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ABSTRACT 

The LEDA extensive air shower array ie ~ device used for searches 
of point sources of cosmic rays., We eurvey the his,tNry of suc;h searches 
a.n.d describe the design and Construction of the LEDA de'tector with 
special emphtÜis o~ the timing and directional resolution chàra.ctéris
tics. We fina through,a combination of Monte Ca.i'lo and data analyais 

"'1-- ~. 

that the angular resolution is b'étw~ 0.65°, and 1.25°, sufficient for 
point source searches, Very preliminary results on star-tra.cking are 
presented, indicating good acceptance of our èXp~ment for the "(-ray 
source Cygnus ~-3. . ". (/ , 

I? / 

" . 
~ 

RESUME 

La matrice LEDA pour mesurer les gerbes at!D0sphériques, 
étendues est un appareil utilisé pour chercher deS~'8ources ponctuelles 
de ray6ns\cosmiques. Nous donnons un apen; de l'histoire de teUesf.J 
rècherc1les et décrivons la construction du c;fétecteur LEDA avec 
l'emphase SUT la résolution temporelle et directionnelle. A travers 
des pr6Çammes Monte Carlo et l'analyse de données expérimentales, 
nous troü'vons une résolution angulaire entre 0.65° et 1.250

, ce qui 
est suffisant pour chercher des sources po,nctuelles. Des résultats très 
ptéliminaires sur les positions des étoiles sont présentés, indiquant 

. une bonne acceptation de notre eipérience po~ la source de rayons' "1 
CygnusX-3. 
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, 1.0 INTRODUCTION -
. '\ 

Soon after the pulsar C;ygnus X-3"was discqvered to be ~ source ~f very hlgh. en-
'. 

ergy neutral particles (geher'ally believed to be 'Y-rays), physicist~ and astro-physicists 
> • 

J 

i~tensified their research efforts in ohtaining more data on the cosmic ray phenornènon. 

Sometimes the results of these bbservations brought more questions than were an-
, 

swered. Are the high energy particles coming from Cygnus X-3 'Y-rays, or-sorne un-

known partièle? Why is' the flux of Cygnus X-3 variable? What causes the production 

of these high eneigy particles?' 

Before theorists can even begiri. to answer these questions, more'inf~rmatîon is 

needed about the locations of other 'Y-ray sources, the energy Îlpectrum of these "'(-
" ' 

rays, and the intensity variations of ,-rays over the period of the pulsar. At 'McGill 

University in Montreal, we have huilt an extensive air shower array LEDA ~L'arge 
- r 

Experiment to Detect Air Showers) whose purpose is tO' add more information in the 

hope that it will help to provide solutions to these questions. LEDA consists of 19 
........ " 

1 ~2 identicalliquid scintillator detectors with an effective viewing area of 23,000 ~2. 

Each detector measurés the particl~ density of the showerfront, and the,relative arrival 

ti~es, Thë particle density is used to estimate the energy, and the relative arrival 

times are used to estiimite t~e direction of the original cosmic ray. The direction al 

analysis (usually referred to as the fa~t-timing technique) cannot he accornplished 

unless the timing accuracy of each detector is known to within a fe.w nano-seconds 

(ns). Thls thesis will specifically deal with all aspects of the experirnent which are 
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relevant to t~e location of ultrp. hi,gh energy (UHE) cosmic ray.sources. 

There are many methods to measure th~e cosmic rays and calculate their en-
... . 

ergy and direction, and they will be briefly discussed in chapter two, along with 

the current observations of 'Y-ray sources, In chapter three, the detectors used in the 

• • 
LEDA experiment will h~ discussed in detail with special attention given to the ti~ng 

resolution of the phot~multiplier tube, light collection, and the time-slewing effects ) 

of the electronic equipment. Cha'pter four will discus~ the array as a whole, again 
'. . 

with special emphasis on the timing characteristics of the array. The'datl} analysis ") 

will he discussed in detail in chapter five, and finally, the preliminary results of our' 

observations will be discussed in the concluding chapter of this thesis .. 
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The cascade'~4o~~r effect ,was originally discovered by B. RÔs~t in 1933 when he' . " ... ~, . 
:'>: • ~~ 

proved that the 'soft component of cosmic rays would multiply'in number when they 
.. 1 ' , .. 

passed through lead shielding. In 1937,J.F. Carlson an? J.R. Oppenheimer developed 
." 

the theory for this process." As a highly energetic particle passes through any medium. 

it will interàct with a nucleus to produce more partièles, each of which is also highly 
1 

o energetic. For example, an .electron or positron emits high energy photons when 
',() J; ~ v 

deftected by the nuclear coulomb field (th,e bremsstrahlung rocess). A photon, if it 

has an energy of 1. 02 Mel( or greater, will pnder certai circums tanc,es split into an 
1 .. , 1 

LI 

e~ctron and pORitron (the pair-production pme . Since the energy of the primary 

particle is equally shared with the electron-positron pair, the energies of the individual , 

particles decrease rather slowly in comparison with the increase i~e number of 

particles.1 
1 

• u 

An air shower is simply a cascade sliower' produced in the atmosphere, which is 
o ~.. ~ ;'!./~~ , 

27 radiation lengths long,' instead" of an absorbing materia!. Ïf the' pnm,ary particl~'" 
" 

is energetic enough (l'V 10i4eV or higher), 'the subseq~ent particles retain enough', 
.~ J , _ 

energy to penetrate the atmosphere and reach, sea level. By this tire. the number of 

parti~les is very large, and because the -low density permits the se~ondary particles 
.,' l.- / 

to spread far apart over the longitudinal range of 20 km, the latera! .. ~~read' of the 
" . -

particles mayexténd as fai as severa! hundred meters. The term 'extensive air shower'-~ 
!] 
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(EAS for short) is used to describe this event.· The ftux of cosmic rays with energy . . 

> 1018 eV/particle through ~ 1 m2 detector outside the atmosphere is 1 particle per ' 

3000 lIrs, but in the process of creating an air shower, the atmosphere magnifies the 

. signal 8.I!d dÎstributes the secondary particles over an area of the order of one square 

kilometer. The result of this magnification is that the detector neèd only sample 
. . 

a small portion of "the air shower, whi'iP. give~ the 'large shower size, results in an 
.-

enormous effectivé collection area. One could then detect the resulting air showers / \ . 
approximately once ~ry few weeks.2 .An example of the beginning of an EAS is 

sh6wn in figure 2.1. ' ? 

Compo.5ition 

, 
The extensive air shower consists of three components: 1 r the hadronic com-

ponent, traditionally cl;Ùled the N-component (aIl particles which p-~ticipate in , 
the strong nucl~ar interaction); 2) electroq:tagnetic or soft component (electrons, u 

positrons, photons); and 3) the hard or muon co.mponent. 

, 

The N-component is created when the primary charged nucleus intlracts with 

an -air molecule. It creates high energy secondary nucleons, anti-nucleons, mesons 

and hyperons, with the most abundant being the 1T'-mesons. The number of nuclear 

active particles increases with depth until it reaches a maximum, which occurs when 

the increase in particles is exactly compensa:ted for by the dissipation of the less 
, , 

energetic particles. After 'this maximum, the number of particles in the N -dtmpon~t 

decreases with attenuation le:p.,gth Ln which depends weakly on the atmospheriè depth. 
-_ ~I 'l 
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The decay of the K-meson ~d the 11':1:' gives rise to the' muon component which is 

thereafter non-multiplying. Th~ num9er of p's increa'Be as the 'N-cascade develops 
• 

sinee the muons may be lost only by deeay and ionization losses, both of which are 

of little importance' for muons of moderately high energies. The lifetime of the muon 

is '" 2.2 X 10-6 s, but relativistic time di.1ation increases this by orders of magnitud~ . , 

allowing muons to survive to ground level. 

• 0 

- The electromagnetie cas~ade is started when the seconda,ry 11'0, which comprises 
1 

20 '" 30
c
% of the N-cascade, deeays into two ")"s, which occurs > 98% of th~ time. T~is 

.~ -
deca.y haB a lifetime of 10-16 s so chances of -the 11'0 interacting before decaying are 

remote. The "Y-raysI>roduce electron-positron pairs which will în turn produce "Y-rays 

from th~ bremsstra.hlung process. The electromagoetic shower is not 'pure' in the 

sense that it can ruso produce muons. H the ,-ray has an energy ~ 2 x 10geV it can 
. 

pro duce 1I'-mesons which will then produce muons. lIowever, this process has a very 

sma.ll cross section, and the total number of muons produced in the electromagnetic 

cascade is 0.1% of the nuinber of electrons, which ià 10 -t 100 times smaller than the 
l> 

observed numberof muons in a proton initi.ated shower. 

The final products of the air shower will consist of the three components (N, elee-

tromagnetic, and muon) as weil as neutrinos, which are created along with the muons 

in the development of the N -cascade. These particles will cover a nearly circul8l' area 

about an axis which lies1along the trajectory of the primary cos mie ray, and the num-

ber of particles that .belong to the respect'lve components in the EAS are denoted by 

6 
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Nn , NIJ' Ne· Ne is a.bout 95% of the total, NIJ f'oJ 4% and the N-component is ,...; 1%.

Ind~q, physicists were long rillsled by the overwhelming abundance of electrons to 
, ' 

'~:~ ...• ; 
iilie~ret the showers as purely electromagnetic cascades.3 Most of the N-component 

of the air shower"which does penetrate to sea level is centered around the corè of the 

shoJer. The relative density of the muon component N"JNe however, increases as 

.one moves away from the core. 

In 1941, Schein ~t al.4 meas\tl'ed the differences of the cosmic ray flux in the east 

- west direction and concluded that most of the primary cosmic ra ys are protôns. 

The rest of the primary cosmic rays are nu~leons, with the heaviest being iron. The 

gross features of the relative abundance of these nuclei are similar to those of galactic 
,. 

elements. There are sorne cosmic ra ys which are photons, but they comprise less than 

i % of the total flux. 3 

Lateral ,Didribution 

As described earlier, the 'secondary cosmic ray parti~Jes will form a thln disk

.' " like ~hape centered aroend the core. of the shower. 10 an electromagnetic air shower, 

,:" the Coulomb scattering suffered by the electron as it passes by air molecules is the 

most significant cause of the displacement of these electrons from the-shower axis. 

The most common function which describes this lateral distribution is the function 
1 

calcwated by J. Nishimura, K. Kamata, and K. Greisen, commonly referred to as the 

NKG function: 

7 
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where 
1 

r = distance from the core 

Ne = total number of electrôns in ~he shower at 'the detector level 

B = shower age 

rm = Molière radius of air = 21Xo/Ec where Xo is the radiation length and Ec 
", i _ 

is the critical energy of the electron. (rm f'V 79m at sea level) 

The Molière radius r m is a characteristic unit of length which is inversely proportional, 

t~ the density of the medium. The shower age, s, describes the state of the longitudinal 

development of an electromagnetic 'cascade as weIl as the lateral spread of the cascade 

-particles. li s < 1 the- number of particles in the shower is increasingj at s = 1, the 

number of particles has reached a maximum, and for s > 1, the number of particles is 

decreasing. This is illustrated in figure 2.2, The s-parameter can also be described in 

reference to the energy spectrum. In a shower initiated by a single photon or electron, . 
the power-Iaw spectrum of photons or electrons would be5 

.. 

where: 

ne(E) = number o.f electrons 

E = energy (eV) 

s = age 

\ 

2.2 

The energy E of the primary particle affects the rate of the shower growth (see fig-

ure 2.3)2 ahd hence, the age at a given depth in: the atmosphere is a function of this 
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FIG 2.3: The total number of electrons, as a function of the thickness (g cm-3) of 
air crossed, produced by photons of various energies, W., in eV, The parameter 8 

is the age of thé shower at. di1ferent stages of its develop'menh 

~nergy, The results of the experiment-s studying cosmic ray showers are contrary to 

predictions for electromagnetic cascades begun by a single photon or electron at the 

top of the atmosphere, or by a collection of 7r
0 mesons originating in a single nuclear 

collision at the origin of the shower. 5 Hence a shower can J:>e identified as having a 

charged nucleus as the primary cosmic ray if the age parameter differs greatly from 

the one expected for it from the theory,5 

Up until this time, we have only considered the electromagnetic models for the 

lateral distribution of particles. However, if one discounts the~mesons and their sec

ondary particles at very large radii, the NKG function (and its approximations), agl'ee 

closely with the pure electronic cascade mode!. The energy of the incident primary is 

10 
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then calculated using the rough estimate of: 
\ 
\ ' 

\ 2.3 
a 

E ~ 1Ot ON eV 

where 
1 

\ 
N = the number of electrons at sea level. 

Time DiJtribution 

An electromagnetic shower consists of many electrons which have a broad range 

of energies, scattered throughout the shower front. This gives rise to relative Ùme 

delays between the photons and eleetrons. If these delays were due to the difference 

in velocities, they would be very small sinee all the particles in the shower travel with 

velocities close to the speed of light, and the total distance that they cross is onlya 

few kilometers. It is the differences of path length caused by scattering of the electron 
c • , 

off of air molecules which introduces measurahle delays for the electrons. Oné of the 

earlier EAs experiments6 measUr~d these time differences and found them to be of the 
'" 

~rder of a few nanoseconds. This corresponds to the shower front having a physical) 

thiclmess of 1 rv 2 m. ) 

When measuring an EAS, another time factor must also he taken into considera-

tion. Usually the spower front is described as a thin disk, but in fact it has a. spherical 

• 

. shape. P. Bassi et al. '! u~ed three partic1e counters
l 
arranged on a single plane to esti- \0..../ 

. , 
mate the average radius of curvature (R). They ooncluded that the expectation value " 

for the radius of the shower front is 2600m with a lower limit of 1300m. Thèrefore, 
, ; \ 

if ope measures the EAS with an array of counters on a. si'~gle plane, the off-axis 
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particles will be delayed by a factor' 1. 

where: 

tP 
ct~

. 2R 

1 

l, 
1 

, 

R = the radius of curvature for the shower front 

d = distance of t~e particles froD;l' the core of the shower 
o 

2.4 

The showet front can be approximated to a thin, disk-like plane only if the method 

of detection is arranged such that the off axis delay time is of the srune order as the. 
J ' 

. electron-phôton delay time due t6 t~e shower tnickness, as de.scribed in the previous 

paragraph, ie: dl /2R l"oJ 1 m or d l'V 73 m. 

2.2 Observational Methods . 
The extensive air shower is ~ complex phenomenon '!Vhose properties cannot all be 

~ ~ 

studied in detail ~y one single experimental design. Therefore more, than one method 
l , 

of observation has been developed to measure the particular aspects ~f cosmic rays 
t ~ q, ~~ 

, that the physicist wished to study. Some of the methods of observations are: 

(1) observation of th~ Cerenkov light produced in the atmosphere by energe~ic elec

trons can be used to study: the longitudinal structure of the EAS and the incident 
~ . ~ 

t> directions of primaly cosmic rays,in the en~rgy raitge of 1012 -+ l015 eV; 

(2) ext~nsive air show~r arrays, which can determine: _ 'the energy spectrum from 

1015 -+ HJlgeV; the lateral spread of the particles by method of core selection; 

and the incident direction of the primary cosmic rays using fast timing techniques 

which can be used in studies of the isotropic or anisotropic natur?, of the flux; 
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Atmolpheric éerenkotJ ~etectorl ] Î'", 

As the air shower progresses through the atmosphere, the energetic electrons 

(E ~ 21 MeV) emit Cerenkov light with an angular deviation less th~ 1°. Large 

mirrors are used to focus this light onto an array of photomultiplier tubes: One 

of the advantages of this technique is that it provides a means of investigating the 

longitudinal structure of the EAS. The intensity of Cerenkov light is proportional to 
~ 

the total energy dissipated in the atmosphere. Another advantage to this method of C' . \ 

observation is a good angular resolutio~( "" 1 0), suitable to the study of the anisotropy . 

of primary cosmic rays. However, the largest disadvanta~e of atmospheric Ceren~ov 

light detection js the inability to take data at any time other than clea.: moonless 

nights. 

