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Abstract

The Haleakala Gamma Ray Observatory (HGRO) was designed to search

for astrophysical gamma ray point sources by employing the atmospheric

Cerenkov technique, in the energy region around 1 TeV. A number of prior

observations have hinted that the (claimed) point sources detected, did not

have the characteristics expected of such high energy photons.

A simple array of 32 particle counters surrounding the already existing

Air Cerenkov telescope were employed to search for an unexpected accompa

niment of the Cerenkov signals; this anomalous accompaniment would imply

non-gamma ray origins of the point source particles. By setting the indi

vidual particle counter rates to the background muon rate, and 'slaving' the

array to the air Cerenkov telescope, any D.C. excess detected would cast

doubt on the present day understanding of cosmic ray phenomenology.

Three sources were examined; 81 hours of data from Cygnus X-3 binary

system, 132 hours of data from the Crab supernova remnant, and 33.5 hours

of data from the 4U0115 binary system was obtained. After performing

several layers of off-line cuts, no evidence of an anomalous accompaniment,

for any of the observed sources, was found.
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Chapter 1

Introduction

The Haleakala Gamma Ray Observatory (HGRO) was designed to search

for astrophysical gamma ray point sources by employing the atmospheric

Cerenkov technique, in the energy region around 1 TeV. A number of prior

observations have hinted that the (claimed) point sources detected', did. not

have the characteristics expected of such high energy photons. A simple array

of particle counters surrounding the Air Cerenkov telescope was employed

to search for an unexpected accompaniment of the Cerenkov signals; this

. aI!.~malous accompaniment would imply non-gamma ray origins of the point

source particles. No such evidence has been found, though a few hints leave

one wishing for more data. These matters will be expounded upon in the

following sections.

In this chapter, we shall discuss the layout and principle components

1



of the HGRO. A simple overview of the Air Cerenkov telescope and Barrel

Extensive Air Shower array will be given, as well as the motivation for the

upgrades each of these instruments underwent during 1988. In the following

chapters discussions of Extensive Air shower phenomenology, a detailed de

scription of the HGRO Air Cerenkov telescope (ACT), a detailed description

of the Barrel Extensive Air Shower array (BEAST), and an explanation of

the data analysis with some results will be expounded upon.

1.1 The HGRO

The Haleakala Gamma Ray Observatory facility is located on the Island

of Maui, Hawaii, at the summit of the dormant volcano Haleakala. The

site is located at 20° 42' 36" north latitude at an altitude of '" 9950 ft. This

location provides unique opportunities in observing high energy astrophysical

sources since many of the other air Cerenkov telescopes are also located in

the northern hemisphere, but generally farther North. Because of this, not

only is there the opportunity of overlapping studies between institutions, but

there is also the ability to observe sources as far South as the Galactic center.

The altitude corresponds to an atmospheric depth of 730 gms/cm2 , and is

approximately seven kilometers below the estimated shower maximum of a

300 GeV gamma ray induced shower.

A layout of the HGRO facility is shown in Figure 1.1. The ACT sits on

2



a concrete slab near the building that houses the signal processing electronics

and data acquisition equipment. Centered around the telescope is the Barrel

Extensive Air Shower array, referred to as the BEAST; this consists of 32

particle counters arranged in four concentric circles of eight. The individual

particle detectors are spaced approximately 20 ft, 50 ft, 100 ft and 140 ft

from the center of the ACT.

The conditions for the atmospheric Cerenkov technique impose stringent

limitations on the observing schedule. The air Cerenkov telescope can only

be operated when the the moon is below the horizon and the source under

observation is within 45° of zenith. This means that in a ideal month only rv

125 hours of observation time is available. Due to a high degree of fluctuation

in the weather at Haleakala summit, combined with the fact that sources are

observable for only a few months of the year, makes the scheduling of the air

Cerenkov telescope a formidable task.

1.2 The Air Cerenkov Telescope

The main component of the HGRO is the Air Cerenkov Telescope (ACT).

This telescope was not the first telescope, employing the atmospheric Cerenkov

technique, constructed at that site. The fabrication of the original ACT, re

ferred to as the Mark-I model, began in January of 1983.

3
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Figure 1.1: A diagram of the Haleakala Gamma Ray Observatory showing
the location of the Air Cerenkov telescope, and the layout of the individual
barrels that comprise the Barrel Extensive Air Shower array.
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Early results of Monte Carlo simulations of extensive air showers implied

that there was a timing difference between hadronic and electromagnetic

shower widths. It was thought that a simple discrimination, in time, could

be used to separate those showers of electromagnetic origin from those of

hadronic origins. It was with this in mind that the Mark-l was designed.

Although a timing difference in shower widths can be shown to exist, it was

not possible to make use of this fact alone. In fact, proton shower widths can

be as narrow, or even narrower temporally than electromagnetically induced

showers when only a small part of the shower front is examined. Despite

the fact that the shower width timing difference could not be exploited,

the 1 ns fast timing resolution, that was required for the proposed timing

difference, provided a very low energy threshold for a given total mirror area

- as compared to a telescope of comparable area but with a wider coincident

window.

The Mark-l was designed to have very fast timing accuracy, single photo

electron sensitivity, and the unique capability (amongst the half dozen other

instruments in the world) of simultaneously monitoring the off-source as well

as the on-source.

The Mark-l was constructed with six mirrors, '" 1.52 meters in diame

ter, assembled on an equatorial mount. The mirrors for the telescope were

obtained from the University of Utah Cosmic Ray Laboratory and were iden-
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tical to those used in the 'Fly's Eye' experiment (Cassidy, 1979). The mirrors

were spherical with an f-number of e- 1, therefore the focal length was rv 1.5

m. Aluminium was evaporated, under vacuum, onto the surface of the mir

rors with no overcoating.

Each mirror, had at its focal plane, six photomultiplier tubes. The pho

tomultiplier tubes were housed within aluminium canisters, which were sup

ported by tripods above the mirrors (figure 1.2). Each canister contained six

photomultiplier tubes, six amplifiers for the photomultiplier tube anode sig

nals, and six voltage regulators for the amplifiers. One face of each canister

was an aperture plate, which defined the field of view for two independent

triplets of phototubes, This geometry allowed the telescope to observe two

different patches of sky simultaneously. At any given time, one aperture

contained the source under observation while the other aperture served as a

background monitor. The apertures, each of which was O.5°in diameter, were

separated by 3.6°in declination. The light from each aperture was shared by

three phototubes, which where placed a small distance behind the aperture

plate (figure 1.3).

In order to select events which were likely to be the result of extensive

air showers, some sort of hardware trigger needed to be established. This

trigger was accomplished by the use of discriminators which generated a

logic pulse whenever a photomultiplier pulse exceeded some threshold; this
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Figure 1.2: A diagram of the ACT before the Upgrade.

threshold was set to be slightly less than that expected for a single photo-

electron. The response pulses, from the discriminators, were input into one

of two multiplicity logic units, each of which corresponded to one of the two

fields of view. If seven, or more, of the photomultiplier pulses overlapped

in less then 7.5 ns, the multiplicity logic unit generated a trigger pulse that

froze the experimental setup so that the data acquisition system could write

the pertinent information to tape. The information recorded was the pulse

amplitude, the time at which each of the participating phototubes triggered

within the event, the time of the event, the position of the telescope, and

other such data pertaining to the nature of the event. Once every second,

the computer intervened to record information from a number of registers;

7



MIRROR

SOURCE DIRECTION----
---...---

Figure 1.3: Optics for a single mirror of the ACT Mark-1.

this allowed on-line monitoring of the status of each individual phototube.

The Mark-1 began to accumulate data in June of 1985, and after 3 years

of operation, the collaboration began to retro-fit the ACT.

The six original mirrors were replaced with twenty six, 0.85 m diameter,

£-1 mirrors which had a much better optical resolution. This increased the

light-gathering capability of the telescope from r- 10 m2 to ,...., 13.5 m2
• Along

with this increase in the light collection area was an overall improvement in

the pointing accuracy of the telescope. The number of photomultiplier tubes,

and the ancillary electronic channels, was increased from 36 to 52. Instead

of three phototubes per aperture sharing one mirror, only one phototube per
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aperture per mirror was used. This served to simplify the optics as well as

to facilitate easy maintenance of the telescope.

The electronics also went through a change; although the general hard

ware logic was equivalent to the Mark-L, there were some new electronic

features added. An electronic ambush, was installed that filtered out any sig

nal that did not meet the hardware trigger criterion1. A better signal pulse

amplitude measurement was to be obtained by the installation of newer ana

log to digital converters. And the installation of a trigger that was based

on the overall event pulse height, as opposed to the trigger multiplicity, was

carried out.

In addition to the above hardware changes, the data acquisition system

software was extensively reworked so as to be more streamlined. This allowed

the experiment to acquire data at an increased rate.

The retro-fit began in March of 1988, and a year later the 'new' ACT

began to take reliable data.

1.3 The Barrel Extensive Air Shower Array

The aim of the ACT is to observe those events corresponding to the genera

tion of an extensive air shower by an electromagnetic primary. The magnetic

IThis was really installed in the latter half of the operational tenure of the Mark-l.
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fields that pervade space tend to deflect all particles that have an intrin

sic charge. Neutral particles, not being deflected by the ambient magnetic

fields, are ideal for the study of high energy astrophysical point sources be

cause of their straight line paths. Since neutrons have a short half-life (much

less than the transit time between stars), and neutrinos are very difficult to

detect, the particle that is of most interest is the photon. It is therefore

thought that photons maintain a path that will be indicative of the direction

to an interesting astrophysical source, while charged particles will constitute

a stochastic background. Traditionally, because of practical considerations,

one tries to observe a tiny 'bump' due to 'Y -ray showers on a background

of proton induced showers; the results seen so far, are in the vicinity of

1% signal to isotropic background. A satisfactory method of discrimination

between those showers of electromagnetic origin, and those of hadronic, is

crucial to improving point source determination.

