in cos () should be calculated separately by estimating 

" 
the effective solid angle for that bin. A pre\iminary result obtained "by:having a higher 

\:1 ) 

.... cut on cos (J instead of the cut of .866 (so that the assumption of no cos () variati?n is 
"'.. 1 -

more valid) has shown higher flux than that showx? in figure 4.20. Again, the effect of 

the dead time of the electronicB has been ignored in obtaining the spectra. This factor, .' 
however is not negligible and would change the spectra if taken into consideration . 

• 
Figure 4.23 is plots of the differential size spectrum showing data points for the 

Sydney group along with the data points obtained from the LEDA array (altitude 43 
1 

'(6 - '" 

metres above sea level). Though the flux obtained is lower than expected, the spectra 

obtained from the array shows a a general agreement on the discontinuity of the slope . .. 

•• • 0 

" 

" 
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FIG 4.23: The differential size spectrum oC cosmic rays obtained Crom the LEDX 
anay compared with the spectrum obtained Crom the Sydney Air Shower Array··. 
Bin~idth along the x-axis is .02(log scale). 
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5. CONCLUSIONS 

't, 

The purpose of this study was to test the performance of the LEDA array as a 

calorimeter. Preliminary results are promising. The energy resolution of the array 

ranges from .3 to .05 over the energy range from 1014
.
5 to 1016.°. The remarkable 

similarity between the predicted and the actual resolution of the array is an indication 

of. the quality of the fitter. The angular resolution of the array is estimated between 

to be of the order of 10
• 

The present fitting program though accurate,-is not capable of parameterising the ~. 
~ shower age. The effect of the shower age is make the lateral distribution flatter in R 

and this would certainly improve the quality of the fits obtained. The shower age is an 

important parameter and there is definitely sorne 10ss of accuracy when it is not talœn 

. into account. Another important factor is the triggering deadtime. Present analysis 

doesnot correct for 10ss due to fini te triggering deadtirne of the electronics discussed in 

chapter 3. Correction for this factor would change the time factor in the calculation 

of the differc~tial and the int~gral spectra and would result in an overall change in the 

flux. The deadtime problem is presently under study. 

The differcnce in the fluxes observed by other experiments and by us is a function ' 

of the several parameters discussed in the last chapter. Preliminary results of data 

analysis'linne with a higher eut on cos 0 has shown an increase in (the low energy 
\ 

flux, showing that the assumption of a flat distribution in cos e wh en e < 30 0 is not 

neccssarily truc. ~is is definitely one of the problems that requires a more detailed 
A 

investigati~n. It is also important to integrate into the fitting routine, a subroutine to 

co~pensate for saturation of tlle A~C. This facto~ac<,,\unt ~~tl: for the low 
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flux at high energies. 

There are several steps that could be taken to improve the performance of the \{ 
~ 

array. The Iow efficiency for small shower sizes can be incrcll$cd by increasing the 

detector density near the centré of the array. The single particle spectrum plays an 

important role in the conversibn of ADe cOijllts to particle number. The relinbility of , 

these conversions depends upon the frequency with which the SPL data are collectcd. , 

The most reliable method to estimate of the SPL mean with the use fi of 1\ h\Scr 

source and fiber optie cables to connect the photo tubes to the recording electronics. 
o 

Suchtan arrangement combined with a laser filter, could ruso bè used to dcterrpin<' 

the gain of the photo multiplier tubes accurately hence to achieve higher aceuracy in _ . r-
data conversion. A less expensive way of achieving trhe srune,goal would be calibrate 

each detector separately with a pulsed laser. The most inexpensive prop<?sition would 

be the installation of the required electronics to .the en able SPL data collection to be , - . 
automated. 

'-
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