Detectors are designed with parabolic mirrors with either one photo-multiplier -

tube (PMT) or an array of PMTs placed at the focal point of the mirror. The mirror 

. gives gr~at sensitivity, due to both the la.r~e area of light collection and to the nar~ow 
. 

aÎlgular pointi~g. The mirrors that use only one PMT measure the particle density , , 

indirectly by measuring the Cerenkov light flux. This flux is related to the number of 

particles in the shower by the fol1owing formula: 8 

Q "" NO.8±o.05 

where 

Q = flux of incid~t ~erenkov light 

N = the number of particles 
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FIG 2.4: CERENKOV-LIGHT MAP of an air shower wu made with the 10-meter 
reflector At' the Whipple Observatory. The circl~ represent the phototubes. The 
numbers are proportional to the in~ensity of the light reeorded by each phototubej 
the lines are intensity contours. From such a map the axis of the air shower and 
hence the arrivai direction of the C08miC ray can be calculated. In this case the 
axis of the shower is parallel to the axis of the deteetor and displaced !rom the 
deteetor toward the lower left. The map records only a part of the edge of the 
conica1 shower, which. may he hundreds of rnèters in diameter. 
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cIe in this side view of two vertically incident ahowers. .. \ -
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The mirrora which have many PMT's at the focal point are used to reconstruct the 

image fonped on the mirror by the Cerenkov light rings. Since the shower developm~t 

is obsetved over a large range, and sinee each electron over the critical energy will 

'produce Cerenk~v radiation, the image pro?ueed on the mirror will not be a single 

ring, but' instead it will consist of a circle or elliptic form of light. An example 

of this is shown in figure 2.4. It shows data obtained at the Fred Lawrence Whipple 

Observatory.9 By Monte Carlo methods it was shown 10 that the directional differences 

\ 
of eledrons in an hadronic shower is much larger than in the purely electronic shower. 

Hence, it can be seen from figure 2.5 that the circle of Cerenkov light will be narrower if 

the air shower is initiated by a 'Y-ray. Thus these detectors can be used to differentiate 
1 

between the showers initiated by a 'Y-ray or a charged particle. 

~ 

One method of oQserw.tion, used by the Crirnean groupll , requires two or more 

mirrors pointed towards sorne pre-fixed location in the sky. The advantage of these de

tectors is that they can study EAS which have an energy ~ 1012 eV beéause Cerenkov 

light is ernitted bel ore the shower particles have been absorbed in the atmosphere, and 

since the Cerenkov light is in the visible rang~, it suffers.very little attenuation. The' 

disadvailtage of this method is that the detector is only sensitive to a small portion 
'" 0 

\ 

of the sky during any particular time, which would make it diHicult to find any new , 

ani~ropic pr?perties of the 'Y-ray fluxes. 
\ 

, -

The Fly's Eye experiment in Utah uses 67 mirrors. Each o~_:./ minors points 

to a different region in space covering approximately 6 steradians of viewing angle. 
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\ structed shower trajectory is indicated by thé heavy line. Crosses denote phototube 
~perture in which a signal was detected. b) View of the plane deflned by a sbower 
and the optical detector. 
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This enables them to observe showers at· yery large distances. As the shower pro-

gresses, various detectors will record the light generated by two separate processes; ,. 
the Cerenkov radiation of shower going directly into the Fly's Eye; and by the scintil-

lation light caused by the de-excitation of the nitrogen molecules in the atmosphere: 
< 

Thfs detector has many advantages, the most obvious being that almost all of the sky 

can' be observed simultaneously. The second advantage is that the longitudinal de- li 

velopment of a shower can b~ <?bserved *hen the shower is located anywhere between 

0.3 and 50 km from the detector. This method is illustrated in figure 2.6. Ho~ever, 

the- disadvantages is that the spectrum is limited t'012 1016 ~ E ~ 1()'l1 when mea-

! ,-' 

. 
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8~ the nitrogen ftuorescenœ and 1012 - 1014 e V for the ëerenkov radiation; and 
o 

, - the 'source of the primary cosmic ray cannot ]le measured with the SarDe degree of 
- ~ 

accuracy as the previous described methods. . 
1 

~zten.si'tJe Air Shower A rray.s 

The most ~ily measured quantity 01 an EAS is the .1ateral distribution. Since 

the total number of particles s=annot be measured directly, it is ~ecessary to measure . , ~ 
, 

the number of, partic1es falling on a funited number of detectors.t These detectors 

usually consist of a combinat ion of: scintillators, for counting particles as fieU as fast-' 
o 

timing; geiger ~unters; thick Cerenkov counters, to absorb the electronic component 
• li! 

and thus measure the energy densitYj' shielded detectors to measure the muon contcmtj 

and/or flash detectors used to ,study the hadronic portion of the EAS. 
1 

To deteninne the shape of the energy spectrum it is necessary to mst calculate 
p 

the totar number of particles which arrived at the detector level, which would indi<\8-te 

(by èquation 2.3) the energy of the incident primary. The relative accuracy of these - , . 
l ' 

measurements is dependent upon the spacing and the physical arrange~ent of the 

0" detectors used to study the.EAS. This is because the density spèctru!D fails off very 

• 

, 0 

rapidly as o~e goes away from the core of the shower, and if the density of particles is 

too low near th~ detectors, the statistica1 fluctuati?ns start to influen~ the calculation 

of the shower core, and hence, the meaâurement of the ener~ becom~ suspect. For 
\, -

exarripJ~, if a 'Shower has 2 0 105 (E N 2 0 lOIS eV) particles, the theory pr~dicts that 
~ 

*e part~cle density will be 25 pprlicles/m2 at a radius of tOm trom the core, but the 
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density will fall to Jess than 1 particle/m2 in less than 50 m.3 To measure this size of 

shower accurately, the particle counters must be placed close together, or the event 
- ~ 

.. a 4 I:l. 

will not be seen. 

The cor~ of the sh9wer is usually calculated by fitting the data to an approxima, 
tion of the NKG functlon given by: 

1 
_.L 

- e"· 
p(N,r) = N -2' ( 1) 

1rro ro r + 
2.6 

where 

r 0 = is an approximation of the Molière ,iadius (70 - 75m) 

r = radial distance from the center of the shower 

N = total number çf particles 

The age of the s'!lower is approxima'ted to be 1.25 in this formula. A figure compar

ing the NKG function (eqlJation 2.1) and equation 2.6 is shown in figure 2.7: This 

Îr~ction, when 6.tted to the experiméntal data, W111 not onÏy locate the core of the 
,0, 

shower, but also estimate the number of 'particles in the shower. The methodology 

usCd in 6.tting this function is given in detail by Murthy.13 
-; 

If the experiment is used to infer the properties of high-energy int~ractions by 

studying the air shower, it is necessary to investig§.te the structure of the EAS core 

. (remember that the N -éascade is conce~trated near the core), and this requires setting 

the detectors close together near the center of the array. 

The muon detectors that are often used in exJensive air shower arrays"serve . ~ 

, . 
multiple ;>urposes. Currently, the most popUlar ~se for muon detectors is called the 
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'muon veto'. By counting the number of muons in the air shower, it is possible to 

determine whether a charged particle or a ,-ray initiated the shower because, as 
\-, 

mentioned before, although the electromagnetic cascade is not 'pure', the number 

of muons prodùced in an electromagnetic shower 'Y -+ 'Ir -t p. is less than 1/10 the 

.number produced in an hadronic shower. If the number of muons is largej (N"IN ~ 

10-1), the air shower is most probably the result of a hadronic shower, whereas if 

the shower is muon poor; (N ,,1 N)-"'f ~ 10-2 , then ~he shower can be said to he purely 

electromagnetic in origin. 
..' , 

The results of the above methbds can he impro~ed if the arrivai ilirection of the 
~ . 

shower is known. The density measurements obtained from the particle counters ca.n 
• 

he corrected for the increased energy deposited in the detector due to an increased "--

path length. AIso, if the arrivai direction' of the shower is knovm, the effect of the . . 
depth of the atmosphere which the shower has passed through can be studied without 

quilding two separate arrays at different elevations. Because ,-rays are not defl.ected 
. . 

from their pa.&h hy the galactic magnetic fields, the direction of the shower can also 

he used to find 'Y-ray sources. 
Q 

The method used f?r determining the direction of the incoming primàry particle 
o 

is called the fast-timing technique. It is described in detail by A.C. Smith et al.14 

ln essence, the relative time delays of each counter can be used to fit an equation 

representing the shower front élistribution. If the detector array is small enough 
\ 

("" 100m iri diameter) the shower front is oonsidered to be planar, and the data is fit 
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to the expression 

Pet. = Xi • sin 9 cos tP + Yi • sin 9 sin 4>' + ~ 2.7 

where 

ta = time measurement from counter i 

Xi , Yi = coordinat es qf counter i 

fi = velocity of the measurable shower front -

8 = angle of the normal vector to the zenith 

tP = angle of projection of the normal vector in the x-y plane , . 
a = height of shower front at x=O, y=O when the trigger was foimed. 

<:) 

However, for larger arrays, it may be neces.sary to include the shower curvaturé cor-

redion tP /2R in tJ;tis calculation. 

2.3 'Y-r~y Astronomy 

Cosmic rays ,have been studied fervently 'since they were mst discovered in the 

late thirtiœ. Many of the properties of cosmic rays, such as the ,composition of the 

primary particles, energy spect;-um, lateral distributions of electrons, hâdrons, and 

muon~ and the longitudinal development, all have been studied in detail. However, 
" 

although ~ a new field, ,-ray astronomy is becoming a 'hot' topic of research. U nlike 

charged particles, ,-rays cannot be de8ected from their course because of the galactic 

magnetic fields, which enables us to pinpoint their location of creation. To do this, 
~ -

the scientist must search for anis~tropies in the 'Y-ray flux. The difficulty of this task 

lies in the fact that of all the cosmic-ray particles, ,-rays comprise lesS' than 1%. 

22 



o 

,n, 
V 

o 

t " 1 ~'> ~ , ,r , " .. ~J'~ ./ "\.~,~ ~,~' ~ ,~" s',.!' -:J , ~~;:<..:~ 

, , .. ' 

Ob&ef'11ation of C08mic 'Y·ra1J& 

Since the famous radio outhurst of Cygnus Xw3 in 1972,15 much time has been 

spent studying this system under. aU energy ranges; X-ray, ràdio, ultra-violet, etc. AU 

of the energy ranges (except for radio) show a 4.8 hr periodicity with 'O-phase' cor

responding to the X-ray minimum. This 4.8 hr periodicity of fluxes is the fingerprint 

used to distinguish eyg X-3 from other possible soUrces. 'Y-rays werë first detected 

from eyg X-3 in the 100MeV region by Galper et al.16 in a balloon experiment in 

1976 and in a similar experiment by Lamb et al. 17 in 1977 on the SAS-2 satellite. 

Both experiments used magnetic core spark chambers to measure the "'(-ray fluxes. 

Gasper et al. obtained a. flux of 
1 

2 x 10-4 photon8~m-2 8-1 ( for E.., > 40 MeV. 

Lamb et al. obtained a 4.pO' excess of "'(-rays over the 1?a.ckground with fluxes of 

for E ... ; > 35 MeV 

and 

'" 4 X 10-6 photons cm -2 8 -:-
1 averaged over the entire 4.8 hr periode \ • 1 

". 
1 .... " , ( 

The phase plot. shown in -figure 2.8 from Lamb et al. (E-y > 35 MeV) shows one 

i>~, which is not sharply defined. This distribution closely resembles the amplitudes 
, ï 

displayed in the X-ray region. Pa.ra.doxic~y, the COS B satellite experiment in 197719 

found no excess "'(-rays from eyg X-3. This may be caused by the real time-variatÏoDs 

of the flux. 
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" After this initial study of low energy {-rays (E..., '" 108 eV) Cyg X-3 became' an 

ob ject of extreme interest .. Many cosmic-ray physicists went back to anaIyie their 

da.ta that had bren col1ected over the years to ~ determine if they had any evidence 

that eyg X-3 was a high-energy {-ray source. 

In 1979, the Crimean groupll published a paper in which they had analyzed six 
~. 

years of data taken from 1972 to 1977. They had used two 2.5m parabolic mirrors 

and fas\ photom~tj;liers t~ obserye the a~mospheric ëerenkov lighi from air showers 
'" "' ~ " 

with E > 1012 ev. .. The Crimean group found that the ,-ray,fluxes did not show as 

000 0 .or, 0 

" " , 

nearlya sinusoidal flux as in the X-ray region, but they claimed to see two peaks at • 
( , 

X-ray phases 0.157 - 0.212 and 0.768 - 0.823 (see figure 2.9). The first pulse had a 

statistical significance of 5.40', with the second having a 2.70' significance. The pulses 

- ar~ separated by..-.p.4 of the period, occurring jast before and just after the X-ray 
. .' 

minim~. The flux recorded for the 1" and 2nd pulses were recorded by the Crimean 

group to be 

, 
At the Mount Hopkins Observatory in southern Arizona, Helmken et al20 studied 

, . 

'Y-ray fluxes from several X-ray binary stars in the Cygnus system during the winter of 

1976-1977. They used a 10 m reflector which was multiplexed to give 10 inq.ependent 

10 bêams. No ~xcess 'y-rays from Cy~ X-3 were found and that placed the upl\er flux 

limit at 
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In the early 1980's, the results of the Crimeau group were confirmed by the Mt. 

Hopkins Observatory21 in April, May and June 1980, and by the Jet Propulsion Lab 

at Edwards Air Force Base in California22 during 29 Aug'- 6 ,Sept. Both experiments 

. used two mirrors with the Mt. Hopkins group using 2.5 m diameter mirrors and 

5 cm photomultipliers, giving them a 2.00 field of view, and the JPL group having a 

total ,field of view of 2.00 and 2.80 for each mirror. Both experiments measured the' 
I!l 

background rate by looking on either side of Cyg)C-3 as it passed through the field of 

view of the mirrors. Dan~er et al.21 observed a 3.5u, peak between 0.7 - 0.8 phase. 

The flux îhat they obtained was 

'" 2.5 X 10-10 photons cm -2 S-l for E > 1012 eV. 

\ 

Lamb et,al.22 found a 4.20' excess in the phase between 0.5 and 0.7. They.gave·a flux 
J 

averaged over the entire cycle as 
. . 

~8 X 1O-~oton.cm-2 .-1 for E > 1012 eV. 

The r~ults of both these experiments are shown in'figure 2.10. 

Ult~a-high energy (UHE) '"(-rays (E.., > 1014 eV) éan be detected by extensive air 

shower arrays. The mst evidence that eyg X-3 was a UHE '"(-ray source came from 

t~e EAS array at Kiel23, in 1983. The EAS experiment (located at sca level) consisted 
, 

of 28 - 1 m2 area scintillation counters located at distances up to 100 m. The detectors 
" . " 

could provide information on the shower core, shower size Ne, and the age parameter 

s. They used the fast-timing te~que to determine the direction of the sho~er front. 
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: FIG 2.11: Number 9f extensive air showen detected by the Ki~ group of sise 
n. ~ 105 particles and age parameter 8 ~ 1'.1 in the declination,band 40.00 ± 1.So 

as a function of right ascension. The dashed line represents the average number of 
showers per bin over the total band. 

The data was taken over a 4 year span from March 1976 to January 1980, however 
. 

the effective viewing·tim~ of Cyg X-3 was on1y 3,838 hours. As discussed earlier, a 

nucleonic shower cau be identified if the measured value of the age parameter differs 

greatly from the one expected for it from electro-magnetic cascade theory. So, tô 

decrease their backgroWld events by'a faCtor of 2, they considered only the showers 

" with an age s ~ 1.1 to ,be "Y-rays initiated ,showers. The results of their analysis is a 

4.40' excess above the aver~ge off source background shown in figure 2.11. When this 

excess was folded into the 4.8 hr period, the peak occurred at the .4 phase. The flux 
. . 1 

averaged over the entire phase was given as 

for E > 2 X 1015 eV' 0_ 
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FIG 2.12: Phase histogram of the arrivaI times of extensive air ahowe ze 
N. ~ 10' particles and age parameter 8 ~ 1.1 from the direction 6 = 40.90 ± 1.50 

and 01\= SOr.So ± 2.0°. ,The phase parameters used are those given by parsignault 
et al. la 

-Error bars represent ±10' 8~tiatical errors. The dashed line corr:esponds 
to the average off-soUlce rate of 1.44 ± 0.04 showers per bin. ' 

(1.1 ± 0.6) X 10-14 photons cm-2 8-1 for Eo > 1016 eV. 