As will be discussed in the following chapter, there are two differences

between electromagnetic and hadronic cascades: the uneven Cerenkov light

pattern on the ground, and the presence of a muon content within the cas

cade itself. The physical dimensions of the telescope is not of a size so as to

indicate the evenness of the Cerenkov light pattern on the ground (Sinnis,

1990). It was thought that there should be some apparatus that could sample

the remainder of the shower cascade at the observatory altitude, and deter

mine the content of the 'hard' component. This was part of the motivation
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for building the Barrel Extensive Air Shower array (BEAST). A series of

observations, discussed in section 2.4, seemed to indicate (and still do) that

something was not normal (as expected for 'Y -rays) in the signals from the

most regularly claimed point sources (e.g. Cygnus X-3 and Hercules X-I),

and it was thought that BEAST tagging might illuminate the anomalous

behavior.

With the simple assumption that only the muon content of hadronic

showers would be detectable at the observing altitude, then any event de-

tected by the ACT in coincidence with a BEAST trigger would then be

vetoed. Because, as will be shown later, the number of muons per shower is

low and since the probability of striking a particle counter is also low, this

method will not eliminate many hadronic showers. However, there was real

interest in trying to see if there was an anomalous muon accompaniment of

the 'Y -ray showers, as claimed by the Keil air shower array collaboration

(Samorski and Stamm, 1983).

1.3.1 Description of the Array: The Number of the
BEAST

The first phase of the BEAST was completed in July 1986. This consisted

of 16 particle counters arranged in two concentric circles of eight. The design

of the particle counters was fairly simple, and was constrained by a 'shoe-
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string' budget. 55-gallon steel drums were converted into water Cerenkov

counters. The inside surface was prepared with an ultra-violet transmissive

polyurethane paint that was doped with pure titanium dioxide for high re

flectivity. Each drum had a removable lid that had an 8-inch photomultiplier

tube (donated by the 1MB experiment) attached to it. The signal output

from the phototube base was piggybacked onto a high voltage RG-58 coaxial

cable for simplicity and cost efficiency. Each drum-PMT combination was

referred to as an individual barrel, and the effective area of each was approx

imately 0.8m2 • The tubes were plateaued under laboratory conditions using

a three fold coincidence between two scintillator paddles and the individual

barrels. The usual operating voltages were between +1700 V and +1900 V.

Each phototube signal is picked off the high voltage cable and split. One

pulse went straight to an analog to digital converter. The other one was

discriminated at a threshold (30-40 mV) such that the raw singles rate was

~ 300 Hz. The discriminated pulse was conditioned by logic fan-in-fan-outs

and sent to the time to digital converters, pattern units, and the scalers.

The trigger for the BEAST is, in fact, the ACT trigger; when the ACT

triggers, the information from the BEAST is obtained passively through the

data acquisition system.

In actuality, the energy threshold of the array was orders of magnitude

greater then that of the ACT. Because of this, there was not a significant

fraction of the events in coincidence, to make a significant contribution to any
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periodicity search. It was hoped that by increasing the number of particle

counters, as well as a simple increase in the location density, could reduce

the energy threshold of the array by an appreciable amount.

A secondary use of the BEAST was to check the pointing accuracy of

the telescope; by making use of the timing differences between participating

barrels in an event, a shower direction could be determined and compared to

that indicated by the telescope. In order to have a better angular resolution,

the distance between the particle detectors should be such that a long 'lever-

arm' is guaranteed.

By increasing the number of particle detectors, with the addition of an

inner ring of eight and an outer ring of another eight, both of the above

conditions were met. However, the BEAST energy threshold was still two

orders of magnitude greater then that of the ACT2
, to again make any

contribution to a periodicity search. The overall coincident rate, after the

increase, was rv 3 - 4%.

1.3.2 Comparison with other Arrays: a BEASTiary

During the 'upgrade' year of 1988, thoughts of using the BEAST as an

Ultra-High Energy (UHE) extensive air shower detector arose. It was sug-

2Coupled with this was also the fact that there really was no way of identifying the
particle that triggered a particular barrel
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gested that the array could be used like other extensive air shower arrays of

comparable energy thresholds around the world. Table 1.1 shows the geo

graphical location of other arrays that were in operation, or were being built,

at the time of the upgrade. These arrays had an operational energy threshold

of '" 1015 eV, which was thought to be much higher then the expected energy

threshold of the upgraded BEAST.

Name Latitude Longitude Altitude
Akeno, Japan 35°N 135°E 900m
Argatz, USSR 400N 45°E 3250m
Baksan, USSR 43°N 42°E 1850m
Chacaltya, Bolivia 16°S 68°W 5200m
Haleakala, USA 200N 156°W 3300m
Mt. Hopkins, USA 32°N 1l00W 2380m
JANZOS, New Zealand 41°S 175°E 1700m
Los Alamos, USA 36°N 107°W 2120m
La Palma, Canary lsI. 29°N 18°W 2300m
Plateau Rosa 46°N 8°E 3500m
Pochefstroom, S. Africa 26°S 33°E 1429m
South Pole 900S - - - 3180m

Table 1.1: Comparison of some low energy threshold EAS arrays around the
world.

What is noticeable by inspection of table 1.1 is that the location of the

Haleakala experiment is strategic; it bridges the astronomical observation

gap between the East (Akeno) and the West (Mt. Hopkins, Los Alamos).

Figure 1.4 shows the sky coverage of these arrays for incident showers less

then 35°from zenith. Note that the BEAST, like most other arrays, covers

the Northern hemisphere well. There is a slight advantage in being further
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South, permitting access to some sources not visible to the other arrays at

mid-latitudes (except the Keil array at La Palma).

The more salient features of the arrays plotted in :fi.gure 1.4 have been

listed in table 1.2. It should be noted that this survey was done in 1988, and

some of the information has since changed. Some of the locations listed in

table 1.2 have several arrays of varying density (eg. Akeno), and in these

cases, what has been listed is only the array most similar to the BEAST.

What is clear is that the BEAST array is quite typical of the other

arrays in terms of the number of counters, the area per counter, and the

total effective target area of the array. It is quite competitive in most respects

with the best of the other arrays. Not shown in the tables were some other

features that one might have considered, for example the association with

other experiments: the Haleakala BEAST, being located next to the LURE

Observatory, had access to a universal timing source that was accurate to

within a few microseconds. This was something that few other arrays had.

At the time of this writing, the ACT has been partially dis-assembled

and the future of the BEAST is being considered. It was hoped that at

some time the BEAST could be used as a stand-alone array, affording full

time data gathering of some celestial point sources. This would, of course,

have necessitated the installation of an independent trigger (other then the

ACT). Budgetary considerations are at this time not favorable for this op-
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Figure 1.4: Detector coverages for a zenith angle of 350
• This illustration

can be superimposed onto a Mercator Plot of the astronomical universe to

determine source coverage.
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tion; however, with the Cerenkov Ultraviolet Light Experiment (CLUE) pro

posal being considered, it has been suggested that the BEAST again be

upgraded with some particle tagging capability. Since CLUE will be on the

'leading edge' of science, and extensive air shower arrays are beginning to

become well understood, it will be convenient to have something by which

CLUE can compare itself. By comparing overlapping events between two

independent experiments, at the same site, a better belief in the validity of

any result thereby obtained is assured.
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Chapter 2

Phenomenology

The purpose of this chapter is to discuss the salient points of cosmic rays, at

least those points that pertain to the operation of the air Cerenkov telescope

and the barrel extensive air shower array. A short synopsis of the develop

ment of an extensive air shower, and the main differences between a hadronic

initiating primary and an electromagnetic primary will be pointed out. The

ideas behind the atmospheric Cerenkov technique will also be discussed. A

brief discussion of the ideas by which particles may be accelerated into the

realm of very high energy, and ultra-high energy, will also be mentioned.

2.1 Extensive Air Showers

Most of the particles detected in extensive air showers (EAS) are the by

products of an immense multiplication process that began somewhere in the
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upper reaches of the atmosphere. In order to understand this process by

which some initiating particle can generate the propagation of hugh numbers

of other particles, a firm understanding of the types of energy loss mechanisms

should be discussed.

2.1.1 Energy Loss Mechanisms

The primary mechanism by which any EAS develops is the energy loss of the

initiating particle; by imparting its energy into the absorbing medium, one

energetic particle begets many. In order to further discuss this multiplying

process, a survey of the major electromagnetic interactions possible, needs

to be performed.

When a charged particle traverses some medium the following processes

will occur:

• Collisions; in which the incident particle imparts some of its en

ergy to the atomic electrons that make up the absorbing medium.

Many times the result is ionization of the atom, where the interact

ing electron is then elevated into a 'free' state.

• Coulomb Scattering; in which the incident particle interacts with

the Coulomb field of an atomic nucleus and thereby suffers a deviation

in trajectory, but with essentially all of its initial energy intact.
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• Bremsstrahlung; in which the incident particle will radiate some

of its energy in the form of a photon, which is produced while the

incident particle is undergoing acceleration due to the presence of a

nearby nucleus.

If the incident particle has no intrinsic charge, and is electromagnetic in

nature, then the following processes must be considered:

• Compton Effect; in which the incident particle interacts with an

atomic electron, transferring some of its energy, and undergoes scat

tering.

• Pair Creation; in which the incident particle undergoes materi

alization. This can only occur within some absorber due to Energy

Momentum considerations.

For the rest of this section, a further description of the above processes

will be covered (pretty much in the order listed). It is common practice, in

cascade theory, to refer to particles with unitary charge, and electron mass,

as electrons. So; throughout the rest of this section, any arguments applying

to electrons will also apply to positrons as well.

Collisions: We begin by considering an incident charged particle of mass

p" spin 1/2, singular charge e, and velocity of (Jc, traversing some medium

consisting of N nuclei with atomic weight A, and charge Ze. By assuming
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that the atomic electron is free and that the interaction is such that the

trajectory of the incident particle is unchanged, the probability of having a

collision, with energy loss E', is given byl;

<Ii (E E')dE' = 2('Y~7rNZ) mc
2

dE' {1- f32~ ~( E' )2}
col. , A f32 (E')2 E:" + 2 E + /LC2

(2.1)

where "10= e2/mc2 is the ratio of the square of the electron charge to its

rest energy, E is the kinetic energy of the incident particle, and E~ is the

maximum energy that can be transferred to the atomic electron during the

collision. An expression for E~ is easily found by considering a head-on type

of collision...

where P is the incident particle momentum. With the aid of this expres-

sion, equation 2.1 is reduced to ...

<Ii (E E')dE' = 2 ('Y~7rNZ) 2 dE' f(E E')
col. , A mc (E')2 ' (2.2)

IThe basic methodology that will be followed throughout the rest of this section, is the
same as that outlined in Takagi (1963)
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{

[E~E' - ~] for e negative

f(E, E') =
[1 - ~' + (~r] for e positive

The total energy loss by collisions can be found by considering the fol-

lowing,

IE.,.
dE = 11) E'fPcol.(E, E')dE' (2.3)

So far, we have assumed the atomic electron to be free, and that the

incident particle trajectory is unchanged. It is clear that at some energy

these assumptions will no longer apply, and another method of calculating

the energy loss must be found. If we let 17 represent the minimum energy,

above which our assumptions will hold true, then the integral of equation 2.3

can be calculated using equation 2.1,

dE

(2.4)

where the final result is obtained by assuming that the amount of energy
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transferred is small compared to the incident particles' total energy, and the

the ratio 1]fErn is approximately zero.

Since an expression for the minimum energy, 1], is not available the above

needs to be rearranged into a more usable form. In order to do this, we

recall the Bethe-Bloch formula which describes the amount of energy a heavy

charged particle loses while traversing some medium (Rossi, 1952),

('Y;7rNZ) mc2 [ ( 2mc
2(321])

2]
dE = 2 A (32 In (1 _ (3 2 )J2 (Z ) - /3 (2.5)

Here I(Z) is the mean excitation potential for the medium. Equation 2.5

is to be used when the energy transferred during the collision is less then the

value of 1]. However, if the energy lost by the incident particle is greater then

1], then equation 2.4 is to be used. From this, we can get a usable expression

for the total collision energy lost, by simply summing the two situations.

dEeo/. = dE(> 1]) +dE( < 1])

(2.6)

Using this result; the amount of energy lost through collisions, at low

incident particle energies, is large. The energy loss then drops significantly
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as the incident particle energy is raised, and finally reaches a minimum when

the incident particle energy is equivalent to the minimum ionization potential

of the medium. After which, it is seen that when the incident particle energy

is high, the energy loss by ionization is a very slowly increasing function of

{3; in fact it is very nearly constant with a value rv 1.5 - 2.0 MeV/gm-cm 2.

What is important, after all of this, is that the energy loss through

collisions is significant only when the mass of the incident particle is large, or

when the interacting particle energy has fallen below the minimum ionization

energy.

Coulomb Scattering: The situation that will be considered is that of

an incident electron with of mass m, spin 1/2, charge e, and velocity of {3c,

traversing some medium consisting of N nuclei with atomic weight A, and

charge Z e. The probability for this particle to be scattered into direction (J,

after passing through some thickness dsi, of the medium, is...

Which, for small angles, becomes the Rutherford result.

p((J)do' ~ 4N Z2 (mc)2 dO,
'Yo A P{3 (J4
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Figure 2.1: The geometry used for the small angle scattering.

Let us now suppose that the incident charged particle is scattered i

times; after the i-th collision the angle which the charged particle makes

from its initial trajectory is Oi. After the (i+1)-th collision, the particle is

scattered into a new angle <PHI making an angle (Ji+l with the initial direction

(figure 2.1).

Since this discussion centers on scattering in which there is no change

to the particle's energy, only small angle deflections can be considered. By

these considerations, the term containing the product of the sines can be

dropped, and the above reduces to
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i+I

COS (Ji+I = COS (Ji COS <PHI = IT COS <Pk
k==1

Again, for small angles, the cosines can be expanded and the higher order

terms neglected. Therefore

i

< (Jt >= L < <P~ >
k==1

(2.9)

After traversing some infinitesimal thickness dx, of the medium, equa-

tion 2.9 can be rewritten in the following way

where

(2.10)

The limits of integration can be found by simply realizing that equa

tion 2.8 is derived for a point like scatterer. The definite size of the atom,

as well as the nucleus should be taken into account. If the incident particle

has a momentum P before interacting with the scatterer, and pI afterwards,

then
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· 6P 6PsmfJ = -- rv--pi P

where 6P = pI - P can be found classically by considering the product

of the Coulombic force of the scatterer and the duration of the collision.

(ze2
) b6P=6F·t= - -

b2 f3c

where b is the impact parameter. Since the screening of the nucleus

serves to reduce the Coulomb force at a distance, the screening effect will

actually determine the smallest deflections, while the physical size of the

nucleus will determine the larger angle deflections.

Screening becomes effective when the impact parameter is on the order

of the electron radius, ro , the smallest deflection can be found by equating

the deflection angle to the ratio of the deBroglie wavelength of the inci

dent particle and the electronic radius. By designating A=1i/P, and recalling

ro=1i/aZ1
/
3mc (where a is the fine structure constant = 1/137), then the

small angle deflection is

(2.11)

The largest scattering angle is determined by the fact that the incident
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particle cannot be nearer then the distance defined by the nuclear radius, R.

Following the method for deriving (11' with R=n A1/3/280mc, the large angle

deflection is

>. Al/3m c
(12 '" R = 280--p- (2.12)

With these values for the limits of integration, and combining equa-

tion 2.8 into equation 2.10, a value for (la can be obtained.

(2.13)

The last expression was arrived at by making the following definitions;

Ea=J47r/0I., and...

(2.14)

When dealing with cascade theory, it is often convenient to measure

the thickness of the absorbing medium in units of radiation lengths. The
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definition of the radiation length is given approximately by equation 2.14.

The actual expression used for radiation length determination takes into

account several corrections'' that have been ignored so far.

1 N Z(Z + 1.3) 2 In(183Z-1/
3

)

;\:'0 = 4a A '"Yo [1 + 0.12(Z/82)2J
(2.15)

For electrons, in the atmosphere, the above works out to be ",37 gm/cm 2.

As it turns out; for incident electrons with energies greater then several hun-

dred MeVs, the main contribution to the energy loss while passing through

matter comes from the process of bremsstrahlung.

Bremsstrahlung: We again consider the same situation as outlined

in the previous mechanism. An energetic particle may radiate some of its

energy by the production of a photon while undergoing acceleration due to

the presence of a nearby nucleus. The probability of a photon being produced,

with energy E', is given by

(2.16)

where E is the kinetic energy of the incident particle, v = E'/W, IV =

E+mc2
, and F(W,v) has two different expressions, depending on the screen-

2A correction for the Born approximation is used, as well as a better account of the
electron screening of the nucleus (Rossi, 1952).
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ing of the nucleus.

{
[In e~c~~v») - ~] f(v)

F(W,v') =

[In (~) + ~(1-v)] f(v)

No Screening

Complete Screening

f(v) = [1 + (1- V)2 - ~(1- v)]

The energy loss, per unit path length, by bremsstrahlung is found by

integrating over the energy, convolved with the probability for photon pro-

duction, over the possible energy range.

_ (dE) = t" E'if!(E, E')dE'
dx rad. Jo

For the case of complete screening, equation 2.17 becomes

(2.17)

(
dE ) (N 22) ( 183 )

- dx rod. "oJ 4a A Z fo Eln Zt/3

Or, by recalling the definition of the radiation length, X o , equation 2.17

becomes

31



(2.18)

This shows that the radiation length is that distance, in the medium, in

which the traversing particle has lost e-1 of its energy; this is the usual way

of defining the radiation length.

Since the usual case for EAS development is when the incident particle is

highly energetic, complete screening is taken into consideration. By inserting

the proper expression of F(W,v) into equation 2.16, and using the definition

of the radiation length, the probability per radiation length for the production

of a photon, with energy in the range E' to E' +dE', is given by

<p(E E')dE' { 2 1 [( 183 )] -I} dE'
'X

o
= 1+(1-v)2- i(1-v)+g(1-v) In Zl/3 E

(2.19)

From this last, the probability of energy loss, by radiation, increases as

the energy of the incident particle.

What the above analysis serves to show is that for electrons at high

energies, the dominant energy loss mechanism is bremsstrahlung, and only
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at low energies do collisions playa significant part in energy loss.