Their results are shown in figure 2.12. It should be noted that the Kie~ group did not 

observe a low 'fraction of muons in their UHE photon sample. 

The Kiel results were subsequently confirmed at Haverah Park24 in the U.K.and ~~t"" 

';>i,! 
/~ 

Aken025 in Japan in 1983 and 1986 respectively. At Haverah P~k, four water 

èerenkov counters were used with 3 of the detectors placed on the circumference 
L . -- . 
f ') of a 50'm circle and the 4th detector -located at the center. The array is sensiiive 

.. • j 
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to the range of 101S~- 1016 el". Beeau&e of the large siZé' of the'èerenko; counter' 

l ' 

(13.5m2 x 1.2m) and slow phototubes, the expec~ed angular resolution was f'oJ 3° . 

The background was measured by looking on either side of eyg X-3. The excess flux 
~ . 

from eyg X-3 averaged over the 4.8 hr phase is given as 1. 7(/. They attribute this low 

significance to their low angular resolution. However, when the 'Y-raya from Cyg X-3 
> , p 

4 

were folded into the 4.8 hr period, a sh~ peak occurred at 0.225 - 0.25 phase. The 

intensity was given as 

-- N 1.5 X 10-14 photons cm -28
1

-
1 for 

At Akeno, the,.EAS array çonsists of 153 1 m2 scintillation counters and nine muon , 

detectors with an overall area of 9 x 25.m2 • Thé data was recorded from early 1981 to 

Sept~mber 1984. They obtained an angular resolution of 3° for the arrivaI direction 

of the shower. T,he ratio of the percent age of muons to electrons (R = Nil/Ne) was 
o ,- rJ • 

,used to select data in favor of 'Y-rays aga.inst the charged particle initiated showers. 

H R ~ 0.001 the shower data was rejected. The integral flux obtained was 

and 

l , 

for E > 1015 eV 0_ 

for Eo > 6 X 1014 eV. . 

Other observations of eyg X-3 shows the sporadic nature of the 'Y-ray fluxes. On 

17 'June 1985, the Fly's Eye attnospheric Cerenkov detector26 found a 3.1(/ effect on 

-y-rays ~ 1013 eV. In 1985 the Baksan air s1;lower array27 observed ~ 40% increase ~ 
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the n1UÏlbe( of deteeted air shoW"ers from Cyg X-3. This excess occurred following a 

large radio Bare on 9 October ,1985. A summary of the observations _of Cygnus X-32• 

sho~g the deteeted phases (relative to the x-ray minimum) and the time-averaged 

integt.al "(-ray Bux above 10nleV is shown in figure 2.13 . .. 
4 Cyg X-3 is n~t the only emitter of UHE "(-rays. The B~ckland Park Air Shower 

, " 

Array in Australia:28 measured an excœs of "(-ray showers ,coming from Vela X_129 

• 
in the southem hemiaphere. They used 5 fast-timing counters to obtain an angular 

~ 

, . 
resolution of 20

, and cut all the showers which ha<! an age less then ~.3. When the 
e 

data was folded into the gd.96411 period, they obtained a 4 sigma spike at 63°. 

The Fly's Eye detector30 found evidence for 5 x 1014 eV -y-rays from the X

ray binary Hercules X-l. 'They us'ed 67 mirrors to study the atmospheric Cerenkov 
, . 

light from the incoming electro~. Their angular resolution was i5°, therefore they 

ccntered their viewing range to a 7° circle centered ar,ound Hercules X-l. They 
o 

,obtained a 1.80' excess of "(-ra ys from Hercules X-l. When the data was ,folded into 

the 1.24 period of the X-ray, spectrum, it was found that only the data taken early 

in the night of 11 july 1983 had any ~ignificant results. These results are showndn 

figure 2.14. The flux calcul~ted f; ~~s P~rigd..is given as 

, , 

Currently there are more EAS experimènts being proposed and/or built to specif-. " 
,il • 

ically study high energy "(-raya sources. Our experiment at McGill university is an 
D 

air shower array JLEDA) which is composed of 191m2 liquid acintillator detectors 

32, 
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FIG 2.13: a) A Sllmmary of the phases (relative to X-ray minimum) for pulsed 
emillion above 500GeV from Cygnus X-S. I

' The numbered sectors, 1-7, are taken 
from refs 24, 22,22, 48,49, 2Q, 21 respectively. The probability of each measure-, 
ment oçcurring by chance has been estimated from the cited references (where not 
explicitly stated) and is plottep radially. b) The time averaged-intègral "(-ray flux 
above 1011 eV from Cygnus X-3. Source ofmeasurement&: 0, ref 21; 'il, tef 49,,\7, 
rer 20; Â, rel 50; U, ref 48; ~, ref 22; ., ref 24. The dotted Une is an _estimate of 
the spectral slope between 5 X 1011 and 5 x 1015 eV. 
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FIG 2.14: Phase dependence of the IIhower arrivaI times for the flret half of the 
data received on 1983 July 11 at the Fly'8 Eye Detector. The dashed line is the 
expected number of..events in each hin. 

arranged in a uniform hexagonal array with a radius of 86 m. The direction of the 

shower front will he found using the fast-timing technique, and ,-ray showers wi~ he 

determined by the age parameter, in a method similar to the Kiel experiment.23 

. An air shower array consisting of 64 detectors in a 100 m x 100 m square at Notre 

, Dame31 GRANDTM (Gamma Ray Astrophysics at Notre Dame) is heing huilt with 

,'four layera of multi-wire\proportional chambers (MWPC) in eam detector. There 

Jin he a steel shield over the 4th MWPC which will he used to differentiate hetween • <> 

electrons an~ muons. The direction of the shower will be determined by the direc-

"tion of the incoming particles measured by the MWPC, The ,-ray showera can be 

determined by making cuts on the ratio of !iPIN" . 
• 

, 
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A~ 'ambitious project to build an ~ower arra; (CASA) (Chicago Air Shower 

\ ,;;:~ 

~; , ~'.;." 

", , J'\ 
':Î 

Array) at Fly's Eye in the Utah desert has been proposed by Jim Cronin in Chicago~2 " 

They propose to build 1064 1.5 m2 scintillator detectors pla.ced on a square grid with. 

. a 10 m spa.cing between each detector. Shower directions will be determined by fast-
) ~' . 

timing techniques. This will operate in conjunction with a muon detector array built 

by the University of Michigan.32 These muon detectors will he used 'to help determine"", 

the "(-ray initiated showers by the ratio Np/Ne . 
• 

Model" 
o 

• 
With ail the data obtained -in the last 10 years on the "(-ray ray fiuxes from 

Cyg X-3, theoreticians have been pressed into finding models which would describe 

the production of the UHE "Y-rays. An obvious constraint on the models for the - . 
... 

origin o~ the UHE ;adiation i~hat it 'must reproduce the lig'ht curve, which is the 

intensity of "Y-rays as a function of the time within the pèriod of the pulsar. The 

observations to this date do not justify an assumption of a steady direct "Y-ray source 

because the shape of the UHE light curvce cannot be reproduced by me.re1y eclipsing 

this source, which would give a relatively Bat light curve with a single fiat eclipse. 

Some mechanism is needed to accelerate charged particles, which would then produce 

UHE "Y-rays. The period of UHE, X-ray, and UV light from Cyg X-3 are aU equivalent, 

which implies that the modulation is produced by orbital motion. What accelerates 
Î) 

1hese particle~ must be inferred by the UHE "Y-ray spectrums. 

W. Vestrand and D. Eichler proposed that Cyg X-3 is a. young pulsar in a close 
1 
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FIG 2.15: Schematic representation of how the UHE light cUrve C&Il be generated. 
bued on the model proposed by Vestrand et al. The croea-hatched region denotes 
the main body of the companion, and the circumscribing shaded region denotes 
its atln08phere. The outer circle represents the pulsar orbit, and the dashed lines 

,represent particle trajettories thj.t produce "Y-rays detectable at Earth. Pulses. 
are produced when the pulsar is between A and B and between D and E. X-ray 
minimum occurs at 'position C. 

binary system. They argue that the radiating' particles are ionic, and' that they are 

accelerated isotropically by the rotational energy of the pulsar. 33 The companion 

star then acts as a target material for the particles accelerated near the pulsar, and 

generates 1r0 or br~msstrah1ung ,-rays 'by the proton-proton collision with gas in 

the atmosphere.34 Figure 2.15 demonstrates how two sharp pulses of ,-ra.ys will be 
\J 

'observed on earth. The pUlse width is directly proportional to the gas width of the --
companion star. Thi~ model umortunately cannot account for E-y ~ 101'6)v. 

An alternate model was proposed by G. Chanmugan and K. Brecher35 in which 
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FIG 2.16: Schematic diagram for the production of UHE 'Y-raya based on t~e 
model pr~poaed by Chanmugan et al. The gasses from the companion star form 

~. an acretion disk &round the-ne.utron star. The large magnetic fields of the neutron 
star will accelerate particles within the accretion disk. The 'Y-raya will then be 
formed in the same manner as wu propoeed by Vestrand et al. 
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the energy source is an accretion disk "frrounding the neutron star. The .;cereti, 

matter forms a differentially rot~ting accretion disk around the degenerate star, the 

~bient magnetic field becpmes amplified, and if the accretion disk is highly conduct-

ing, an observer in a non-rotating inertial frame will see an electric field which is a 

function of the distance 'r' from the neutron star. A tacit assumption of this model 

is that the magnetic field will remain ancbored in the disk and" create the large scaIe 

structure. Because the ~lectric field is a function of the distance r, high potential 

differences ~ll form in the accretion disk, even though it.,. has a lower magnetic field 

intensity thon th~ pulsar: Th ... high voltages will pro duce accelerated charged par- ' 
, ' 

~icles in a jet in the ±z direrjoions (see figure 2:16) To obtain the 4.8 hr modulation 

effect, Chanmugan et al. alsp proposed that the neutron star has a highly-inclined 

magnetic axis. The j-rays are then formed in the same manner as was described in 
>(, 

W. Vestrand's's mode!. 

Agam, another theory involVing the accretion disk as the accelerating medium 

was proposed by D. Kazana and D.C. Ellison.36 Their theory suggests that charged 

particles are accelerated in the accrl~tion disk by mst order Fermi shocks created when 

plasma accretes onto the compact obJect. The shocks form because accretioil velocities 
, " ' 

are, much higher than the thermal velocities of the accreting matter. Neutrons ~e 
ct • 

formed in the accelerating area by p + p -+ n + X. The production of the neutrons 

is crucial because it allows the transp6rt of energy away from the acceleration site 

without invoking special magnetic field configurations. .The neutrons cao then, by 
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interaction with the stellar companion, produce the narrow (in-phase) UHE "'(-ray 

pulse by ma.king ?r°'s which de~y to highly coUima~ed "Y-ra.ys. 

The above models were derived to represent the steady production of "'(-rays. 
~ 

However, it was seen that "'(-ray bursts can occur: Milgrom and Pines37 suggested 

that instability in the 'pulsar sun;ounded by an acretion disk' system may initiate the 

~~ ~adio outburstj and such an instability may also be able ~o produce UHE particles 

" - that fill th~)nner regions of the system. They would then interact with the ambient 

photon field and produce phase independent UHE "'(-ray emission. 

The theoreticians' models must satisfy the results found by eX{>erimentalîst; in 

particular, the energy spectrum and light curve of the UHE "Y-rays. However, this , , 

,information is sketchy at present and there needs to be more chard' physical.evidénce 

which could then eitner confirm, some theories, or disprove them . 

• 

.~, 
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3.0 COSMIC ,RAY OUNTER 

. 
" 

3.1 Description of the Detèctor 

When we designed the detector for om EAS experiment, we wished to satisfy the 
, ~ 

following conditions: 

(1) The detector should be inexpensiv~ and easy to construct, so that the number 

of detectors that could he built within a fixed budget would be larger than that 
/~. J " 

for more expensive detectors. J 

(2) The detector has td be able with~tand large temperature changes due ta th~ 
harsh Canadian weather itonditions (-40 0 winter -" 30 0 summer ). 1 .. , 

/ 
/ 

'(3) Since the energy of the primary cosmic ray can only be determined indirectl~ by 
/ 

~easuring the lateral spread of the particles at çound level, ·it is nece~~ary to 

d 
have a good pulse-height .l'esolution to insure an accurate measure of the density 

- . , t 
of parbcles. 

" (4) Because there are time difFerences within th~ shower front due to multiple 
. 

coulomb scattering of the electrons in the atmosphere, have sufficient detector 

area to ensure a high prohability of intercepting :the earliest particles. 

(5) The detectors should be built in such a way that they cau easily be accessed or 
. t' 1 

repaired should a malf';IDction occur. 

• 
Our final design38 is shown in figure 3.1. Our detector is a simple design com-

IJ. 

prised of: a plywood base mOWlted on four 10 X 10 cm posts sunk into the grouneJ, 
\. 

(> 1 m to prevent frost heaving effects), an acrylic vacuum-formed tray with an ef-
i 
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LEDA Detector 

Module 

'. 
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Five Inch Hemispherical 
Photomultiplier Tube 

Moulded Acrylic . Uquid 
Contai ner r"1;:;;:;;:::;i,..:;.S~ci~nt~iI~'a~to~r...,.J;::;:;t 

Support 
Platform 

FIG 3.1: A cut away di.am of the LEDA delctor. 
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, FIG 3.2: (a) Plan Yiew of the KrJIic ,di8h 1I8Id *0 coaWn the liquid scintillator for 
the counter. The distances shown are in mm and in totàl area is approximately 
l '112

• (b) A eut through the centre of the scintillator dish, illustrating the struc
tured bottom. The steps are approximately 6 mm each and are used to smooth 
out the response of the counter to particles traversing it at different distances from 
the centre. 

. -' ~I-- • 

fective area of 1 m2 in which there is pla.ced 45, litres of liquid scintillator, a light 
" 

/ . , 

collection cone, ~a.de of polyvinylchloride (PVC) with aluminized mylar glued to the 

inside to improve the reflectivity, a Hamamatsu R2218 photomultiplier tube (PMT) 

_ lo~ated at the apex of the light ,collection cone, black plastic sheeting to make the 

detector lfght-tight, and finally a galvanized steel pyramid to protect, the detector 

from snow and rain. 

To improve the pulse-height resolution, the scintillator tray is constructed such 
, 

that the thickness of the liquid scintillator is not uniform tm:oughout the detector 
\. 

(see figure"3.2). Thus, the varying amounts of light output from the scintîllit:tor is 
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exactly compensated for by the light éollection efticiency of the cone. Supporting 

blocks are pla.ced undemeath the central portion of the tray to ïnhibit any sagging 
'-

that may occur due to the weight of the liquid scintillator. The octagonal shape of 

the tray was chosen because it was ~asy to construct by vacuum forming techniques, 

" c and because of its nea.rly circular shape, the positional dependence of light collection 

and timing can be considered purely radial to a mst orde~approximation. The tray , 
~~-.. -(" 

is partially translucent, 80 a sheet of aluminizèd mylar is pla.ced underneath to refiect 

, any photons that should happen to pass through. 

We used liquid s~intillator beca~, not only ia it cheaper than ail plastic scintilla-
. 

tors, but it also hàs haS a hlgher light output, which improves our timing resoftion. 

The decay time ('" -2'- 3ns), is faster than the cheap ,pl~tic scintillators (acrylic 
i ~ 

based), but slower than the expensive plastics (polyvinyltoluene). The liquid scintil-

lator was designed specificaUy for our experimént to withstand cold temperatures.38 

'" 
Beéause 'the light; output from liquid scintillator is reduced if it is exposed to oxygen, 

" , 

grea~ care must be taken when using this produd. The top of the scintillator tray is 

sealed with a clear acrylic top with two gas ports. Before the tray was filled with the 

scintillator, aU the oxygen was purged by pumping dry'nitrogen into one port while 

the other p~t was left open. 1'0 fill t~e tray, liquid scintillator is siphoned thtough a 
e , 

rubber t\lbe ,into the opened gas port by pumping nitrogen into the barr",el containing 

the scintill8,tOI:. A 2 - 3 cm gap of nitrogen remains between the top of the scintillator 
~ 

and the top of theltray whlch allows the scintillator to expand or cont,ract, due to 
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FIG 1.3: (a) Plan and aide view of the Hght collection cone developed for this 
counter. The reftector panels are, held together with pvc brackets~ form a self
supporting structure which rests on the scintillator dish. (b) A tut' through the 
centre of the phototube MOunt. The base is attached to an inverted pve cup which 
rests on the light collection cone, suspending the phototube above the centre of 
the scintillator dish. 

r. 
temperature changes, without damaging the tray itself. 

The light cone is an octagonal pyramid with a base length of 1085 mm, a height 

of 57.0 mm, and a 135mm opening at the top (see figure 3.3). It is made from eight 

equilateral triangles of PVC held together with brackets made from the Baffie material. 

The inside of the light cone is covered with aluminized mylar to oact as a refiector. 
~ , 

Experiments have been done39 which show that the aluminized mylar is as effective 

o 

as, mirrored acrylic or as the best commercially available high· gloss white paint. The '> 

PMT is' placed at the top of the pyramid using a tlastic holder to keep it secure. It is 

'f'cm in diameter, it has yenetian blind dynodes, 13 stages, and it has a hemispheric~ 
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Bialkali photo-cathode. The quoted risé time for a single photon is 6.5 n8.40 

Once the detector is completed, it is co~ered by a. thick black industrial plastic to 

exclude any stray outside light. The plastiç is stapled onto the wooden support frame 

to hold it in position. Then a thin (l4-gauge), galvanized steel pyramid; with its joints 

sealed with duct tape to weather-proof it, is placed over the entire arrangement and 

screwed onto the woodèn base. The ca.bles lea.ding to the PUT 'are passed through à.. 
( 

smali hole in the bottom of ~he...ba.se. Figure 3.1 shows the asSembled detector. 

TABLE 3.1 

Electronic Modules , '. 

, 

abbreviation 
b-

description > mode! # t, 

'\ADC analog to digital converter ~Croy2249W 
TOC time to digital converter LeCroy 2228A , 

D18CR octal discriminator LeCroy 623B 
FI/FO logic fan in / fan out LeCroy429A 
GATE GEN 

J , _ 

LeCroy 222 gate generator 
HV ; hig1;l voltage supply ~/' LeCroy HV 4032A 

The electronics used are standard LeCroy ADC's, TDC's and discriminators . 
• . 

The modules and the model n~hers are listep in table 3.1 The ADC and TDC 

modules are housed in a standard CAMAC crate and the data is .read out via a 

Kinetic Systems L81-11/2 computer (contained in the ~ame crate) with the RTllFB 
• 

operating.system. Data is temporarily stored on Hoppy disk, and when the disk iS'full, -

the data is transferred over the phone lines to the VAX 785 (located in the Physics 
~ ~ 

Deparlment at McGill) for further. analysis. Different electronic configurations were 
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used at varying stages of oui experiment and they will he illustrated 88 required. 
, .. ~ . .. 

3.2 Timing Resolution 

The timing resolution of our detector is hased upon a comhination of: the light output 

from the scintillator, the decay time of the sdntillator, the geo91etry of the light cone, 

time slewing due ta differences in pulse-heights, and the response of the PMT. 

To calibrate our detector we needed some me~hod of triggering the electronics, 

as well 8s some method to locate the position of the incoming cosmic ray so that the 

radial variance of the time could be measured separately from-the other concerns. 
p , 

In order to determine the location of the incoming cosmic ray, we used two small 

(7cm x 9cm) plastic scintillators alld fast PMT's, one on top of the other. This 
o 

was placed directIy underneath the liquid scintiI1a~or tray to insure that we only 

detected the ver~ical cosmic rays. The pulse from the PMT was recorded only if a 

signal was also recorded from both pl~tic scintillators (A & B). A block_diagram of 

. the electrorucs is shown in. figure 3.4. The ADC gate~ and the TDC start pulse are 
" , 

. generated by the ANDed outputs from the fi.. & B discriminators. The discriminator 

thresh1d lev:~ls were set to 30 m V to minimize the time-slewi~g effeds, w~ch will be 

discussed later, 'and the pulse width waS adjusted to its maximum setting of 150 ns, so 

that the del~yed PMT pulse would b,e properly integrated bYothe ADe. B is delayed by 

, 3 ns with respect to A 50 that it will always complete the coincidence, thus minimizing 
. 

jitter in the st art time. T~us, the recorded tiIr?-e from the PMT is the time it takes 
. . 

for' the light to have} from t~e scintilla~ing 1iq~d to the PM,}" plus or' minus a fixed 
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FIG 3.4: A block diairam of the e1ectronica UJed in the time-slewing meuure
ments. A and B are the sip.a1s coming from the' 'riuer counter placed directly 
beneath the luger detector. C ia the signal coming from the PMT. The stan of 
the TDC and the gate for the ADe are generated by the logica1 function A • A 
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• time interval, depending on<>tpe delay ca~~es used. 

Time Slewing 

The effective time ie a function of the pulse-height, (time slewing) sinee the stop 
, r/ 

pulse is generated only after the pulse nas passed the discriminator threshold. This 

je demonstrated in figure 3.5. Larger pulses have steeper slopes (usually referred to 

as 'a faster slewing times) which will cause the stop pulse to Ile generated At before 

a similar, although smaller pulse would, eVerl though the pulses are generated at the 

same instant in time. The effect of this relationship between the pulse-height and time 

had to be found so tlÎat it could be correded for in the off-line anaiysis. Theol'etically 

the relationship is of the form: 

, 
time oc pulseheight-n 
~ 

~ 
, , 

To determine the apprO}ci~ation for a, we recorded the pulse-heig~t and time for each 
- , ~-~---

cosmie-rayihat passed through the detector. These ,were then plotted (see figure 3.6) 

on t~o' scatter plots with time as a function of ph and 1/..;ph, tespectively. Fro~_ 

,these plots it can be seen that n = l is a good approxÏI?-ation. Thus the equation Il 

used to find the time-slewing effect is given by: 

t = a/#+b 3.1 

To,- find the constants a and h, the time versus pulse-height informa.tion was 
- - 0 

analyzed in the following manner. After a scatte~ plot was created of t vs li v'ifi., it 
,." 

was reduced to ten data' points, each wi~h a mean and standard deviation. This was 

f? 
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~evro by .lici"9 the scatter ~t into t:", equal portions, eacll slice being parallel to 

the time axis. Thus for a give~ Lge of pulse-heights, where the range is a. function 
-

il> of the width of the slice, a histogram of the time distribution was formed. The mean 

and standard deviations 'of the time were then calculated directly from euh of the ten 

histograms formed. These data points (illustrated in figure 3.7), were then fit, using 

the least squares method, to equation form 3.i to, find the proportionality constant 

and intercept. 

With the high voltage on the PUT set to 1425 V, a and b were calculated to 

be (97.5 ± 1.5)ns/.../ili and (11.5 ±O.l)ns respectively. However, when-the high 
JO 

voltage W8.s increased by 75 V, !he value of a was changed to (llO.O± 1.7)ns/v'Pii, an 
- . 

increase of 12.9%. The value of b did not change within the limi~s of ~certainty~. T~ 
. ' .., \ 

'change in the slope (a) may be due to the fact that the voltage increase subsequently 

increased the pulse-height spectrum. Equation 3.1 is only an approximation, and 

, it may not hold over an extended range of pulse-heights. Without changing the 

ele~tronic configuration, the slope was aIso calculated for three different PMT's. It was 

found that each photomultiplier gave a different response, and hence it was concluded;'~'P 

tliat each detector must be tested individually before it is used in our array. 

"TimingDependence on 7diafPo.ilion \t \ . 

Because of the geometry of the light collect~on cone, the photons that or~ginate 

at the edge of the tray have a longer and different path lengths than the photons that 

originate at the center of the tray. Therefore, the measurement of the 'absolute time' 
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is DOt constant as one passes from one side of the'tray to the other.cr 

To determine the radial dependence of the time, the trigger counter was placed 

in t1;le centre of the detector (denoted by 0 cm), and then from 5 to 50cm at 5çm 

intervals. For each position of the trigger counter, the slope and the intercept of . ~ 

equation 3.1 was calculated i~e same manner as described in the previo1,1s section. 

By comparing each line from the variou. l'~ons it was found 'that the sI,ope of the 

line varied by a maximum of 4.5%, and the intercepts varied by up to 25%. 

f8 The variations in the slopes with respect to the radial position were not stBttisti-

cally significant so it was decided that the slope should be constrained to be the same 
, ..... >111 .., ( 

for aJJ. positions in the detector. To do this, the the following functiori'-\vas miIlimi~ed. "-..) 
~ 

2 _ ~ ~ (tij - a/$;i - bj)2 
X - l..J L....." O'~. 

j=1 i=l IJ 

where: 

i labels dift'erent data points at a given radial pO,sition 

j labels different' radial positions 

tij is the Ïnean time of the ijth data point 

1/ ";phij is the corresponding pulse-height average 

(Jij = RMS/vN of~e a8sociated timing data 

3.2 

The result of the above fitting technique is shown in :figure 3.8. The X2 was 1.1 per 

degree of freédom. The results of this analysis ~hows that there is a ~aximum of 

1.2 n~ time dift'erence between the light collection in the center of the tray and at the 

edg~ of the tray (50 cm). 

53 

1 

j' ' 
.1 

t 

1 



- - -

( 

---.J 

'-

l't,.''.-';. 1 
., ) 1 d 

;" 1 c ' 

." - ~ "--'. ,- ' " 

1.1 

1.4 .. 
t:2 000-

........-. 
0 

., 
\ C ~ 

"'-" 

0. 1. 00-

t) 

e 0:8 
Q) 

+J ) C 

Q) 0.6 00-

t E " -0-
J= 0.4 .0-

00-

0.2 00-

,O. 
·10 20 30 

Radial Position (cm) 

\ j>' 
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If one considers only the direct light (i.e. no reftections) the path length from the 
. 

center of the tray to the PMT is 56.5 cm, and from the edge of the tray to the PMT 

is 78.~ cm. This gives the time di1ferences of two photons travelling at ~e speed of 
~ 

light as 0.75 ns. Since the 1.2 ns measured time difference (~t) is a function 'of the \ 
." 

path taken by the photons, and.,.direct photons have a ~ t = 0.75 ns, it indicates that 

the amount of direct light i~ not sufficient to get the PMT above the discriminator 
\ 

threshold. 

Monte Ca~lo Simulation oJ th,e Li~e . --- , 

To und:rstand the properties oJ our light copection cone, a Monte Çarlo program 
~ - ~ 

was written to simulate the photon trajectories as they pass from the scintillator to 

the PMT. A deiail~d description of the1>rogram Îs give~.in Appe~dix A. ~he pulse 

shaped sent by the PMT was JD.odeled simply by generating a Gaussian shaped pulse 
• Q ~ 

(rise time ='6.5ns) for every photon that struck the,PMT, and then adding this to 

the previous pulse. T~e photons wer~ genera.ted from specifie points along the bot tom 

of the trayand the resultÎ1lg time histograms and pulse-shapes were recorded as a 

funçtion of the radial position. . '. 

A histogram of the time spt!Ctrum ~fQ~ '0 cm and 50 cm is shown in figure 3.9. 

By comparing thywo figures it can be seen that th~ number of phot0!ls arriving , 

within 50 ns is significantly larger for those 'originating at the center of the tray than 

for those originating o.t the edge. (The total number of photons arriving within the 

150ns gl\te width was pre-fixed for aU radial positions.) The'most surprising fea.ture' 
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(a) 

(b) 

'FIG 3.9: A histogram of the time it takes for a photon (with a random initial direc-_ 
tiqn) "ta reach the PMT in the LEDA detector. This ia a Mon~e Carlo simulation 
for (a) radial position = 0 , and (b) radial position = 50'cm. 
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of the~ time spectrum is that the time for the fast photons is quantized. For the 

photons originating at the center of the tray, there appear to be prefèrred paths 

which involve one or two refiections, with a larger total solid angle than that whiCh 

" 
the direct photons ~ave. For the photons which originate at the edge of the tray, most 

1 

of the'photons which strike the PMT in 10 ns are direct photons, or photons which 

bit the edge of the nearest light cone plane, and then go directly to the PMT. For 

both radial positions, the number of photons which arrive in the mst stageS of the 
... 

pulse ~e.a1most equivalent. However, for the Oem pulse, photons continue to arrive, 

caus'ing the pulse to peak sharply, ~d then quicldy decline. For the 50 cm pulse, after 

t~; first burst of light, photons continue ,to arrive at ~ approximately steady.rate. 

Henee the peak is not as sharply defined. 

Although the program, does no} prof~ss to accurately describe the pulse ~hape, 
- the simplified r~ults are shown in figure 3.10. The pulse-height is an integrated 

measure of the curves shown, and both are equivaleht. It ca.n be seen that although 
)./ , . , 

the pulse shape is dift'erent for the 0 cm and 50 cm, the initial rise of the pulses are 

very similar, and so we drew. the conclusion that the time sl~wing effects are not 

radially dependent. 

The main purpose of this program was to determine whether or not it would pre-

dict a 1.2 ns difference of timing as one passes from the center of the' detector tow&-ds 

-- "the edge. The program'generates 10 events for each radial,position. The a~eràge time 

for the p~se to pass four pre-deffued thresholds (shown i~ figure 3.10) ie calculated for 
• 
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• FIG 3.10: Monte Carlo generated puJse..shapes for a radial position of (a) Ocm, and 
- 0 (b) 50cm in the LEDA detector. TI-T4 are arbitrary discriminator thresholds, 

used to illustrate why there is a timing difference as a function of radial position. 
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each of the' Il radiai positions. Th~ res\Ùt~ are summ~zed in figure 3.11. The figure 

illustrates that the radial timing dependence is a nmct4fn of the threshold level of the 
l , 

discriminator, where the lower threshold gives a better resolution. Since om program 

does not acctirately describe the pulse shape in terms of voltages and currents created 

by single photons, we cannot accurately predict what threshold level will give what 

_ timing resolution. Howe~er, siilee the threshold l~vels on the discrimi~ator are set -
, . 

at their lowest possible levels (30 m V), w~ have a.chieved the best racUplly dependent .... '. 

,timing resolution possible. 
,0 . , 

Timing Dependance on the P MT 
. , 

To calculate the timing resolution due only to the PMT it is necessary to mst 
--. 

"negate the effects of the radial and.:the pulse-height deJ.>endence.· When the dhta is .. . . , 

taken with the trigger counter placed direétly underneath the scintillator tray, the. 

position,qf the inco~ng cosmic ray is kn:own to within a 10 c"f2 area, henee fqr this 
ry 1 

. " 
data there is no radial timing dependence. To correct for the pulse-height dependence, 

-
a histogram of the pulse-height correct time (t') is' plotted instead of t, wher~ t' is 

de:6.ned as:'-

where 

t' = puls&heigh~ ~orrected time 

t . time recordèd by the TDC ~ , 
. ~ 

a = slope of the t vs ../Ph curve calcu1ated in the previoua analyais , 
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b = time in~ts ca1C1:11ated in the previous analysis 
" , . 

. p.,h = puJse.height recorded by 'the' ADC 
, 

. Figure 3.12 shows a histogram ~~h the corrected time for the positions ~of 0 cm 

and" 50 cm. The results were fitted te> a' Gaussian with the respective means and 

'0"8 given 'as: (0.72 ± 0.04) ns and (0.65 ± 0.03) ns. It can he seen that the random 

fluctuation of the times,due to th~ PMT are not dependent on 'the radial P9sition. 
, 

A response of a PMT to one photon is governed by the ëlect,ron trajectories 

within the tube; photo-electro1!s crea~ed by the light ~ulse follow indlvidual 'paths to 

'" 
the first dynode, depending on their point of origin. Secohdary electrons also travel 

individual paths between the dynodes and anode depending on their point of origin 
, <P' , 

and emission veloci ties, causing fu..-ther time dispersions. Other factors aft'ecting the 

time include:41 
j \ 

1) The number of dynodes. Fewer stages, give better tlIning 

'~'2) 'The overall voltage. Higher field .trengths i';'pro1 timing. Th", tia.: r<l$pOIlSC , 

varieS approximately as V- t . \ '-
~ ~ , 

3) The photo-cathode diameter. Smaller .diameters h~ve hette~ iimin~. The best . '. 
\ 

timing is achieved when illuminating the cen~ral area\ only. 