So far, we have kept our consideration to charged particles only, now we

shall consider the case where the incident particle no longer has an intrinsic

charge but is instead electromagnetic in nature.

Compton Effect: In this case, we consider an incident photon that col

lides with an atomic electron. The photon transfers some of its momentum to

the electron, and undergoes scattering. The probability of a photon, initially

with energy E, being scattered by a stationary electron into an energy range

E' +dE', is given by the Klein-Nishina formula.

(2.20)

where the final energy of the scattered photon is given by

E' = Emc
2

mc2 + E(l - cos 0)

The total scattering probability is found by integrating this probability

over the possible energy range.

r" <J!comp.(E, E')dE' =
ltm c2 (

2 NZ) hE mc 2 dE' [ (E')2 E'. 2 ]'Y7r-- --- l+----sm e
o A lmc2 E E' E2 E

2

(2.21)
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Since the angle of the scattered photon is usually very small...

(2.22)

From this result, it is easily seen that the probability of energy loss

by Compton scattering is dominant for low energies, and falls rapidly with

increasing values for the incident particle energy.

Pair Creation: By imparting some of its initial momentum to a nearby

nucleus, an energetic photon (E > 2mc2
) can materialize into an electron-

positron pair. The probability for an energetic photon to pair produce, in

which the created positron has energy within the range E' to E' + dE', is

given by

(2.23)

where v = E' / E, and G(E,v) has two expressions that are determined

by the screening of the nucleus.

{
[In eE~~2-v») - l] g(v)

G(E,v) =
[In (iM-) - ~v(l- v)] g(v)
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Again, the total probability for pair creation is found by integrating this

probability over the possible energy range.

(2.24)

Considering the case for complete screening, and by assuming that E»137

mc2Z-1 / 3 , this reduces to

(2.25)

An expression for the differential probability per radiation length for a

photon of energy E to pair produce, generating a positron with energy in the

range E' to E' + dE' is obtained from equation 2.23 and equation 2.14.

<Ppair(E, E')Edv [2 ( )2 (2 ) )]X
o

= v + 1 - v + 3" - 2b v( 1 - v dv

where we have made the definition,
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b= 1
181n(183Z-t / 3 )

What is important here is equation 2.26 shows that for incident particle

energies, greater then 100 MeV, the dominant energy loss mechanism for

photons is pair creation.

What has been discussed here is by no means all that there is to know

about energy loss mechanisms; these are the most important for the devel

opment of an EAS. Other types of energy loss mechanisms are Cerenkov

radiation (which will be discussed later), and nuclear reactions which are

extremely rare, and so shall be ignored.

2.1.2 A Simple EAS Model

Using the results of the previous section, we have enough information by

which a simple model of EAS development can be made. The important

result is that for high energy photons, and electrons, the dominant interaction

processes are pair creation and radiation, respectively.

Since the energy lost by an incident electron, after traversing one ra-

diation length through the medium, is approximately one half its original

energy, a simple representation by which the incident electron is split into a

single photon and an electron, with half the initial, energy can be made.
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Figure 2.2: The development of a -y-ray initiated cascade.

The probability of an energetic photon undergoing pair production after

travelling one radiation length is very nearly unity. Therefore, the simple

representation of a photon splitting into an electron-positron pair, both of

equal energy, after traversing one radiation length will also made (figure 2.2).

A further assumption, for this simple model, is to equate the radiation

length of the photon, in the atmosphere, with that of the electron. The

radiation length for photons, in the atmosphere, can be worked out using

equation 2.14; the result is "-'35 gm/ern 2. Since, as was derived previously,

the radiation length for the electron was found to be "-'37 gm/em 2, this is

not that bad of an assumption.
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Given an energetic photon, incident normally at the top of the atmo

sphere, after traversing one radiation length the photon is then split into

an electron-positron pair. After traversing another radiation length, each

charged particle will have radiated a photon with half the initial energy. The

charged particles will continue to radiate a photon after traversing each ra

diation length; this energy loss will go on until the energy of the charged

particle is below some value at which is more probable for the electron to

lose energy through collision instead of radiation. Each photon produced by

radiation, if energetic enough, will pair produce after one radiation length.

By this simple method a cascade is formed.

After traversing t radiation lengths, the initial particle has multiplied

into 2t particles. The average energy per particle is Eo2-t , where Eo is the

initial energy of the primary particle.

The critical energy, mentioned above, is defined as that energy value at

which the energy lost by radiation is equal to that lost by collision;

dErad.! _ dEcoll.,
- ~ E=TJ - - -;u- E=TJ

(2.27)

If the energy of the charged particle is less then 11, the particle will not

undergo multiplication, but will instead lose its remaining energy by collision

and is considered to be absorbed by the medium. If T is used to represent
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that depth within the medium, at which the average energy of the charged

particles is equal to 11, then

_ E 2-T T __In-=-{E_o.:-/ TJe..:..)
11 - ° =? - In2

For this simple model, T is the depth in the medium at which the shower

reaches its maximum population; the number of particles, participating at

shower maximum, can be found by

In this simple model, the number of particles continues to increase un-

til shower maximum, after which the number of participating particles (i.e.

those with energy greater then TJ) abruptly drops to zero. One would expect

that for a real shower, the number of participating particles would continue

to grow until shower maximum, and thereafter the number of participating

particles would then gradually decrease in some manner not specified by this

simple model. Also, according to the simple model, all particles at the same

depth would have the same energy; for a real shower, one would expect that

at any given depth there is some type of energy distribution that also changes

gradually with the depth.

By using the simple model, an approximate expression for the energy

distribution can be found.
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We may summarize the results of this simple model of an electromagnet-

ically induced EAS (Heitler, 1942), with the following remarks:

1. There is an exponential growth in the number of photons, or electrons, in

the initial stages of the shower development.

2. The population of electrons, or photons, with energy greater then some

value E, reaches a maximum at "-' In(Eo/E). This implies that the shower

maximum is a slowly increasing function of the initiating primary energy.

3. The total number of participating particles, at shower maximum, is ap-

proximately equal to Eo/TI, where TI is the critical energy defined by equa

tion 2.27.

4. At shower maximum, it is expected that rv 1/3 of the participating par

ticles will be photons, and r- 2/3 will be electrons and positrons.
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5. For participating particles, with energies much larger then the critical

energy, the energy distribution of the electrons, and the photons, when

averaged over the shower, shows a E-l type of energy dependance.

This simple model is enough to give us a rudimentary understanding

of how an electromagnetic EAS develops, but suffers from several problems,

which have already been elucidated. A much better understanding of cascade

development is attained through accurate solutions to the diffusion equations.

2.1.3 The Diffusion Equations

There are two methods of rigorous study when dealing with cascade develop

ment; the first method is to calculate a series of successive collisions early in

the cascade history. The second method is to try to solve a set of equations

that detail the change in electron, and photon, populations as the cascade

develops. The first method is useful when a detailed understanding of what

happens in the first few radiation lengths is all that is required; this method

quickly becomes unwieldy at large particle populations. Because an EAS

is usually detected low in the atmosphere, after the cascade is well along

in its development, the second method proves more useful and is generally

more instructive. The main point of this section is to derive'' the differential

equations for cascade development.

3Using the method outlined in Rossi.
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Let TI(E, t)dE represent the number of electrons, with energy in the range

E to E+dE, at some depth within the medium, t; Also, we shall designating

the corresponding quantity, for photons, by r(E, t)dE. The initial premise is

that the cascade is already developed down to some depth, and as the shower

traverses some infinitesimal thickness of the medium, changes to the particle

population will occur.

As the shower progresses through some infinitesimal thickness of the

medium, dt, the number of electrons, with energy dE at E will change be

cause of the following effects:

• Photons, with energy E' > E, will produce a certain number of elec

trons in the energy interval E to E +dE. This is accomplished in two ways;

the first is by pair production, and the second is by the Compton effect. We

shall designating the probability, per radiation length, for a photon of energy

E', to produce an electron of energy E in dE, by <f!-Y1l"(E', E). The number

of electrons being produced is then given by

NI = dEdt leoor(E',t)<f!-Y7r(E',E)dE' (2.28)

An expression for <f!-Y7r(E', E) is found by taking the sum of the differential

probability of a photon undergoing pair production, and the probability of a

photon of energy E undergoing a Compton type collision.
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<I!-Y7l"(E', E) = 2<I!pair (E', E) +<I!comp.(E', E' - E)

Here <I!comp.(E', E' - E) is the probability of Compton scattering, with

the scattered photon having energy E' - E in dE, and <I!pair(E', E) is the

probability of pair production. The factor of 2 arises since, for every photon

undergoing pair production, there are two charged particles produced.

• Electrons, with energy E' > E, can produce a certain number of elec

trons in the energy interval E to E + dE. This also can happen in two ways;

the electron of energy E' could under undergo bremsstrahlung, and radiate

some of its energy away as a photon with energy E' - E. Also, an electron

could 'free' a nearby electron through a collision. We shall designate the

probability of an electron with energy E', to produce an electron of energy E

in dE, as <I!7l"7l"(E',E). The number of such produced electrons can be found

by

(2.29)

An expression for <I!7l"7l"(E', E) can again be found by considering the sum

of the probability of the electron under going some sort of a radiation process

and losing E' - E of its energy, and the probability of the electron undergoing

a collision type of process.
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if!7r7r(E', E) = if!rad.(E',E' - E) + if!col.(E',E)

• Electrons, initially in the energy interval dE at E, leave by losing

energy. This can be done either through radiation or collision. The number

of electrons that leave this energy interval is given by

(2.30)

where J.L7r(E) is the probability of an electron at the energy E, losing dE.

An expression for J.L7r(E) is found by evaluating

J.L7r = foE (}rad.(E,E')dE' + foE/2 if!col.(E,E')dE'

The upper limit of the second integral is to prevent 'double-counting'.

From the three processes listed above, an expression for the differential

change in the population of electrons, as the shower propagates through dt

of the medium, can now be written down...

aIT(E,t)
at

= kOO

r(E',t)if!"'(7r(E',E)dE' +koo

TI(E',t)if!n(E',E)dE'

-IT(E, t)f.L7r(E) (2.31)
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At some value of energy, the high energy limits used to derive our ex

pressions for the probabilities, will come into question. As the shower pro

gresses, the average energy per particle will decrease until it is no longer

probable for an electron to produce photons that are energetic enough to

pair produce. Instead, the most probable occurrence, for the electron, will

be inelastic collisions. This, in turn, will cause the particle to lose more of

its energy, increasing the probability of more inelastic collisions, until it is

finally captured, and no longer a part of the cascade. At, or below this min

imum applicable energy, it becomes expedient for us to think of the particle

as no longer having single individual collisions, but instead, as undergoing a

continuous energy dissipation.

As was done in the previous sections, we shall designate this minimum

applicable energy as n, We shall modify equation 2.31 so as to introduce a

continuous energy loss in place of the collisions which give rise to electrons

of energy less then ",.

Since collisions are the dominant energy loss mechanism at lower ener

gies, the second integral in equation 2.31 is then expanded to take this into

account.

hOC IT(E', t )9!7r1T(E', E)dE' = /: IT(E',t)9!rad.(E', E)dE'
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fE+71+ J
E

II(E', t)~col.(E', E)dE'

+ t" II(E', t)~col.(E', E)dE'
JE+71

By making a change in variable, and redefining our variable of integra

tion, the above can be rearranged to

kOO

II(E', t)lp7r7r(E', E)dE' = koo

II(E', t)lp7r7r(E', E)dE'

fE+71, , ,
+ J

E
II(E ,t)lpcol.(E ,E)dE

The last term of equation 2.31 also has this low energy dependance which

needs to be modified.

II(E, t)JL7r(E) = II(E, t) [lE

Prad.(E', E)dE' +1E

/

2

lpcol.(E', E)dE']

Again, by expanding the integral, the collision term can be broken into

two parts, in which one part is the dominant term and the other is not.

II(E, t)JL7r(E) II(E, t)1E
~rad.(E, E')dE' + II(E, t)171

lpcol.(E, E')dE'

l
E / 2

+ II(E, t) 71 ~col.(E, E')dE'
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By making a change in variable, and redefining our variable of integra-

tion, the above can be rearranged to

t" "II(E, t)p7r(E) = II(E, t)p7r(E) + II(E, t) 1
0

9!cot.{E, E )dE

With the insertion of these two results, equation 2.31 is modified to,

81I(E, t)
8t

= -II(E, t)p7r(E) - II(E, t) 1077
9!col.(E, E')dE'

+ J: II(E', t)9!n(E', E)dE' +J:+ 77
II(E',t)9!col.(E', E)dE'

+ koo

r(E', t)9!'Y7r(E', E)dE' (2.32)

Of particular interest to us are the last two terms of the right hand side

of equation 2.32. We now make the following definition for M,

M = -1I(E, t) 1077
if!col.(E, E')dE' +kE

+
77

IT(E',t)if!col.(E', E)dE'

With a redefinition of our energy 'coordinate' system, the limits of in-

tegration for the second integral can be changed. Subsequently, a change in

the variable of integration allows the combining of the two integrals into one.

M =177
[1I(E' + E,t)<I?col.(E' + E,E') -1I(E,t)<I?col.(E,E')]dE'
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If 1] is sufficiently small, in comparison to E, then one may approximate

the quantity n(E', t)q,col.( E', E) with a linear function while in the interval E

to E +E'. The integrand difference then is just the product of the differential

change of neE, t)q,col.(E, E'), with respect to E, and E'. Substitution of this

result yields,

M = a~ [n(E,t) IT/ q,C01.(E,E')E'dE']

The integral represents the contribution due to collisions giving rise to

electrons of energy less then 1]; it is this quantity that is to be replaced with a

variable that represents a continuous energy loss. By letting e(E) represent

this quantity, the definition of M is complete.

a
M = aE [neE, t)e(E)] (2.33)

With the substitution of this expression into equation 2.32, a differential

equation describing the electronic population as a function of depth is arrived

at.

an(E,t)
at

-neE, t)f.L1r(E) +/: neE', t)q,1r1r(E', E)dE'

+ kOO

feE', t)q,-Y7r(E', E)dE' + a~[n(E)e(E)]
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So far, we have confined our discussion to changes in the electron pop

ulation only; it is now time to change direction and consider the changes in

the photon population as the cascade develops.

As the shower progresses through some infinitesimal thickness of the

medium, dt, the number of photons, in the energy interval dE at E will

change because of the following effects:

• Electrons, with energy E' > E, will produce a certain number of pho

tons in the energy interval E to E + dE. The probability, per radiation

length, of an electron producing a photon in the energy interval dE, at E, is

designated by ~1I"'Y(E', E). The number of photons being generated is found

by

(2.35)

Since the electrons can only produce photons through a radiative type

of process, an expression for ~1I"'Y(E', E) is given by

~1I"'Y(E',E) = ~rad.(E',E)

• Photons, with energy E' > E can increase the population of photons

in the energy interval dE at E. The probability, per radiation length, of a
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photon with energy E' producing another photon in the energy interval dE,

at E, is designated by ~-y-y(E', E). The number of generated photons is then

found by

(2.36)

The only mechanism available, by which a photon can beget another

photon with less energy, is Compton scattering; therefore the expression for

<I!-y-y( E', E) is given by

~'Y'Y(E', E) = ~comp.(E', E)

• The population of photons, initially with energy in the range E to

E + dE, can be decreased through pair production or Compton scattering.

If JL"((E) represents the probability of photons leaving the energy interval dE

at E, then the photonic decrease in population is given by

where

N6 = dEdtr(E, t)JL-y(E)

JL-y(E) = JLpair(E) + JLComp.(E)
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With the aid of equation 2.35, equation 2.36, and equation 2.37, a dif

ferential equation describing the change in photon population, as a function

of depth in the medium, is found.

ar(E, t)
at

-r(E, t)J.L-y(E) + hoc II(E', t)iJ!1r-y(E', E)dE'

+ hoc r(E',t)iJ!-y-y(E',E)dE' (2.38)

It is often convenient to rewrite equation 2.34, and equation 2.38, in the

following forms:

alI(E, t) = All iJr a(IIe)
at + + aE

ar(E,t) = GIl br
at +

(2.39)

(2.40)

where it is understood that A, iJ, G, and b are linear operators operating

on the energy variables of II(E, t), and r(E, t). These are the diffusion

equations.

Theoretically, the diffusion equations can be solved for any arbitrary ini-

tial condition. Indeed, many solutions have been calculated under two major

assumptions labelled (historically) Approximation 'A', and Approximation
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'B'. Under Approximation A, it is assumed that the ionization loss of the

electrons, as well as the Compton effect for the photons, is small enough to

be ignored. What this does is to eliminate the last term of equation 2.39.

As it turns out, this is the only way to get a complete analytical solution

(Carlson and Oppenheimer, 1937). For Approximation B, it is assumed that

the conditions are such that Approximation A cannot be made; and as such,

there is no complete solution for this case".

It should be reiterated that we have completely ignored hadronic ele

ments in this cascade development. The diffusion equations can be used to

accurately describe only those showers that are electromagnetically induced

(as in our simple EAS model mentioned earlier).

Until the advent of the modern computer, solutions to the diffusion equa

tions represented the pinnacle of EAS development theory. Many solutions,

for various initial boundary conditions, as well as for the different approxi

mations, exist (Galbraith, 1958). It is not the intent of this dissertation to

regurgitate the work (although there has been a good deal of it so far) leading

to the more important of the solutions, but for completeness the final results

will be discussed.

Under approximation A, with a sufficiently large thickness of absorber

considered; solutions for the number of electrons Nee' with energies greater

4However there are many partial solutions (Rossi, 1952).
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then E, produced by incident electrons, at some depth t, is given by

(2.41)

with

t = - N~s) [In (~) - ~]

The number of electrons produced, by incident photons, with energies

greater then E, at some depth t, is given by

(2.42)

with

t=-N~S) [In(~) -2~]

Values for F(s), G(s), ..\(s), and N(s) are tabulated elsewhere (Rossi and

Greisen, 1941). The value of ..\ is positive when s is less then 1, and negative

when s is greater then 1. This guarantees that the population of electrons

will keep building until shower maximum (when ..\ = 0, s=l) is reached, and

then decreases exponentially thereafter. The parameter s is called the shower
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age parameter, and for s < 1, the shower is called 'young' because it hasn't

reached its maximum development yet.

The depth of shower maximum, for a photon initiated shower, is given

by

tma~ = 1.01 [In (~) - ~]

Which, when compared to our simple model, shows the same logarithmic

dependance on the energy. For electrons, the critical energy works out to be

about 80 MeV; for an initiating photon of 0.3 TeV, tma~ works out to be rv 8

radiation lengths, or ~ 10 km above sea level.

The number of electrons at shower maximum is...