! 
The voltage applied to each detector was Chosen to m~m.ize the efficiency of par-. \ \ 

> 

,tic1e. detecting,13 hence we cannot adjust this to improye otp- timing, resolutions. The 
• l " 
n~~~r ,of dynodes used was also fuced to 13 to achleve thf maximum amplification 

_ of the current. 
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FIG 3.11: A 8ummary of th~ triggering times as a function of radial position and 
triger leveI.. It can be seen that the lower the triaer level, the less time variation 
there is a function of position. ' 

59 

" "" ~. ~ ... 

, 1~;1 
l", 

I~~: 

. ~ (1 :, 

.:}) 
" 

'1 

, .-t . , 

) 

, ! 

\~ 

\ 
\ 



l, , .. ~~ J~ r' Y,-~~n~ur f'~"~}~J"-;:\P~ t'~'î\')!~,~~"<I\)~.-~ .. ';. .... "f.c<~W'~"Jo.?""i:"f1'j~fl ~t .. ., r"':rr,'~~"l'~~111 
,/' ' ,'", . "', ";'! "_ ',', '.1:- ". 'c' ',,:" ,,'.' ',"" ". ,:.",;:::,~ 

," 

" 

.. 
<a> 

o ...... ~-~-""':2~--0~-~2---.~4 ...... 

Correc~1d Counter Tlme (na) 

(b) 

.(-

o • .-

• 10 

o~~-~~~-~--~~ .. ~~ 
-4, -2 0 2 4 

Corrected Counter TIme (na) 

FIG 3.12: A histogram oè the 'corrected' t~es given by equation 3.3 for a radial 
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Most hemispherical PMT's try to satisfy two conditions, a uniform collection 

efficiency and isochronous collection from the photocathode42 • The latter should 

improve timing resolution compared with fiat PMT's. To test whether timing depends 

on the part of the photo cathode hit by a photon, we constructed four covers for the 

phototube made of a thick opaque plastic with eath having a circular hole eut through 

the center. The hole sizes were 6, 8, 10, 12 cm respectively. As expected, the puIse-

height was directly decreased as the hole size decreased since the pulse-height is li 

function of the number of detected photons. Because of this, for each hole size, the, 

tJme vs pulse-height relationship had to be calculated so that the efFeci could be 

corrected for when studying only the PMT time resolutions. The histograms of the 
, 11. 

~ulse-height corrected times were plotted, and the (J of the fitted Gaussians are shown 

as a function of hole size in figure 3.13. It can be seen that the vanouS portions of the 

1> PMT ha;ve no noticeable effect on the timing resolutions. A similar result was quoted 

o 

by Clark et al:&3 

Total Timing Re-,olution 

The timing resolutions up until this point have been calculated only for single . 
particles. Because the time versus pulse-height can be measured and corrected for 

off-line, it d'oes not play a role in the total tiIning resolution. To fold in the timing 

resolution of the PMT and the radial dependence of the time, a Monte Carlo program 

was written w hich combines the Gaussian smearing ((J = 0.7 ns) and the 1.2 ns change 

in timing as a function of the radius. We cao then simulate 8. timing distribution . 
64 
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FIG 3.14: <a) Simulation of timine reepoD8e of the counter of Iin.gle particles 
~uming a unüorm flux of particlee acrOlS the face of the counter and using the 
information !rom figs. 3.8 and 3.12. (b) As in (a) but sÎlDulating the response to 
the simultaneous traversai of two particles at arbitrary and uncorrelated points. 
(c) Simulated timing resolution as a function of particle multiplicity in the counter. 
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for the counter 88s1Jm;ng a uniform flux of particles a.eross its face. The cUrve for 

: single particlef>appears in fi~e 3.14(a) while pgure 3.14(b) shows the results for 

-events where two particles, unoorrelated spatially, traverse the counter simultaneously. 

With more particles the timing resolution improves as can be seen by looking at 

figure 3.14(c) where the O"a of 3.14(a) and 3.14(b), a.long ~th those from similar 

distributions with more particles traversing, are plotted versus partiele number. A 

limiting 0' of Q.5 ns seems obtainable. 
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4.0 LEDA ARRAY 1 , ~ ) 

4.1 Air Shower Array 

. LEDA (Large Experiment to Detect Air-showers) is iocated near St.', Anne de Bellevue 

on the island of Montreal. It was constructed in a corn field belonging to the Mac

donald College farm. Our original plan was to make an hexagonal array comprised 
o 

of 19 detectors and a grid spacing of 50m. However, when the land was surveyed we 

diSCO\Tered that 'due to the limitations imposed by the size of the field, the maximum 

grid size possible was 43 m. After each detector spot was marked, four 1 m d~p holes , 

were dug for the support posts. After these 10 X 10 cm posts were planted correetlYi 

the tops were sawed off to a uniform height. This was done with great eare to ensure 

that the wooden base was level, which in turn would ensure that the liquid scintillator 

.-? 
would be uniformly distributed in the tray. To inhibit any wa'rping of the wooden 

base due to damp weather conditions, 1t was firmly bolted to the support posts. The 

cables used for the detectors were passed through a small hole in the base. Thick in-

dustrial plastic was then used to seaI the bot tom to prevent any of the caustic liquid 

scintillator from leaking on the ground in case of any leakage from the counter bot tom. 

Next, the empty scintillator tray was placed over a sheet of aluminized mylar and four 

support blocks. The blocks were used to keep the center of the tray from sagging due 

to the weight of the scintillator liquide When the counters are filled with the liquid 

scintillator they weigh approximately 50 kg, 50 it was decided that the filling process 

should be d<me in the field OBœ the trays were in place. This would prevent the seal 
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'!rom breaking due to the liquid sloshing about. The light cones were then placed over 

the tray, th,e PMT placed on top of the light cone, and finally, the whole apparatus 

was covered with the dark plastic. The final shielding, (the steel pyramid) W88 placed 

over the det~ctor and f4m1y screwed into the wooden base. 

The final form of LEDA consists of of 19 detectors arranged in a hexàgonal shape 
- ) 

as showtl in figure 4.1. The detedors are not coplanar, however the maximum differ-

ence between the highest and the lowest is less than 2 m. The hexagonal shape was 

chosen because it is the closest approximation to a circle that can be aehieved with 

a 'regular latti~ arrangement. A cire1e maximizes the area, minimizes the circUIf1-

ference and has no corners. The total area of the may is approximately 22, 000 m2• 

Each detector is used in the density and fast timing measurements. The inner seven 
.. ~ '{:4 

eounters (1-7) are connected to the electronics hut (which is located at the center 

of-the array near detector 1) via 50 metre high-voltage (RG59) cables and 50 metre 

fast signal (RG58) cables. The outer twelve counte.rs (8-19) are connected to the 

electronics hut via 100 metre cables. Given that the speed of the signal in the cables , , 

is 2/3 the speed of light, the signal~ of the outer couilters will be -delayed by 250 ns 
, 

with respect to the inner seven. .' 
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FIG 4.1: An illustration of the LEDA air shower ana)'. The detector numbers are 
labelled, where the 'inner 8even' counters are labelled !rom 1 through 7 and the 
'outer twelve' counters are labelled from 8 through 19-. The grid spacing ÎI 43 m . 
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4.2 Electronics Configuration 

.. 
The photomultipliers require high voltage which is pow~ed by tfte LeCroy HV 4032A 

32·channel high voltage supply. The analog·t~digital converter~ (ADC) and the 

'tim~t~digital converters (TDC) are housed in a CAMAC crate. AIso, within the 
j 

CAMAC crate", the computer used to read the information from the ADC/TDC's is' 

the L81-11/2 computer using the RTll-FB operating system. The discriminators, 

gate generators and the f~.in/fan-out modules are housed in the NIM bin. 

TABLE 4.1 , 
Electronic Modules 

abbreviation description model # ;' 

ADC analog to digital converter LeCroy ~249W 
TDC time to digital converter LeCroy 2228A 
DISCR octal discriminator LeCroy 623B 
FI/FO \ logic fan in / fan out LeCroy 429A 
GATEGEN gate generator LeCroy 222 

\ 

HV ", high voltage supply LeCroy HV4032A 

The electronics configuration of the experiment is shown in figure 4.2. As signals 

come in from the inner seven counters, they are split by 4/1 splitters. The larger signal 

is used for the fast timing to mînimize time slewing effects described in chapter 2. The 

sma1Ier signal is passed,through 100ns of delay cables and then converted to digital 
.~ 

form by the ADe. The larger signals from the inner seven counters are split equally, 

before entering separate discriminators, one with a threshold (th} = -30 m V) set just 

above the noise level of the counter and one with a higher threshold (th2 = -200 m V). 

70 

\ 

", 



o· 

\ ~ : -1, 

C1>------
·A 

l---' 1-/-5-----1100nS detayt-----t 

1/5 250nS 
eable 
delay 

4/5 6238 

S.S.-Signal' 
splitter 
4:1., 

t--_---iDiscrim
inator 

. . 

-30mV 

6238 
Discrim
inator 
-200mV 

B 

2249A 
AOC 

stop-'~ 
100nS delay"""----' 

222 
Gate 600nS 
gener-
ator 

3912 
Crate' 
controller 

LSI/11 
Computer 

FIG 4.2: A block diagram of the electronic signal processing used in our experi
ment. The incoming pulses from aIl the detectors are split with 4/5 of the pulse 
going to the discriminators and 1/5 the pulse going to the ADC. The pulses from 
the inner seven counters (Cl) are used for the start and stop of the TDC and ADC 
aCter passing through a high level (-200 mV) discriminator. The outer twelve coun
ters (CS) have an additional delâys due to the extra length their signal cables. 
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The mst discriminator's" ~ignal is used to stop the TOC dock alter being delayed 

by 100 ns. The second mscriminator's signai is used for the triggering which will 

be explaiI;led in a. later section. The signals comirig from this second discriminator 

are combined into an OR gate, which sends a pulse to the NIM gate generator. 

The resultant pulse iB used as the gate for the AOC, and as the start pulse for the 
.' 

TOC. Thus the experiment is trigger~d only if one of the inner seven detectors goes 

ab ove the threshold of the second discriminator. The outer 12 counters are arranged 

siyùlarly, but they are not used in the primary trigger, so they onl.y--ilse one low 

threshold mscriminator to generate a pulse which stops the TOC. The method used 
, , 

in determining the amount of delays needed and the length of the gate width is , 

described in the next section. 

4.3 Delays 'and G~te-widths 
, . 

Because of the various lengths of the signal cables, and transit times in the trigger., , . 
, 1 

logi.c, it was nece;sary to add delays to some of the incoming signala to. ensure that 

" all of the analog pulses are inside the generated gate, and ,that a.ll of the timing stop 

pulses arrive after the start pulse. AIso, the angle of the shower front causes the time 

in each detector to be offset by . 

vt = (x coS <p + ysin<p) sinD 

where " 

V is the ve10city of the showerfront, (usu'8.ny taken as aOcm/ns) , -
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d is the dist,nee separating the two' respective counters 

8 ~ 4> are the zenith and azimuthal angleâ. 

, 0 

The amount of delay t)lat is needed was calculated by using a Monte Carlp 
. ' 

proçàm, which was written to simulate our experiment. It was found that the inner . 

seven counters had particles which 'hit' the detector up to 100 nf be/ore the trigg~r was 
, 

sent (see figure 4.3a.) This OCCufS when the shower, coming at an angle 8, hits the mst 

.,of the iruier seven counters o~ving a signal whlch is above the threshold ,thl b~elow 

the triggering threshold of th2 • H the signal pulse is sent to the eledro -' cs hut without 

any additional ,de!'!Ys. it. will fle hefore the ~rigger ~ulse, ";hich "U only he sent 
• 0 

after the shower front strikes anotlÎer one of the ioner seven counters w . ch has a si~al 
, " "' • -- J 

, above th2 • 'Suppose for example, in figure 4.4, that the particle densit w'M such that 

-thl < signal < th2 for counters 2, 3, & 7 and" that counter 1 triggered he experiment 

.because it was thec'first detedor that had a signallarger than th2• 
, 

o 

<P = 0°, then the signal from counter 2 would arrive (1/.30)43 sin 30~ s 0° ::::: 72ns 

before the trigger. Therefore, unless the signals coming from tne inner even c~unters 

are delayed by 100 ns with respect to the trigger signal, sorne inform 

lost .. 

, ! 

Because the outer ~2 counters are connected to the electronics hut by 100 m 

~bles, as opposed tG the 50 m cables that the inner 7 ~unters use, they have an 

intrinsic delay of 250 ns and hence, they, ,do nQt need extra delay cab es. U si~g the 
,," - \ -ri" , ~ 

above example, the signal from counter 9 would arrive 250-(1/.30)86si 30°'::::: 100ns ~ 
" 
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FIG 4.3: A Monte Carlo simulation of the arrivai times of the shower front for 
Counten.2 "8. The sharp peak in Ca' is a resuIt of the pulse from counter 2 being 
~ tG atart the clock. 
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(J,fter the trigger. 
~ 

~, The Monre Carlo also showed that due to extra ~ght time for the shower front 

as well as the~ra 50 m of signal cable usêd "for the outer 12 counters, the signaIs 

arrivin,g from these counters come asIate as 500ns after to (see figure 4.3b). Once the 

pulse is sent, the ADe requires agate width of. at Ieast 150 ns to obt,ain an accurat~ 
" 

integration of the pulse. This then gives us agate width with a minimum of 650 ns. 

After the firat few prelimin8.ry rmis, the timing information was mstogrammed 
v 

for each detector. Beea'tise of the triggering methods, the inner 7 detectors and the 
\~ , i 

\ outer 1~ detectors have patterns which are unique to fheh: own groups. The timing 
i r

J 

. histogt'ams for counter 2 and counter 8' are shown in figure 4.5'0 The sharp peak 
" 

in the histogram for counter 2 correspol}ds to those eventa which were triggered by 
l , 

counter 2. The location of this peak is a measure of the delay cables used for the 

inner seven counters within the' electronics hyt: It can be seen from these plots that 

the delays and the gate width of 650 ns are sufficient . 
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4.4 Trigger Conditions 

The ADC gates and the TDC starts are generated oo1y when one of the inner seven 

counters goes ab ove the threshold limit determined by ~he second diseriminator shown 

in figure 4.2. Triggering on one of the inner 7 eounters increases the likelihood of the 

shower core being within the perimeter of the array. It is essentially impossible to 

fit the shape and size of the shower if only the edge of the shower is detected and 

it circumvents the more complicated timing and delay problems involved if the outer 

counters are involved in the trigger. 

Depending on the numbèr 'of eounters required to 'Constitute a 'real' shower, the 

computer will accept only a small portion of the meas~ed events and write them 

to disk. Unless the trigger threshold is set high enough, this will ineur a significant 

amount of computer 'déad time' due to the time required by the ~omputer to reject 

those events which do not constitute a 'shower', plus the time necessary to reset the 

CAMAC modules. To minimize the amount of dead time, it was necessary to find 

a trigger rate which was compatible with the computer's capabilities to reject those 

events which did not satisfy the criterion of a shower. The trigger rate of the ex-

periment is eontrolled directly by the threshold levels' in t~e discriminator.' Thus as 
o ! 

the trigger rate was adjusted through the discriminator, the trigger rate, read by a 

, scalar, was compared with the number of events which the computer had analysed. 

The result of this is shown in figure 4.6. The trigger rate was chosen to be approxi-

mately 10 events/second, which corresponds to a discriminator level of 500 m V. To 
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illustrate what this means in terms of particle densities, a. histogram (figure 4.7) of 

the pulse-heights of counter 2 was constructed by only plotting those pulse heights 
1 

which had a corresponding time which fell within thé peak shown in figure 4.5. It 

, c~ be easily seen that the triggering level is approximately 550 adc channels, which 

corresponds roughly to 4 particles. Figure 4.8 is a logarithmic histogram of the time 
-' ! 

between each successive shower recorded on the disk. The linear nature of this plot 

suggests that the 'dead time' of the computer does not affect the rates at which we 

record the data. 

4.5 Data Acquisition 

Data Storage 

If an event is accepted, the information is stored onto a floppy disk on the LSI-

11/2 computer in the following manner. The first four bytes of data give the number 

of seconds past midnight of the current day. A code, consisting of 3 bytes, is then 

written. The 0 -+ 18 bits are used as a flag such that if eounter x were hit, the x -
o , , 

1 bit will be set to 1. Bits 19 -+ 23 is the number of counters hit, written ,in binary 

form. This code will then provide an automatic check, sinee the numb~r of '1' bits 

between 0 -+ 18 should be equivalent to the binary number stored in the bits 19 -+ 25. 