Nee = 0.137 / Eo
[In(Eo / E) - 0.37]1 2 E

Ne'Y = 0.137 Eo
[In(Eo / E) - 0.18]1/2 E

Under approximation B; the approximate solutions obtained, are of the

same form as those of approximation A only with the substitution of 1] instead

of E in the equations for tma~, Nee' and Ne-r (Snyder and Serber, 1938). In

fact, a relation between the number of electrons found under approximation

A, and the number found under approximation B, was found (Greisen, 1956).
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N(Eo , t) = 2.3[1 +0.4(8 - l)]N(Eo, E > TJ, t)A

Another aspect of the the theoretical work done in shower development

theory was to study the lateral development of the EAS as it progresses

though the atmosphere. The. first work on this topic was done by Moliere,

with a much more detailed calculation performed by Nishimura and Kamata.

The lateral distance an electron of energy TJ is scattered in traversing one

radiation length is called the characteristic length R.

R = mc
2 j4; '" 21MeV

TJ V-;; TJ

An approximate expression for the density of particles, at a distance

r (measured in units of the characteristic length) perpendicular from the

shower core is given by (Nishimura and Kamata, 1952)

N (r )~-2 ( r)4.5-2~
p(r) = C (s) R2 R 1 + R

where N is the total number of particles in the shower, and C(s) is a

function of the shower age parameter.

c s) _ r(4.5 - s)
( - 271"I'[s )r(4.5 - 2s)
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2.1.4 Differences in Initiating Primaries

With more powerful computers coming into vogue, monte carlo methods of

simulating cascade development have replaced trying to solve the diffusion

equations. Since scattering cross-sections are now well known for most pro

cesses that would occur in an EAS, all one needs to do is to generate software

by which the millions of generated particles, created during an EAS simula

tion, can be kept track of. The major asset to using monte carlo methods

for shower simulation is that the effects of hadronic shower initiation can be

studied in detail.

Hadronic cascades are much more complicated and far less predictable

then electromagnetic cascades; in fact, there is no simple model. The only

way to study hadronic cascades is through monte carlo simulations which

can approximately reproduce the observed shower characteristics.

Of the energy loss mechanisms discussed previously, inelastic collisions

are almost solely responsible for the energy loss of heavy particles when

traversing the atmosphere. The amount of energy transferred in each collision

is generally a small fraction of the particle's total kinetic energy; however,

the number of collisions per unit path length is so large, that a substantial

cumulative energy loss is observed even in short distances travelled. When a

high energy proton interacts with a nucleus in the atmosphere, it can give up
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roughly 50% of its energy by producing pions. After the initial reaction, the

primary proton can continue to have further interactions. Pions, although

the most probable, are not the only types of particles that can be produced;

kaons, and baryon-antibaryon pairs can also be produced.

Charge conservation generally favors the production of 71"+ Sj however, for

very high energy primaries, roughly equal numbers of 71"+, 71"-, and 71"0 scan

be produced. The number of pions generated by an initiating proton depends

on the energy; and a general rule of thumb is that the number of secondary

particles is ~ 2El/4 (for primary energies greater then 1 GeV) (Longhair,

1981). Also, the lateral growth of the shower will be effected by the pions

produced. It has been shown that the generated pions can have large values

of transverse momentum; .-v 0.4 GeV/ c independent of the particle's energy

(Perkins, 1982). This implies that the lateral spread of a hadronic shower

will be larger then that of an electromagnetic shower.

Due to the short life time of the 71"0 s (T .-v 2 X 10-16 seconds), these pions

almost immediately decay into two photons. The produced photons then

go on to produce electromagnetic cascades as has been previously described.

Some of the charged pions will decay, via the weak interaction process, into

charged muons.

71"+ ~ J.L+ + v,..
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Muons have masses of", 200 times that of the electron and very small

cross-sections, so they can pass through the atmosphere without radiating

away very much energy. If the energy of the muon is large enough, relativistic

time dilation allows the particle to traverse the rest of the atmosphere without

decay. Since the presence of muons signals that the initiating particle was

most likely hadronic, the detection of these muons would be a useful way of

discriminating the origin of EASs.

If the muon energy is insufficient to time dilate the decay time beyond

the transit time through the atmosphere, then a further decay is possible.

Figure 2.3 shows a schematic way of viewing the development of a hadronic

shower. As can be seen, there is no simple way to model this type of shower

except by 'rolling the dice'.

The HGRO collaboration has been doing monte carlo simulations for

many years; the routine used is called CASCADE, and the original soft-

ware was developed by Todor Stanev to simulate shower development from a

hadronic primary. This routine was extensively reworked by Glen Sembroski
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Figure 2.3: Schematic representation of a hadronic cascade (Fraunfelder and
Henley, 1974).
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Table 2.1: Color codes for the monte carlo simulated showers.

Particle Color of Track
Electron Green
Positron Red

p+ Purple
p - Blue
7r+ Yellow

to include photon initiation and the effects of Cerenkov light production, as

well the ACT response. Recently, Mary Kertzman has added some smaller

correction terms and a lot more commentary to the routines. Figures 2.4

to 2.5 show the results of some monte carlo simulations; the particle tracks

correspond to different particles as shown in Table 2.1.

2.2 Cerenkov Radiation

Cerenkov radiation is produced when a charged particle travels through a

medium with a velocity greater then that of light in the medium. So, radi

ation is produced when n(3 > 1 where n(= V€(w)) is the refractive index of

the medium and f3 the ratio of the particle velocity to the speed of light. The

minimum energy a particle is required to have, in order to produce Cerenkov

radiation, is found by substituting f3 with n-1 in the expression for the kinetic

energy of the particle.
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Figure 2.4: A monte carlo simulation for a 300 GeV photon incident normal
to the top of the atmosphere. The effect of the Earth's magnetic field is
clearly seen.
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Figure 2.5: A monte carlo simula.tion for a 300 GeV proton incident norma.l
to the top of the atmosphere. What is obvious, in this situation, is the muon
content which 'survives' to the observation altitude.
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Figure 2.6: A monte carlo simulation for a 900 GeV proton. What is obvious
is that at higher energies, the presence of pions, and muons, is much more
prevalent.
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Figure 2.7: A diagram showing the geometry of Cerenkov radiation.

(2.43)

Cerenkov radiation is the result of transient polarization of the medium in

which the incident charged particle is travelling. When the above threshold

condition is met, Cerenkov light is emitted in a cone having a subtended

angle 20 where:

1 1
cosO = - =--

f3n f3.jf.

This geometry is shown in figure 2.7. At sea level, the energy threshold
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for electrons is rv 21 MeV, and 4.3 GeV for muons; this illustrates the central

role that electrons play in Cerenkov light production in extensive air showers.

The intensity of the Cerenkov radiation at a given frequency is inversely pro-

portional to the index of refraction at that frequency, therefore the spectrum

of Cerenkov light will decrease monotonically from the ultraviolet to the red

end of the spectrum. The energy radiated as Cerenkov radiation per unit

distance along the path of the particle is given by,

(2.44)

The number of photons radiated between the energy E and E +dE can

be determined by,

dN = 27rdE
h w

Equation 2.44 then becomes,

(2.45)

Since,
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Therefore equation 2.45 becomes,

dN = Z2 (27re
2

) 1 sin2 (Jdw
dl e he E>{3-2

(2.46)

We have made use of a( = 27re2/he = 1/137) the fine structure constant.

dN
dl

Using w = 27re/A, the final result is obtained.

dN 2 ( 1 1). 2dl = 27raz A2 - Al sm () (2.47)

Notice that the refractive index and particle velocity appear only through

the sin2 (J term. Since the spectral response of the air Cerenkov telescope is

between 250 and 300 nm, equation 2.47 works out to '" 5 photons per meter,

near shower maximum.

It is true that most of the participating particles of an extensive air

shower dissipate their energy quite high in the atmosphere, however much of

the Cerenkov light produced is expected to propagate down to the observation
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altitude. Since all relativistic charged particles are producing Cerenkov light,

the light pattern on the ground is much more complicated then that produced

by a single particle; in fact, an aggregate light 'pancake' is formed. This

pancake is the product of the lateral spreading of the Cerenkov light due to the

geometry of the Cerenkov emission, geomagnetic bending of the trajectories,

and multiple scattering of the participating particles.

The large transverse component of momentum imparted to the produced

pions, in a proton initiated shower, would lead one to expect that proton

initiated showers would have a larger light pancake then that produced by

electromagnetic showers. Also, one would expect that proton showers should

produce a less uniform distribution of photons on the ground because of the

angular spreading, and because of the fact that the particle content is not as

homogenous.

As was mentioned in section 3.1.4, extensive monte carlo simulations,

studying the Cerenkov light production, during the EAS development, have

been performed by members of the HGRO collaboration and the results are

shown in figures 2.8 to 2.10. From these figures, it is easily seen that the exis

tence of muons generally implies that the shower was initiated by a hadronic

primary, and that the light pattern on the ground is 'smoother' for an elec

tromagnetic primary. However, due to the small physical size of the ACT,

there is no way to discriminate between a shower of hadronic origin and that
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Figure 2.8: A monte carlo simulation of the Cerenkov light pattern on the
ground. This simulation is for a normally incident 300 GeV photon, and the
color of the light produced corresponds to the generating particle.
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Figure 2.9: This simulation is for a normally incident 300 GeV proton. The
presence of the yellow light ring is due to the existence of a short lived pion.
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Figure 2.10: This simulation is for a normally incident 900 GeV proton.
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of electromagnetic origin, purely on the grounds of the light pattern collected.

What is also obvious is the effect the Earth's magnetic field (running right

to left in the figures) plays in separating the particles by charge. The effects

of multiple scattering can also be seen through the generation of 'worm-like'

structures on the periphery of the light pattern; these are much more evident

for higher energy primaries.

2.3 Cosmic Rays

In this section the salient features of what is known, and unknown, concern

ing Cosmic Rays will be discussed. Ideas concerning the cosmic ray energy

spectrum and composition, as well as possible production mechanisms (along

with their inherent faults), will also be briefly mentioned.

2.3.1 Energy Spectrum and Composition

It is usual to begin a discussion on cosmic rays by showing the results of past

experiments; figure 2.11 is most often used for this purpose, and shows the

dependance of the incident cosmic ray flux on energy. To a fair degree the

energy spectrum, above r- 1 GeV, can be described by a power law,

J(E) ex: E-fJ
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Figure 2.11: The energy spectrum of cosmic ray particles from a few selected
experiments (Hillas, 1984).

For energies less then 109 eV, the presences of the solar magnetosphere,

along with the copious solar wind, makes reliable studies of the cosmic ray

spectrum difficult.

For cosmic ray energies of rv 10 9 eV, out to about 1015 eV, the spectrum

is pretty well described with f3 rv 2.5, after which there is a steep drop in the

flux. This sudden change, often called 'the knee', corresponds to a change

in the value of {3, which is now equivalent to '" 3.0. The physical reasons

for the appearance of the knee is the subject for debate within the scientific

community, but seems to center about two arguments: The first assumes that

there are two different types of production mechanisms, one that is generally
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effective below the knee, while the other becomes effective above the knee.

The second argument assumes that at some transition energy, the opacity of

the galaxy changes abruptly, and becomes transparent to the higher energy

cosmic rays. For either case, a detailed study in the region of the knee is

needed.

For cosmic ray energies greater then 1018 eV, the possible interaction

of the cosmic rays with the 'soft' photons comprising the 3 K background

radiation, should cause the spectrum to fall off faster. However, there appears

to be a flattening of the spectrum instead. The presence of this 'ankle' is

uncertain and also a cause for debate.

A vast majority of the cosmic rays, above 1 GeV, are made up of protons

with another 10% being made of alpha particles; this seems to reflect the

galactic abundances. In the neighborhood of the sun, one expects to find

deficiencies in such elements as Li, Be, and B. As it turns out, this is not the

case; these deficiencies seem to be filled in by the interaction of heavy nuclei

on the naturally abundant H, and He (Simpson, 1983). There are sufficient

numbers of electrons within the cosmic ray spectrum, but not in the higher

energies. The reason for this is the high charge to mass ratio of the electron

insures that most of the energy is radiated away while traversing the ambient

galactic magnetic fields. The presence of a neutron component in the cosmic

ray spectrum is not expected; the exception to this is in cases where the
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energies are sufficient for time dilation of the neutron half-life to exceed the

transit time.

The composition of the cosmic ray spectrum at energies greater then

10 18 eV is largely unknown and the cause of another debate. It has been

proposed, and certainly not widely accepted, that these 'super-high' energy

cosmic rays are composed mostly of heavy nuclei, like iron.

2.3.2 The Propagation of Cosmic Rays

It has been estimated that the average amount of material traversed by a

cosmic ray is "'6 gm/cm 2 (Garcia-Munoz, 1977). If the cosmic ray were to

traverse more material then this, the spallation reactions would pretty much

remove the primary species and we would not observe the correct abundances

of cosmic ray nuclei. By using this fact, and a canonical galactic density of

1 particle per cubic centimeter, an average cosmic ray age can be calculated;

'" 106
- 108 years. If the cosmic rays propagate without interaction at near

light velocities, then in '" 103 - 104 years they would escape the galaxy. This

implies that cosmic rays must travel a highly convoluted trajectory.

If cosmic rays freely propagated out of the galaxy, then their distribution

of arrival directions would be highly anisotropic. This directly conflicts with

the isotropy that is observed. It is obvious that cosmic rays are undergoing

some sort of diffusion within the galaxy.
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There are many reasons for this galactic diffusion of cosmic rays; most

of these grow out of the interaction of the cosmic ray with the interstellar

medium. As has already been alluded to, the cosmic ray could interact

with the ambient galactic magnetic fields, other cosmic rays, interstellar dust

clouds and the 3 K background radiation. Of these mentioned, the most

important is the interaction of the cosmic ray with the ambient magnetic

field.

The galaxy, for a wide variety of reasons, is pervaded with a weak ran-

domly oriented magnetic field; the overall strength of this field is ::::::: 5 x 10-5

Gauss. This magnetic field tends to randomize the trajectories of all but the

most energetic cosmic rays with charge. The path of a charged particle, with

charge Ze, and momentum ,mc, travelling in a magnetic field will have a

radius of curvature given by:

,mc -12 E(GeV)
r = ZeB ::::::: 1.1 x 10 B(Gau8S) parsecs

The last term, of the right hand side, is true for protons. The galactic

magnetic field isotropically distributes the arrival directions of all but the

highest energy cosmic rays; only those particles with a radius of curvature

greater then the size of our galaxy will have straight line paths.

Anisotropy studies of the distribution of arrival directions of these highly

energetic cosmic rays have been performed (HiIlas, 1974), and the results are
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Figure 2.12: The arrival directions of the highest energy cosmic rays.

shown in figure 2.12; it has been claimed that there is a slight excess seen in

the direction of the Virgo cluster of galaxies.

For cosmic ray photons, the galactic magnetic field does not affect the

trajectory. However, at energies greater the 10 14 eV, the probability of in

teraction with the 3 K background radiation becomes important when con

sidering distances much larger then the galactic diameter. This limits the

effective range of these energetic cosmic ray photons to within the galaxy.

This poses no problem for the Haleakala telescope, which operates with an

energy threshold somewhere above 0.3 TeV, observing only those suspected

'Y -ray sources within the galaxy.
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2.3.3 Possible Production Mechanisms

The production of gamma rays at relatively low energies can be explained

by several mechanisms; the interaction of a highly energetic charged particle

with an interstellar dust cloud, inverse Compton scattering, or the natural

decay of an energetic 71"0.

By having an incident charged particle, with sufficient energy, interact

with a nuclei of the interstellar medium, an energetic photon can be produced

by bremsstrahlung. For charged cosmic rays travelling through the galactic

disk, which is about 10 kilo-parsecs, this reaction becomes favorable. This

does not, however, explain the presence of the initial charged particle.

Inverse Compton scattering requires that a relativistic electron scatter off

an ambient, low energy, photon and thereby increase the photon's energy. In

order to produce a 100 MeV photon from this type of reaction, the incident

electron energy must be '" 10 9 eV if the initial photon was that of ambient

starlight (E-y rv 2 eV), and rv 10 11 eV if the initial photon was due to the 3

K background. Again, the presence of the initial energetic electron has not

been explained.

An energetic proton could collide with a nucleus of the interstellar medium

and produce a neutral pion. As has been explained before, this particle would

then decay producing two energetic photons. But, even here, the existence
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of a highly energetic incident particle has to be assumed.

There are no entirely satisfactory methods by which particles can be

accelerated up to the highest observed energies, but there are several possi

bilities.

Fermi Acceleration with Strong Shocks

The first person to propose an accelerating mechanism was Fermi (Fermi,

1949); he proposed that there were magnetic irregularities that move ran

domly through spaces. These magnetic irregularities, referred to as 'mirrors',

are actually pictured as being embedded within plasma clouds that are mov

ing with some velocity, ve «: c. A charged particle may be reflected several

times when interacting with the mirrors within the cloud; what would the

particle's energy be if it remained within the region of the irregularity for

some time r?

If we suppose that the cloud's mass, Me, is sufficiently large enough

so that the velocity of the cloud is unchanged after the collision with the

particle, then the center of mass frame is just that of the cloud (Longhair,

1981). If the interacting particle has a velocity, il, corresponding to an energy

E, and a momentum P, then the energy and momentum in the center of mass

frame is given by:

5The methodology followed is the same as in Longair, 1981.
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After a 'head-on' collision, in the center of mass frame, we have Ew~tkIl =

E f inal d iJinitial ilfinal Wh t f . t th b fCOM' an s ootu = r r oou- en rans ormmg 0 eo servers re erence

frame, the interacting particle's energy is given by:

There is a net gain of energy by the interacting particle.

2Eve
t:1E = ( 2 2)(ve +v)

C -ve

(2.48)

Of course there are also 'following' types of collisions, that also change

the interacting particles' energy. Performing an analogous procedure, as for

the case of the head-on collisions, yields ...

2Eve
t:1E=(2 2)(V-Ve)

C - ve

Since there are as many mirrors moving toward as way from the inter-

acting particle, in the observers reference frame, the frequency of encounters

is proportional to the relative velocity of the cloud and the particle.
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'P = ~ { (v + va) head-on collision
2v (v - va) following collision

Notice that there is a greater probability of a head-on than following

collision. The net mean energy gain per collision is found to be,

b.E = 4 (~r ~ 4 (Va)2

E (1-~) c

The rate of energy gain is therefore expressed by,

dE = 4N (va)2 E = 4Nf3bE
dt c

(2.49)

where N is the number of collisions per second. As can be seen, the

energy gained by the particle is exponentially dependant on the time that

the particle remains within the region of the magnetic irregularity. The

assumption is that there is some characteristic time r, in which the particle

will remain within the cloud.