For each counter hit, the ADC/TDC values read from the CAMAC crate is converted 

into another 3 byte 'word'. The mst 12 bi t-: ùf this word is the ADC value, and the 

second twelve bits is the TDC value. It should be noted that the CAMAC control 

only returns 12 bits for each ADC or TDC value. An example of the da~a storage 
\ 
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technique is shown in table 4.2. This teclmique was used to minimize the amount of 

disk space needed to store the shower data. ... 

TABLE 4.2 
Data St orage on the LSI 

computer form what it means , 

byte +-4-+ +-3-+ +-2-+ 4-- 1}; 
00110011 00000000 01001000 0101 01 The shower was recorded at . 55603 seconds after midnight . 

byte +-7-+ +-6-+ +-5-+ 
00100001 00010000 01000010 4 counters were bit. 
'-...--" V' 

, 

• hit which counters vere hit They were 2,7,13,17 
byte +- 10-+ +-9-+ +-8-+ 

00100011 00010100 00001000 Counter 2 had an adc of 1032 , 
'Y 

J, 
V' 

, 

TDC ADC and a tdc value of 561. 
byte +- 13-+ +- 12 --i' +-11 -+ 

~0011001 01000000 01110110 counter 7 had an adc of 118 
'V' 

., , 
V' 

, 
TDC ADC and a tdc of 404 

" byte +- 16-+ +- 15-+ +- 14 -+ 
01010001 0001 0000 11001001 

~ 
. counter 13 had an adc of 201 , 

'V' ' , V' 
, 

TDC ADC and and a tdc of 1297 
pyte +- 19-+ +- 18-+ +-17-+ 

\ 

01000111 1110 0101 01001111 ci:>unter 17 had an adc of 1359 , ., , , 
'V" .... , Il 

TDC ADC and a tdc of 1151 

• 

Data Tran3fer 

The disk is partitioned into 10 files which takes about 40 hours to fiU with the , i 

normal trigger conditions (rate ~ 5 ahowers/min). Before th~ disk is full however, 

we establiah a telephone link between the McGill High Energy hyaies group:s VAX 

785 and the LS! and oegin reading filled files onto the VAX 'and writing them to its 
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disk. After each file on the LSl's Hoppy disk has been read, it ie Hagged, allowing it to 

be overwritten by the LSI when more space is needed. The transfer program runs in 

background mode and d~es not contribute to the dead time of the experin'lent. This 

ri 
i program is typically nin once a day and the transfer of data takes approximately 

one hour. Thus the LSI cycles continuously throùgh the 10 files available to it, using 

the Hoppy disk as a temporary storage device. The transfer of data to the VAX is 

asynchronous but nevertheless requires operator intervention on a daily basis. 

The information cannot be passed through the phone lines in byte form, so it 

must be converted into ASCII character form, which only has 6 bits as opposed to 

8 bits. t To do this, each group of 3 bytes of the original data is converted into 4 
'/ 

characters in the following manner. The low 6 bits of every byte are rebuffered and 
, . 

converted into characters by adding a value of 20 hex. The last 2 bits of each byte are 

then grouped together i~ an extra byte to form the 4th character. So, in the ab ove 

example, the final form of the data file which is stored at McGill is shown in table 4.3. 

Once a week, the pedestals for all the ADCs are recorded, as well as the histogram 

of the self-triggered pulse-heights for each detector. Since the self-triggered histogram 

is predominately single particle pulses, the mean is commonly referred to as the single 
\ 

particle line (SPL). This histograms is used to determine the noise level for that 

detector and to determine the SPL value needed for the energy calculations. These 

t Asen character codes range in value from 32 -+ 126 (20 -+ 7Ehea:). Since the SU 
bit is not used and the 6th bit is always l, there are only 6 usable bits left. 
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TABLE 4.3 
Data Storage on the VAX 

Original form of data (HEX) 1 Final form of data (HEX) 

59 48 00 33 42 10 
~ --...--.. 39 28 20 25 53 22 30 24 

~----...--

21 08 14 23 76 40 41 28 34 20 43 56 20 25 
~ --...--.. ~ "'-...--' 
19 C9 10 51 4F E5 
~--..---

3929302C 31 2F 4537 
------~ 

.~~ .~. 

numbers are recorded, and the. data taken within the next week is blocked together 

to form ~ne 'run', with the date used as the run name. 

Frequencll 

, The number of showers recorded for every 2-day period sinee Octoher 1987 is 

shown in figure 4.9. During the months of July, August, and September the files cre-
,. 

ate~ on the LSI were sent through Datapac 31O1™, Whi~ a Canada-wide'Bwitchir 

network operated by Telecom Canada, t6 the VAX. ThIs system was automate)' 

but unfortunately it was unreliable, and tended to inhibit continuous data collection. 

There was no data collèêted in O~tober because, at that time, the field needed to 

be harvested, which required us to disconnect our experiment. t During this time we 

developed the current data transfer program. 

During the Christmas break we added additional cuts to the program. Instead 

of having one parameter descrihing the noise level of all the detectors, 19 parameters 

t In the future we will bmy the cables BQ that,thiB will no longer he a problem. 
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were included to eliminate euoneous data from detec~ors with high'Pedestals. These 

cuts reduced the total niunber of showers recotded on disk, but not the âclual amount 

of useful events. 

4.6 Timing Calibrations 

Calibration of the TDC 

TABLE 4.4 
1 Gain and Time O~sets for lhe TDC cbannels 

; \ ' 

counter# -cc/ns (±.O2) -

1 , 4.17 
0 

2 , 4.18 . , 
3 . 0 

4.12 
4 . 4.22 
5' , 4.23, . 
6 4.19 
7 4.20 
S 4.16 , , 

. 
" 9, 4.26 

10 
. 

4.30 
, 11 4.23 , . 

12 4.21 
13 4.31. 

~ 14 4.31 
15 4.25 
16 J' 4.28 
17 

T ~;r ~ • !:~ ~ ~.~ . 18 
19 4.04 

, ! 
1 

The conversion from clock-counts to nanQseconds was pre-set to ~ cc/ns on the 

TDC ~odule. To determine the accuracy of this, we used the pul8~ from o~e counter ' 
:, 1 

, 1 

\0 
\ 

. ~ .. \ .• :~:;. ....... ;j:' ... ~ ~ 
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'-* - to start the clock and then the same pulse, delayed by a succession of calibrated cables, 

- " 't, 

'. ~ used t6 stop the dock. The individupal measurem~nts were then fitted to a straight 
~ , .. ,. 

lfue to detetmine the ,CiJlversion factor for ea.ch channel. Th~ conversion factors are 

. " 
list~ in table 4.4 for eâch counter. T~ey ra.n.ge from 4.09cc/ns to 4.23~n8. 

l'uùe·Height Correction~ 

It was shown in chapter' 2 that the 'abSQlute' time is dependent upon the pulse >" - , 

.. ' 

height of the incoming s~gnal because of the time slewing .t. Time slewing is a 

function of the electronic dev..ices as weIl as a function of the photo-tube. In the lab 

it was shown that the time slewing effects between photo-tubes was not consistent, 
. , 

and in the field, the electronic configuration is dt~rent than that in the labo Instead , 

of 1/2 the incoming pulse being ~sed to stop the TDC dock, ,now 4/5 of the pulse 
- b 

from the outer 12 counters and 2/5 of the pulse from the inner 7 counters is used 

to stop the"tClock. Therefore it was p.ecessary to measure the time-slewing eft'ects for 

~ caunter under field conditions . .. 
..... d 

To measure the tiIlle slewing,o a trigger counter, comprised <!f lwo plastic scintil-
, . 

lato~s separated by lead with two fa.lrl photomultipliers, was placed underneath of the 
u • -

detector to provide the 'a:bsolute' time. Because we want~d to know the t~me delay 

of each counter with respect to the same arbitrary point and not just the relationship 

between one counter and th~ triggering device, it was. necessary to maintain the ~ble 

arrangement for the trigger counters between one experiment and the next. This 

would !ben give us the extra advantage of incorporating any extra delay Ume times 
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FIG 4.10: A block wagram ofthe,electronics used in the time-sle~ing measurement 
for (a) the inner seveo. counters (1-7) and (b) the outer twelve cOUnters (8--19). The 
signal from cJtinter~ (1-7) were split With 2/5 going to the discriminator and 1/5 
of the pulse going to the ADe. The other 2/5 were Dot used. The signal from 
counten (8--19) were split with 4/5 going to the discriminator and 1/5 going to the 
ADC. In both cases, the counter stÂrted the dock. - . 
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due to inaccurate measurements of the cable length into the calculation. The signal 
, , 

,from the counter was used to trigger the electronics, and after the trigger was sent} 

the computer program only accepted an event if the trigger ADe levels were above 

noise lev~ls and if the TDC times were not overfiovkd. The electronic configuration 

is shown in figure 4.10. The dock is started when the pulse from the coùnter passes 

over the ,threshold of the discriminator. The measurement of the electronic delays, 

and the delay cables for the inner seen counter, is me~~ed by the stop pulse of 

t~ counter. Because the time-slewing effects occur within the ~scriminator the st art 

and stop pulses are effected equally, therefore the measurement of the electronic delay . 
is pulse-height independent. 'The trigger counter generates two stop pulses, and be-

1 cause the trigger counter u~es fast PMTs, we assume that stop pulses are pulse-h~ight 

independent. 

, ' Because the start ti~e of the dock is pulse-height dependent, but the trigger 
.. ;". 
~.. • (! 

~top pulses are not, the thri~ slewing is actually recorded by the time variation of the 
\ 

trigger counter. This is demonstrated in figure 4.11. The data was analyzed using only 

,the timing information from th~ scintillator located at the. top 'of the trigger counter, 

with thè electronic delays added as a constant. The interpretation of the equation 

4.2 

is that a is a measure of th",e time-slewing effe~t, and the intercept bis a direct measure 

of 'the of the timing delay~ due to cable lengths and electronic delays. 

There was a total of five tests done for each counter with each "test having a 

90 

'r 

. 
r"" 

" 



., . 

, 

( 

•• 

J" (V, . , .. .. . .. '. t~. --, .. & ••• Ji ~ . J ••••• J \ )" ••.. 

• 

. " 
, , , . 
1 1 

Start 
, 1 

(counter) , 1 '" low 
1 1 'pulse \. 1 1 

Stop 1 1 t!~ight 
1 1 (trigger) 1 

t.-t;---: 
'i3 

,-

Start ~ h;gh Icounter) Î 
i'-.-" . puIs, 

1 

Stop 1 height 
1 

(trigger) 1 

Je t2~ 
. 1 

FIG 4.11: A timing diaçam of the .tart and .top puIse of the TDC, with dift"erent 
pulse-,heights coming from the counter. The start pulse il puJse..height dependant 
whicb C&UIeI the measured time tl and fi to he variable, even though the time of. 
the stop pulse is constant. . , 
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TABLE 4.5 , 
A summary of the parameters a,b for éach detector, where a,b were deftned 
I;ly the equation t = al v'ii1i + b 

counter# a (na) b (na) 
, 

1 112.1 ±8.4 .10.0 
" 2 108.0±&.1 6.8 , 

3 123.2 ± 10.8 . 6.3 
4 93.2±7.4 1 

, 5.6 

\ ' 

p 5' . 106.7::l:;,6.1 13.8 , 
11~ . 

0' 6 121.3± 10.4 14.6 t . 
" 7 106.4± 11.8 4.7 .. 

8 227.6±5.7 145.0 
., 9 141.1 ±6.7 154.3 

10 120.2±5.4 154.7 
11 137.6±5.9 153.3 
12 136.7±11.9 152.8 -

13 182.8± 12.4 145.0 
- -

14 143.7±8.7 152.7 . 
'. 

15 145.:l±5.6 148.6 , 
16 102.8±1O.0 151.1 

.17 116.2±4.4 154.1 
18 137.3±3.6 - 151.3 
19 ' ~06.6±1.4 l 163.2 

<I!L ' . 

different voltage. The voltages were ~~ at Va - 20, Va - 10, Va,. Va + 10, Va + 20, 
, 

where Va is the operating voltage for that parlicular det~ctor. The general shap~ of 

the curve was continuo~s between the varying voltages, so we combined the data of 
{ 

all of the voltages and fit the"data to equation 4.2, which is shown in figure 4.12 for 
t ' 

counter 19. A summary of the time-slewing corrective terms (a in equation 4.2) is 

shown in figure 4.13. 
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FIG 4.12: The resqlta of the time-alewing data is showD here with the ealculated 
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Timing Re-,olution 
J. , 

The parameterslisted in table 4.5 were use~ to find a 'corrected' time for each 
. , \ " , 

one of the counters ie: ':';" \ ' 

4.3 

D 

and tlie results w~re histogrammed. A Gaussi~ distribution was fitteœ for each 

histogram and the resultant' u was 1.3ns. The results for counter 2 are shown in 
; ) , 

v , 

figure 4.14. The 'U was found to be larger than the results listed in chapter 2. This 

inconsistency can he understood in terms of the actual experimental configuration. ~ 

the laboratory, the trigger counter was placed directly underneath the counter with è' 
maximum vertical separati~n distance of 3 cm. However, when th~ timing tests were 

r, 
,/ 

done in the field, the vertical distapce between the trigger and the counter varied 
, . 

. .. 
depending on how much snow was un der the detector at the time of the test. The 

lower the 'trigger detector is from the bot tom of the counter, the larger the area is on 

the counter bottom where a particle may pass and still be detected hy the trigger. 

This is illustrated in figure 4.15. In figure 4.15a, the dis~ce between the points of 

\ ' 
impact on the bottom of the counter is minimal as compared to part h. It was shown 

in -chapter 3 (see figure 3.8} that the absolute time i~ a function of radial position 
. -

, at which the particle crosses the counter bottdm. Hence it can be seen that if the 

~rigger was Q..ot'immediately adjacent to the co~ter bottom, the acceptance area is 

larger and the r~dial position of the incoming particle will have a large,... effect on time 

distribution. 

95 



? 
• 

, , 
1 

. 
~\ 

o 
{ 

( 

o 

-, ;~ . 

" . 

, ' 
-~'\".I' 

"+", " ~l; '~;;t"" ~'\,-"l" '.~' "<,',_0' 

" 

U sing this da.ta., the eXpected wtcerîïiinty in ea.ch deteetpr ~s less the 1 ns. This 

value is small when co~pared to the uncert8.inty in ti~e due tlthe finite thickn~s 

. of the shower front. • 
" 

", . 

,. 

• 

" ~ .' 
., 

1 ~ 

96 

.. 
~ .• j .l, • . , ".~ 

. , 
..\ ~\'. \' ., • >, ~ ., ... ,. 

" 

~ , 

\ 

;. 



\ 

'II ,~ 

',-'-'> ,- ',~ 

700 

800 

500 

'" 
0 400 

~ 

.BJOO 
E 
:l 
Z 200 

100 

~70. 
",' 

, , , ' 

T - -2 ~ 

575. '580. sas. 
Corrected Time (na) 

" 

1 

\ ) 

\ 

MO. 

\ 
\ 
\ 

. . 
FIG 4.1.t: A histogram of the 'corrected' time (equation 4.3) for counter 2-. 

6 

: 



... ,.~ .. \' , 

" , 
.' 

t!. .... ------

o 
'- .' 

<II . 
, 

.' 
'. 

( .. 
'"" 

DETECTOR 
'. 

, . 

1 .. 

• r ... ~: 

r 
.. 

~ 

,. 

\ , 
., 

" 

FIG 4.16: An illustration of how the position of the trigger cdunters will eff'ect the 
acceptante area of the incoming partielee. .. 

" 

o 98 

," 

\ 1~ ~- j , ,_" 



) 

( 

" , . ' 

\, 
1 \ ~ , 

't. .. 

~ 

5.0' DATA ANALY~lS 

5.1 Fitting the Shower Fron'l 
I~ 

. 
--

, , 
" ~ ~ H J 1 1 

, . 

~ As the
d 

extensive air shower develops thrOugh thevatmosphere, the elec~rons form a 
... •• J • 

, ~. 

thin (1 rv 2m) spheri~al shape with 8: rrus of .. c~ture of,,: 2600m. Because of 

the large ragiu,s of curvatur,e, and our small effective v,iewing area, the shower front 

can be app.roximated ~ a 'disk. () , 

For each counter that part.icipated in the event there is a direct me~urement î 
, " 

tj. Becausè of the finite measurement precision, the ~easured t~mes deviate from 
, . 

the 'true' values by a random amount whicb. is measured by 1 the stand a devfation .. ' , 

(J'j. The most useful method of fitting sucb. data, 

relationship is linear, is the least squares method 

, "here 

n 2' 
~r· 

X2 = L- -t = min 
(J'. 

à=l • 

o 

5.1 

• 

ri = residual, defined as the difference between the expected value anô tbe.value . ' 

~tually measured 1) \.1 " - h 

n = number of data points 
o 

ul = uncorrelated varianc~ of eacb measurement t. 

In our case, we are fitting the time ti to a plane by the following expression: 

,0) 

ctj = alXi + a2!1i + a3 5.2 

where 

J
99 

• 

q 

o 



" 

·0 

1 

" 

""-o 

" 

1) 

v 

. , 

, f,.1..... 

( -
.. ~ 

'. -.' J ., 

, 

.. 
a 

c = velocity of Jight (.29~8 m/nsl' 
, , 

x';lIi = position of the i'" detector in me~~rs 
" t \~ , . "~- -. 

li :;: measured time in n$iÎ9ven by the i'" dét~'ct9r. 
1 - . 

Therefore, tbe X2 for this set of data is: 
- 1 

~ . 

.. 

... 

~ ':'" ( . 

.. ..... 
~ 

- - . 

5.3' . 

equal to zero. The resulting three equations CM be summarized into a matrix form: . - . 
" 

J 

FA =T 5.4 . 

where 

and \ 

Solving for the matrlx A . F-1T then gives ~he-'best fit' par~eters al, a2t a3. 

To determine Mte error tU A we use the matrix notation of the standard formul~ 

of error propagation. If we have a !inear equation 

Y=BX 
o ~ \ 

an~ Othe covariance m~trix of X'[V(X)] is a diagonal matrix with t~ diagonai clements 

equà1. to (11, then the covariance matrix of Y is 
iJ. 

V(Y) = B "V(X) B T
--: (J 

, , . 
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Using this method, and the proper choice of matrices, it ean he éfiewn" that the 

• covariant matrix of A given in equation 5.4 is 

<. V(A)·~ F-1 
.-1 

5.5 

~ . 
Conver,ion to 6,4> 

Q • 

Once we have determined the best fit for the parameters al, a2, a3, We must 

convert this to the angles 6 and 4>. Figure 5.la shows the plane front and one detector 
~ 1< 

placed at XC,YC. ,Using simple trigonometric properties it can be seen that 

. d 1 " 

z=--
tan 8 

d = (yc 1 xctantP)~stP 
, 

where the value of d is found from figure 5.1 b. However, it is not th~ angle of the }>lane 

w~ch we wish to find, but the angle of the vector nOI'mal to the plane, ie: 6 -+ 90 -6, 

'\. 
, . and tP --+ t/> - 90. Also, the time measured by the detectors do not come from vertical 

going particles, but from particles travelling perpendicular to the shower front, henœ 

cl = zcos8 

which gives, as 0115 final formula 

cti = -(Xi COS <p + fli sin <p) sin 6 
'-" 

comparing this with equation 5.2, we then have 

al)= -costPsin8: 
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.. , .... , ....... , .. ~. .., 
l, \ 1 

- , 

" 

orcon~y 
.. 

sin8 = Jat + c4, , 

tP = tan-1(a2
) 

al 

" 

~5.7 

The uncerlainty in the angles can be found by using the covariance matrix and 

the general formula for the propagation of ,errors. If A is the variance (or covariance) . \) \ 

~ " r tr 

of a set of parameters al, a2, . : . ,n and' if y is a function of these parameters, then 

. Ây = LE {}y ôy Aïj. 
. . Bai Baj , , 

, ' 

Taking the ~~ial derivatives ~ equation 5. 7 t~ vari~ce of cos IJ ahd tP are given 

. \. 
J 5.t 

-, . 
The angular resolution of an anay is defined as the angle between the creaI' 

shower direction and th~alculated vector. To approximate this using the covariance 
. , 

matrix, we find the CT of thè angle by using the equation for a solid angle , 

... 

~ 

and the half angle cr of a cone def.ined by c50 
" . 

to abtain' 

5.9 
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FIG 6.1: A cfiacram illustratin& how the relative arrivai t~ of the Ihower front 
in detecto" with coordinatea (xc,yc) are converted ta the angles' and ~ whicb 
de1lne the plane. 
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5.2 Monte Carlo Simulation . , 

When the shower front is fitted using equation 5.6, it is assumed that it is infinitely , 

thin with no curvature. However, we know7 that each shower has a thickness between 

1 and 2 m, and that the average shower curvature is 2600 m (with a lower limit of 

1300 m). H the shower front is curved, it is immediately obvious that the measured 
o 

angle is dependent upon the portion of the shower front detected, which implies that 

the further the shower core is from the central detector, the larger the angular error. 

The effect of the shower thickness on the angular resolution is, a little l~s obvious, 

but nonetheless Vf:'ry important. At the cenîer of the shower front, the numoer of 

p~ticles is large, ànd hence the 'probability that there' are parlicles at the leading 

edge of the shower is much larger than at the edge of the ~hower where the particles 

are less numerous. Since the detectors only measure the time oi the first particle 

which arrives, a large shower with no curvature may still give the appea.rance of a 
- ) 

curved front, and then we have a similar problem as described above. 
o 

De$cription of the Monte Carlo 

To determirie how these two phenomenon would effect th~ angular resolution, a 

Monte Carlo was written to simulate curved sho'Wer fronts with fini te thicknesses. ( . , 

Unless otherwise stated, the following conditions were imposed on the Monte 

Carlo program: 

~ 

(1) The thickness th of the shower front was modelled by a. G~ussian shape where 

SS3% of a.ll the particles are within th 
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. 
(2) Each oounter has a timing uncertainty with a sigma of .7ns (again the shape 

was Gaussian) 

(3) The earliest partitle striking a counter was the one that was considered to have . " 

stopped the dock. The NKG function W8&' used to simulate the lateral sprea.d of • 

the shower particIes. 

(4) AU the shower cores were generated within 100 m of counter 1 

(5) The event was considered accepted if 1 of the inner seven counters had 4 parti9es 

or more, and if at le~t 5 of the counters had 1 partic1e or more. 

(6) The angular resol~tion is calculated by VI • V2 = cos a, where VI was the normal 

vector generated by the shower front and V2 was the normal vector to the calcu-

lated shower front. The angle resolution is giv~ by that angle inside w~ch 63% 

of all the events would occur. 

Il 

Mean Time OffJe't3 
~ 

It is the standard practice of reseatchers using extensive air shower\ arrays to 

calierate the time offsets in each detector by centering the the individual histograms 

of the arrivaI times about a common value.45 The theory is that given the random 

nature of the shower directions, each detector i~ likely to be triggered early as it is 

to be ,triggered late. 

It cau be seen in figure 5.20. that the mea.ns of the arrivaI times are indeed . 
centered around a common vaIue when the shower front is fiat, but for curved shower 

fronts, the mean of the arrivaI time varies from detector, to detector as a function of 
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-shower front, and (b) a curved'shower front with the radius of curvature = 3000 m. 
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the distance fri,m that detector to the center of the array (figure 5.2b). This 'unique , . 
, 

pattern is not surprising if one considera the statistical nature of the detected showers. 

On average, the shower cores are loc~ted at the center of the array with (J = 00
• H 

the c~ture of th~ shower is R, then the measured time of each detector is offset by 

cP /2R where d is the distance from the ce~~er of t~e shower. 
r " 

The angular resolution of tfue array is a function of the properties of the incident 

shower front, sucb as the curvature and thickness, as weil as the location of the shbwer 

core with respect to the array. The results of the Monte Carlo are summarized in 

figure 5.3. It was mentioned before that for a curved shower front, one would expect 

the angular resolution to be mor~ accurate if the shower core was located at the center 

1> of the array. Figure 5.30. shows this relationship for a shower of size 6 (Ne = 106), 

~ 
and three different shower curvatures. It should be noted that even for a fiat shower 

~ont, thfi: angulat resolution is better near the center of the array. This is because the 

finite t!nckness of the shower front will simulo.te a curved structure d~e to the higher 

density of particles near the shower core. 

The angular resolution as a function of shower thickness is shown in figure 5.3b. 
i , 

Again, the number of particles in the generated shower is 106 • The relationship 

between the thlckness and the angular resolution is linear re.gardless of the size of 

the shower curvature. The shower curvature seems to have the largest effect on the 

angular resolution, as shown in figuré 5.3c. As the radius of curvature decreases, the 
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FIG 5.3: (a) Simulated angular resolutioD as a function of the radial distance of 
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a function of the shower thickness, for 4 d.ift'erent radii of curvature, (c) Simulated. 
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angular resolution decreases exponentially. 

The summary of the relationsrups between angular resolution, shower curvature, 

shower thickness, and location of' the core, do not give an estimate of the overall 

accuracY,of our array. ~o _do that, the above ~nditions were combined in the fo~ 
- , 

lowing way to simulate the operating conditions of our array. The shower sizes were 
, 1 

randomized to obey the known flux rates, which are: , , 
\ 

F(N) -: 6.7N-2,32 

F( N) = 167 N-2.58 

the shower curvatures were randomized using a Gaussian function to give an average 

of 2600 m and a lower limit of 1300 m (0' = 430 m )j, and all the generated showers had .' " 
a thickness of 1.5 m. The total angular resolution calculated by the Monte Carlo was 

• 1 

In air sh9wer arrays, the time offsets for each detectors are not always known, 

so, as mentioned before, the mean of the arrivaI times are centerel around a eommon 

value. This is equivaIent to centerin~ the residuals about zero. We simulated this in 
~ 1 

,our Monte Carlo by adding a timing corre~tion to each detector. The new angular 

resolution was estimated to be 1.250
• 

~ 1 
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S.3 Data Analysis 

Additional Data Cut& 

1 Because the angular resolution degrades as the distance of the shower core from . ' . 

the centre of the array increases, only those showers whose calculated cores t are within 

75 m of count~r 1 are analysed. Once (J and 4> are calculated,-"only the showers with 

/ (J < 300 are accepted because, at larger anglel;l, the th~ges in the apparent depth of 
, 0 

atmosphere are more significa.n:t and cause the showers to be poorly measured. lb 

• • 
Before a shower i,s recorded on the disk, at least oné of the inner seven counters 

\ must have an ADe channef reading of 550 or more. This value of 550 is a function of 

the number of particles recorded in the detector as wel! as a function of the amplifi-
A 

cation of the photo..tube. Because of this; there are some biases within the triggeripg 

system. ,For this reason, stricter acceptance . conditions are required when analyz-

ing the data. As was mentioned before, the ADe trigger acceptance corresponds to . 
roughly to 4 particles. To un-bias the data, the software trigger conditions must be 

, , 

that 5 particles pass through at least 1 of the inner seven counters, and that at least 

5 counters had 1 particle or more. The efficiency of shower detection 'of our array was 

modelled using Monte Carlo methods13 and is shown in figure 5.4. 

Timing Calibratio~ 

The mean of the arrival times for all accepted showers was measured and il-

t A detai1ed description of this calculation is given by K. Murthyl'. 

110 

;, 



( 

-- 1 

.. 

C 
'\ 

."ct' 

< . 
• 

.. ' 

- . .;----. 

J 

. , 

120 r------...:..------..... 
Number of Partlcl. N-10' 

, 
1 • , , , , , , , , , , , 

• 

$hower Slze (1) 

• 2-1~ 1RIQQIR 
• 4-1-1 1'IICIGEIt 
~ 7--3-7 tIIOOEJt 

10 

• 

FIG 6.4: A.plot of the LEDA d:etection efIlciency for 3 separate trlggering con
ditio~. The three num.ben correspond to a) the minimum number of particles 
required by at least one of the inner seven counters, b) the minimum number 
of particles required by any detector to be coll8Îdered 'bit', and c) the minimum 
number of detectors hlt before the shower ia ~pted. " 

./ .' 
111 

, \ '~'~ ... , 'ti1 
I~\~~ 

'~ 
~ 
, 

- 1 



• 

,0 

J.1;F~t'" " 

o 

.' ) 

-

" -

, 
, .. 

""' E 
'-'" 

CI) 

E 
1= . 

• 0 
0:: 

"""' 0 
c: 
0 
CI) 

~ 

" 

fi 

, " 
. " \ ~; *, : f '".; 'l,,. 

'" 

" 
~. 

12 r-------~--------

10 f-

8 -

6 -

,'-

-" J 1 1 1 ' 1 
°0. S. 10. '1' 

Detector 

-

/ 
/ 

j-

. 1 

15. 

, , 
1 

/ 
/ 

1 

20. 

Iè " 

, • <~ ~f, ,.' j ~> \". ~ 

1 ~ (\ 

1 
,1 

\ 

. , 

FIG 6.6: The mean of the arrivaI times ()(.30 ml ru) is plotted for each detector. 
• 4 -". 

112 
" ,r 



-

", 

. 
\ 

" , '" 

.. 

lustrated in figure 5.5. The pattern that was originally shown in figure 5.3a is Dot 

reprodu~ed, however the over~ pattern of the real data is a mixture of ti~ng delays 

due to shower c\\\rvature, as well as timing delays due to the vertical offsets of the 

detectors. If the detector has a coordinate of (x i, Yi, Zi) then the time delay (ct) due 

to its z offset is simply -z. If the pattern of mean times follows tnè Monte Carlo, 

then counters 11, 10, 9, 1S,and 19 have higher elevations than the rest of the array. 

Although there is no detailed contour map of the array location, a visual inspection 

of our array confirma this. To 'compensate for these vertical offsets, it was decided 

that a timing correction will he added to each 4f!tector so that the mean of the arrivaI 

times will be equal. This is justified hy the, Monte Carlo simulation (discussed in the 
, , -

previous section) which showed that doing this would decrease our angular resolution 
. . 

by only 0.1 0
• 

Re"iduaz" 

Before equation 5.4 crui be properly utilized in ohtaining the best fit for a plane, 

the uncertainty in the timing measurement must be known. Because of the timing 

uncertainiies brought about by shower thicknesses and curvature, th? best estimate 
'I 

of the timing uncettainties are obtained in the following manner. The data, once it 
, 

has s~tisfied the above condltions, is fit using equation 5.4 with O'i = 1. The residuals 
Cl 

for each detect~r are stored in a histogram, ,and later fit to a Gaussian. 'The.O' of the 
1 

Gaussian is then used as the timing uncertainty for that detector. The data is then 

. re-fit using ,the properly weighted time measurements. 
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FIG 5.6: Th~ residuals for' detector (a) 3, and (h) 18 are thown as a function of 
the nurober of electrons in the detector at the time of the measurement. J 
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The residuals ,are again ca1culated, but this time they are plotted 88 a function . ' . 
.. of number of electrons dëtect~. Figure 5.6 shows two examples of this. The more 

a 

electrons there are dete~~ed in the ~ter, the higher the probability th~t one of the 

electrons was within the leading ed~e of the detector, which would explain why the 

residuals are larger when the number of particles is lower. Figure 5.7 shows a plot 

of the residual meàns and O"s as a function of the number of electrons for detector 3 . -

and ,19. These (1'S are then tabulated and again the data is re-analyzed by weighting 

the data as a functions of the number of electrons (ie: wti(Ne) = [1/0'i(Ne)]2. Those 
o 

detectors which measured tb,e «:dge of the shower will nof'participate as strongly in 

the fit as the ones whicœ detected the center of the shower. 

H the residuals are ~alculated properly, the X2, per degree oHreedom should peak 
... Cl, 

at 1. The degree of freedom (do f) 18 the number of detector8 participating in the 

event, minus the number ~f constraints (3). A histogram of the X21dof is shown in ,. 

figure 5.8. The peak centers around 150 it tan be assumed tliat the estimation of the 

timing uncertainties is correct. 

} 

Calculation of Angular Error 

, 

f) 

In the Monte Carlo program, the angular resorution was caJculated by comparing 

the calculated normal vector with the original normal vector. HoweV'er, for rea.1 datà, 

the original vector is not known. One method of estimating the angular resolution 

,is by ~ing the covariant matrix, described in section 5.1 H all the estimated O-Q '8 

" are histoyammed, the total angular resolution is tne limit within which 98% of the 
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events oecur. 

_Another method oi estunating' th~ angular resolution is done in the iollowing 

, manner. Arter the best fit ior the shower is obtained, each detecto~ time is modulated 

by a random amount, which is dependent upon the previously calcula.ted residuals 

for that detector. The 'new' times are theri re-fit and then the error in the angular 

measurement is found by ta.king the dot produet between the old and the new normal 

veetors. This is repeated 5 times for each a.ccepted sho~er. The angles are hista-
... 

grammed, and the angular resolution is defined to be the'limit within which 63% of 

the events oeeur. 

) When we impose an additiona.l data. ,eut that the X2 / do f is Iess than 8, the 
p 

angular resolution (illustrated in figure 5.9) was estimated to be 0.550 and 0.650 by 

the two methods deacribed above. 
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FIG 6.0: (a> The Uœ ca1culated !rom the covariant matrix, givin, an ansuJar 
resolution of 0.55°, and (b) the cr calc1,1Jated by varymg the times of the rea1 data 
and re-Jitting the event (see text for mon, detailed description), giving an angular 
resolution of 0.65°. '-
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5.4 Star 'l.racking 
' .. 

. , 

Once the local coordinates 8 and tP àre calculated, we must then interpret them 

in terms of celestial objects. Before this can be done, w~ must mst define what is 

commonly ~own as the celestial sphere. Imagine a sphere with earth at the center, 

rotating in the east to west direction about the earth. AlI celestial objects will then 
f;' 

appear to be fuced points on this sphere. The following is a list of the important 

points or great circles on the celestial sphere, shown in figure 5.10 and figure 5.11. 

; local zenith point: A point defined by ext~?-ding the line joining the center 

of the Earth and the observer's ~osition on the Earth. 

horizon: A great circle defined by the intersection of the celestial sphere with 0 

a .plane whic.:h is perpendicular to the local zenith, and passes through 
, J 

the çenter of the Earth. Note that due to the fioite size of the Earth, 
, , 

mountains etc., the visual horizon of the observer is not necessa.rily the 

'horizon' defined her~. 

cel .. li'" pole.: The intersection of the rotati~ 1. of ~h with the , 

celestial sphere defines the two points; the North and South celestial poles. 

ob"eMJer'" meridian: A gre&t circle p~rpendicular to the horizon and passing 

through the local zenith and the north celestial pole. 

north point: A point defined by the intersection of the horizc;>n and the'great 
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circle passing through the North imd South celestial 

cele~tial equator: A great circle defined by the intersec ion of the celestial 

sphere with a plane which also intersects with the Ea.rth's geodetic equa-
'-

tor. 

ecliptic: A great circle defined by the apparent path of t e SUD during the 

course of one year. 

equinoz.' Two points defined by the intersection of the liptic with the 

celestial equator. The vernal equinox occurs in spring an the autumnal 
, .... ~ 1 

equinox occurs in the autumn, the two days in the year wh n the day and 

night are both 12 hours long. 

3idereal day: Equal to the time between crossing of ~he observe 's meridian 

by a point fuced on the celestial sphere. This is Dot equal t one solar . \, 

da.y. 

. 1 sider~al day = 1.002738 solar day \ 

In the LOc.oI Horizon Coordinates, a cel~ial object is defined br t1J\altitud~ 9', 

and the azimuth 4>' where. . 
) ~\ 

- 4>' i~ the angle ea3t of the north point. .. 

8' is the angle'between the horizon and tn-e celestial object and ' \\ 

,As the earth spins, the local zenith point moves along the celestial sphere~ thereby . 
\ 

m~g fJ' and 4>' function of the time of day and the time of the year. To acc1unt for 

~' 
\ 
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n..-....... - Celestial Object 
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~-~- Obsarver's Horizon 

----..... ---~--South Celestial Pote 

, -
FIG 6.10: Local Homon_ Çoordinate system. The position of & atell&r objeet ia 

_ defined by the altitude 6' which ia the angle (l. to the homon) &0& the horilon 
to the object, and the azimuth,;' whlch ia the angle eut (along the horison) from 
the north point. \ 
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FIG 6.11: Equatori&1 Celeetial Coordinate system of defining the position" of a 
stelIar object. The right ucenlÎon (1 ia the angle eut (along the celestial equator) 
from the vernal equinox. The declination 6 ia the angle (1. to' the equator) !rom 
the equator to the object. .. ' 
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this difticulty, astronomers have developed coordinate systems which are independent 

of the motion of the Earth. One such system, called the Equatorial Celestial Coordi-

nates, is shown- in figure 5.11'. In this coordinate system a celestial object is located 

by two coordinates, declination S and the right ascension a where 

6 is the angle between the celestial equator and the object and 

a is the angle east of the vernal equinox. 

It should be noted that a is often given in units of hour-l\D.gles (hr), where 1 nour- J -

angle = 15.degrees/hour. 

Tramformation /rom, Local to Cele&tial Coordinate& 
c "-

Before the transformation fràn local to celestial coordinated tan he accom-

plished, the local mean sidereal time (LMST) must mat be calculated, from the local 
- . 

(standard, not' daylight 'savinga!) time (LT) and the universal time (U1').46 . -

UT = LT .... À/15 -
GMST = GMST(OAUT) + O~065710d + 1~002738t 5.10 

LM ST = GMST - ),,/15 

where 

).. = west longitude 

GMST(O"UT) = GMST on day 0 at OhUT of each month given in _empheris 

_tables. Table 5.1llsts the GMST(OhUT) for 1986 

'GMST = greenwich mean sidereal' tii'ne which is equal to the right ascension a 

(in hour-angles) of the celestiJobj~t8 crossing the Green1DÎck meridian at 

this absolute time 
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LMST = local mean sidereal time which is equal to the rfght ascension a (in 
" 

angle-hours) of celestial objects crossing the o08erver', meridian at this time. 

d = day of the month , 

t = time in decimal hours UT 

1, ~ 

TABLE 5.1 .' 
Important Constants rf" Star Tracking 

.~ 

GMST on day 0 at OhUT of each month 1986 

Jan 06.6245h Apr 12.5384h JuI1S.5180h Oct 00.5633h 

Feb 08.66151& May 14.50971& Aug 20.5550h Nov 02.60031& 
'Mar 10.50141& June 16.54671& Sep 22.59201& Dec 04.57161& 

-Coordinat es of the LEDA array 

f3 = 45°25'26" N ,'" À = 73°56'17" E 

If' 

From thè local sidereal time and the right ascension of a celestial object, we can define 

the hour-angle h )angle west along the celestial equâtor from the observer's meridian 

. to ct); 

h = (15 x LMST - a) deg. 

Given the latitude (J and the LMST, spherica1 geometry relates the altitude 8' an~ 
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the azimuthal 4>' to a and 6 according to:4T 

a) cos fi sin 4>' = - cos 6 sin h 

b) cos fi cos 4>~ = sin 6 cos fJ - cos 6 cos h sin (:J 

c) sin fi -:- sin 6 sin fJ + cos 6 cos h cos (:J 5.11 

d) cos 6 cos h = sin9' cos fJ - cos 9' cos <p' sin fJ 
.. 

)ot.) sin 6 = ~in 9' sin fJ + cos 9' cos 4>' cos fJ 
Since 6 by ddhution is Iess than 90°, it is determined uniquely by equation 5.Ue .. 

• 

However, h can vary over 3600
, so sin h and cos h mlist be determined separately by 

equat-io~s, 5.lla and 5.Ud to give the correct quadrant. 
~ 

The accura.cy of the above equations are dependent 'On the accuracy of 9' ,4>' and 

the time measurement of the shower. Ase~er is recorded ~n ~he LS.~-ll, the 

current time (in seconds past midnight) is also recorded. The time on the computer is 

set in conjunction with the time signal given by CBC at 1:00 Eastern Standard Time. 

The computer time is then checked daily against a quartz digital watch (accurate to 

within 6 secondsjmonth). ID. the worst case of an error in our time of six seconds, the 

correspon.ding error in the hour-angle will be 0°1'30". This is negligible compared to 
r 

the angular resolution given by the previous section. , 
The viewing area of the sky is illustrated in figure 5.12, where each <jot is pro

portional to the number of showers recorded, which came from that locàtion in the 
1 

, sky, d~ng the month of January 1988. It can easily be seen that at our latitude, 

Cygnus X-3 (6 = 40~9 Ct = 307~8) is weIl within our visible range of the sky. 
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FIG 5.12: The map of the sky is shawn where the number of recorded showers 
(during January 1988) ia proportional to the number of dota. Cygnus X-3 hu the -
coordinatee 6 = 4O~J~ and cr = 307?8. 
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6.0 CONCLUSION 

, The angular resolution for pui array, calculated hy the Monte Carlo is 1.250
• 

, -
! 

However, since the model was a highly simplistic view of the rea1 shower front (Gaus-

l ' sian distributions of eurvature, etc.) this resolution is consideted to be pessimistic. 
, 

The angular resolution caleulated from the da.ta (0.65°) is much sm aller than that 

predicted by the Monte Carlo. However, sinee the da.ta analysis does Dot consider , 
.. 

the effects of measuring only a portion of the shower front, the angular resolution is 

estimated to be between 0.65° and 1.25°. Thielesolution is of the saIie order as that 
:'t 

of the Kiel group,23 and so we conclude that we will be able to observe any strong 
.. . ~ ~ 

"(-ray sources within our visible range (20° < 8 < 70° N and 0° < Ct < 360°), given 

sufIicient viewing time. , 
! 

In the future, we hope to improve the timing resolution by adding a thin layer 

of lead. This will recluce the shower tllickness and curVature problems hecause "(-ra ys 

,will he converted into electrons, and this yields an additional signal which is earlip-
1 ~.. -

in time.51 A n;tO~ aceurate estimation of the angular resoluj;ion cao he found if the . . .. 
relation of shower curvature to ~hower size ie understood, either by measuring the 

1 

. c~ture directly, or by simulating the shower front by modelling the entire shower 

pro cess starting from tbe original cosmic ray. 

'\ 
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APPENDIXA \ . , 
A.1 'A Simulation of the Light CODe of the LEDA Detecto; 

" 

A.s.st1mptio~ and Re.striction.s 
.. 

To .gimulate the timing resolution of the light cone in the LEDA detector, the , , 
, 

f6llowing conditions were imposed upon the Monte Carlo program: 

(1) Because re wished to model the light cone only, the quantum efficiency of the 

PMT was not included in the calculations. We assume that if the reduction of l 
photons detected is constant over the entire gate width, the pulse shape (although 

not the pulse-height) will remain unchanged . , 
(2) The rise-time of the PMT was given in the manual as 6.5 ns, so for simplicity sake 

" , 

we assumed that each photon generates a Gaussian pulse with a 6.5 ns rise-time 

( defined as the time it takes to go from 10% to 90% of the maximum peak. This 

corresponds to a (T of 3.85 ns 

(3) The PMT was consideted to be a Hat plane instead of h~sphericàl, and we 

assumed it has a uniform response across the photo-cathode. 
c 

(4) The pulse spectrum is integrated over 150!,s sinee this is the gate width used in 

our experimental analYsis. (.4 

(5) The ,:,ylar 00. ~e ~I cone ,.;..~ BS8'~r lo.be 99% efficient, the reJleetivity 

of the scintillator disli wu, given as 90%. The top of the sCÏDtillator dish was 

assumed to he 100% transparent. D 

(6) The index oÏrefr~tion of the scintillator w~ approximated to be 1.5, and it was 
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- . 
, also 88Sumed to be..independent of the wavelength of the photOn. 

(7) The light generated hy the scintillator was assumed to be uniformly distributed , . 

~ path of the '&,;"me ray. . . 

(8) Our deteetor wa.s designed to give a uniform pulse-height with no radial depen-

denee. Henee the pulse-height, defined as the 'numher of photons hitting the 

PMT, wa.s normalized a.îld given no radial dependence. 
\ 

û (9) The..shape of the scintillat~r dish was simplified by assuming a Hat bottom. 
,1 

\l •. 
(10~ The number of photons generated hy the scintillator wa.s completely a.rbitrar~, 

• 1 1 

and was chosen to he sufficiently large so that statistical Huctuations ~oul:d he 
~ , 

minimized. 
1 

(11) We also ignored all photons that w6uld be internally reflected in the scintilla-

o tor sinee, by our simplified version, they wpuld remain trapped until they are 

absorbed by the walls of the tray. ,1 
• 

M odelling of the Detector 

Our deteetor w~~ll,ed by'king the intersection of 19 planes. Eight planes 

weré used to describe the light cone, one plane for the PMT, one plane for the 

scintillator-air boundary, and another nine planes were defined for the scintillator 
-

tray. J 
,. 

To caleulate the path of the photon in the light conè, we used the following vector 
• 0 ...... 

analysis (see figure A.1). 

Let 
1 -
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FIG A.1: A vector A with direction f intersecta with' a plane, defin~ by the, 
vector jj and the normal ft, intersecta at a point defined by the vector ë. 
.. 

A = the initial position of the photon 

V = directional vector of the photon trajectory 
1,. 

fi = outward unit normal of the detector plane 

.ii = any point in the plane which, when combined with fi, uniquely defines it 

ë = the interception point of the photon with the plane 

- .... .... 
Q = length of the.path from A to C 

A.t 
o 

.. .... ... 
C=A+'aV 

,-,J 

For two points on the ~ame plane we know: that 

.. .. 
(C-B)'n=O 
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Rewriting equation A.l and then taking-the projection onto n gives 

.. 
, .. ... ... 

aV· n = (C - A) . ri 

A ... -f .-

=> aV'n = (B - A). ri from eq'n A.2 

... ... 
o (B - A)· n 

===? ·a = ->"--::A~':"-- A.3 
'V. n . 

o 

and • 

... ... (E -1). ri) ... 
C=A+... V 

". v·n 
A.4 

Th det~ whiéh plane the photon .truck, we caIculated a for each plane using 

~quation..A,.3 'ànd then used ,following argument; the plane w~ch has the shortest 

positive distance hetween the origin of the photon and the intersection point must 
1 

he the one which the photon bit. Once the intersection point *as discovered, the 
1 

- 1 

posifon of the photon was then calculated. using equat~on A.4. Th~ _ travelling time 

of th photon is ale (c = speed\of light in air). 

he new direction vector V of the photon had to be calculated differently for 

ed and refrl;t.Cted photons (shown in figure A.2). The direction of a 'Teflected 

phot n obeys the law of refiection which states the component p,,,-alleZ to ri cho,nge& 
l ' 

&ign. )Therefore, if ~ is the incident ~rection, and Vr is the reflected direction, 

1 
1 
1 
1 , Vr = ~ - 2 (~ • ri) n. 
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FIG A.2: (a> Tbe reflection of ligbt from a boundary between pl and 1'2. (h) Tbe 
refraction of ligbt tbrough a boundary between pl and 1'2. 

The direction of a refracted ray is is described by 
Q 

v,. = fsinB,. +û~8,. 

" 
û = fi [s~gn("Ci .n)j 

W'here 
, 

~ i = unit tangent in the plane of incidence 

û = unit normal with whicli V,. subtends an &Cute angle. 

A.6 

With the new position and dir~tional vectors calculated for the photon, the process 

is repeated until the photon either is absorbed, or hits the PMT. 
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~ p~gram was, usee! ~ simulate our expetimental data. 10 ~c r~ events 

were generated at each fixed radiél position, where the position ie defined as the x-y 

coordinates of the cosmic rayas it crosses the bottom of the tray. Photons were 

continually generated until, the total number striking the PMT in l~O ns was 5000, 

which ~eans t)lat, the total number of photons generated varied wit~ radial position 

to compensate for the collection efficiency. Thue, the pu1se-height effects on timing 
" 

~, 

\ resolution will not be modelled. As each' photon strikes th~ PMT,. it forma a Ga1,lssian 

curve with arise time of 6.5 ns; and a time offset oorresponding to the travel time of 

the photon. The pulse shape is generated by adding each individual Gaussian curve. 

The measured time is then given as the point when the pulse shape passed a given 
, 

trigger level. 
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