The diffusion equation for particle acceleration will now be solved for

N(E), the number of particles with energy E, for the equilibrium situation.

dN a N
dt = D\72N +aE[b(E)N(E)] - :; +Q(E)
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Since the interest is for the steady state case, dN/ dt = o. Also, the

assumption is that there are no particle sources, Q(E) = o. We are not

interested in whether the cloud is absorbing, or losing particles, so DV2N =

O. The energy loss term b(E), is given by -dE/dt, which is expressed by

equation 2.49. Therefore equation 2.50 reduces to:

-~[4N,B~EN(E)J - N(E) = 0
8E T

This reduces to ...

N(E) ex: E-1
- 4T~I3~ (2.51)

Being able to derive a power law for the energy spectrum makes this

theory attractive, however there are some several problems with this mecha-

nism. The assumption that the cloud was at a nonrelativistic velocity implies

that this mechanism is slow. This is in contradiction with the fact that we

have neglected the ionization loss that the particle will experience - the only

way to adequately convince yourself that the ionization loss is negligible is to

assume that the accelerating mechanism was fast. Also, there is no justifica-

tion for setting any of the quantities, in the exponential term, to the actual

observed value.

One way to speed the reaction up is to neglect the following type of
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collisions when deriving equation 2.51. All the energy gains by the particle

could then be added linearly, and truly high energies would be obtained if

the particle could be trapped between two converging mirrors.

The way to ensure only the head-on type of collisions is to introduce

a strong collision-less shock to the system (Blandford and Ostriker, 1978).

When the particles of a plasma are confined to the field lines, the plasma

then is infinitely conductive and it is possible to have only the fields mediate

the shock. This is what is meant by a 'collision-less' shock. A strong shock is

where the shock front velocity, u, greatly exceeds the plasma sound velocity

The Fermi shock mechanism would then consist of three parts; the first

part is the injection of particles into the system containing the mirror and

the shock front. The inherent problem here is that we still haven't solved the

ionization loss problem that has already been discussed; somehow the par

ticles need to be injected with sufficient acceleration so that the energy loss

is negligible. The second part is the already talked about Fermi acceleration

mechanism. And the third part consists of some means by which the particle

is reflected across the shock front many times.

In the reference frame of the shock front, the density of the stationary

cloud upstream, will be represented by Po. Downstream, the particle density

is Pl. By studying the energy equivalence, as well as particle continuity across
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the shock front, the boundary conditions can be written down (Katz, 1987).

From these it can be shown that there is a density enhancement behind the

shock front that cannot exceed ...

where ~ is the ratio of the upstream to downstream densities, and 'Y is

the ratio of the specific heats of the fluid that the shock is traversing. For a

monatomic gas, 'Y = 5/3, and so ~ = 4.

In front of the shock, the particle distribution is pretty much isotropic.

Some of the interacting particles pass through the shock front, gaining energy,

and are then randomized by scattering due to irregularities following the

passage of the shock front. Some particles recross the shock front back into

the stationary gas. The flow of the particles upstream is slowed by the usual

scattering process so that the stationary gas is again isotropic but at a slightly

higher energy. The shock then catches up with the particles and the cycle is

repeated. Each time that a particle crosses the shock front, energy is gained.

After k collisions, there are N particles at energy E. The number of parti

cle can be expressed as N = No pk where P is the probability of the particle

remaining within the region after a single collision. A similar expression for

the energy can be made, E = EoAk, where A is the average energy increase

after a single collision. By eliminating k from the equations, one arrives at,
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This reduces to ...

(2.52)

Evaluating an expression for A is analogous to deriving equation 2.48;

only this time an average over all possible angles of incidence to the shock

front, both upstream and downstream, must be performed. The mean result

IS:

- 4~v
A= 1+-

3 c

where .6.v = v - Va is the velocity change of the particle while crossing

the shock front; Va ~ C is the velocity of the particle just behind the shock

front.

The probability of particles escaping back upstream through the shock

front can be approximated by (Bell, 1978),

- 4va
P=1-

c
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Taking the logarithms of 15, and A, and recalling that the density en

hancement was found to be 4, it is found that In 15/ In A= -1. Equation 2.52

reduces to:

Which is is close to, and with some justification for, the observed value

of the power spectrum. All this mechanism needs is a strong shock front and

particles that are near relativistic velocities.

There are two stages that make up a supernova shock wave; the blast

phase which lasts until the mass ejected by the star has been swept up by

the shock, and a longer adiabatic expansion phase. The Fermi acceleration

mechanism with strong shocks could be applied during the adiabatic expan

sion phase. Also, as we shall determine, matter accreting onto the surface of

a neutron star could develop a shock front; and again the Fermi acceleration

mechanism could be applied.

Pulsar Magnetosphere

It is not the intent of this dissertation to give a detailed description

of stellar formation, or what happens when the stellar core undergoes its

eventual collapse. Suffice it to say that a neutron star is the core remnant of a

star that has undergone a supernova. The remnant has a mass approximately
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that of the sun and is of a size smaller then the earth. The material makeup

of a neutron star consists of degenerate nuclear material with a mean density

corresponding to that of atomic nuclei.

Because of the neutron stars' incredibly high density, and therefore in

tense gravitational field, it was originally thought (Hoyle, Narlikar, and

Wheeler, 1964) that these stars existed in a near perfect vacuum. By con

sidering the electromagnetic continuity conditions, it was shown (Goldreich

and Julian, 1969) that this was not the case. In fact, rotating neutron stars

are surrounded by a dense magnetosphere. Because of this magnetosphere,

and (as shown below) its interaction with an accretion disk, plausible expla

nations for the observed pulsed X-ray emissions arise.

The 'standard model' of neutron star particle acceleration, as proposed

by Goldreich and Julian, is to assume that a supernova blast has pushed

the stellar ejecta out to some distance D (referred to as the boundary) away

from the rotating neutron star. The neutron star has a rotation frequency

{l, with the spin axis aligned with the magnetic field axis. The area around

the neutron star is the divided into three zones; the near zone, the wind zone

which encloses the near zone and merges into the boundary zone (which is

taken to begin r-v D/10).

The near zone is defined by the light cylinder, the distance from the neu

tron star where the angular velocity (defined by the rotation of the neutron
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star) would correspond to the velocity of light.

. () c
rSln =-n

The light cylinder is capped at z = ±cjn,where cylindrical coordinates

are chosen for this geometry.

Assuming a uniformly magnetized neutron star, the interior magnetic

field is constant and aligned with the spin axis, the external field is taken to

be dipolar. Since the magnetic field is strong in the near zone, particles are

frozen to the magnetic field lines. Within the light cylinder, the magnetic

field is poloidal (no azimuthal component) and the magnetosphere co-rotates

with the neutron star.

The electric field can be found by recalling that under the action of an

electric field E, and a magnetic field B, fluid will flow in such a way that the

following condition is satisfied (Jackson, 1975):

-.1-.
E + -(v x B) = 0

c

For the case of our rotating neutron star this works out to be,

.... 1.... ....
E = --(0 X r') X B

c
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The magnetosphere charge density is found by considering Maxwell's first

equation. Near the stellar surface, the density is estimated to be ...

7 1
_2Bz(Gauss) particles

n = X 0
P cm3

where P is the rotation period of the neutron star (in seconds), and B;

is the component of the magnetic field parallel to the rotation axis.

By comparing the electric force to the gravitational force, it is found

that electrons will stream from the polar areas of the neutron star, while

ions will flow from the equatorial regions - the opposite is true for an anti-

aligned rotator. By considering the field line that corresponds to that of the

interstellar medium, the critical line, or the dividing line between the two

streaming currents, can be determined.

In the near zone, the assumption is the E.B= O. In order for this con-

dition to be true, particles must be stripped from the surface of the neutron

star. This gives rise to the wind zone.

In the near zone the poloidal field is largely determined by surface cur-

rents in the neutron star. In the wind zone the currents due to the escaping

charges are the principle source of the of the magnetic field. Because of the

particle stream a toroidal component of the magnetic field arises. This causes

the magnetic field lines outside the light cylinder to open. Since no work is
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Figure 2.13: A diagram showing the co-rotating magnetosphere and the wind
zone (Goldreich and Julian, 1969).

Figure 2.14: A diagram showing the supernova cavity, or the boundary zone,
with some typical particle trajectories (Goldreich and Julian, 1969).
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done on closed field lines, only particles moving along the open field lines

can escape from the magnetosphere. The light cylinder defines where the

last closed field line exists.

It is well known that along any dipolar field line the quantity sin 2
() IT is

equal to a constant. Using this, and figure 2.13, it is easily shown that the

last closed field line occurs when ...

The angle eo defines the region within which the particles can escape

from the stellar surface to infinity. This confines the particle streams to the

polar regions of the neutron star.

The potential outside the surface of the star, in the near zone, can be

found by solving the Laplace equation \72q; = O. Given a neutron star of

radius Ra , and a surface magnetic field of magnitude Eo, this works out to...

(2.54)

where P2(cos e) is the Legendre polynomial with 1= 2.

Since particles can only escape from the stellar regions defined by eo, the

maximum potential difference available is:
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~(R8' 0) - ~(R8' (0 )

= ! (n&.)2 B R
2 c 0 8

rv 6 X 1012R~12 eV

Where we have used the nomenclature of many astronomical texts; R6 is

the stellar radius in units of 106 cm, and Bl2 is the magnetic field strength

in units of 1012 gauss. From this result, we can see that in principle the

fastest young pulsars (P=O.OOOI sand B rv 1012 G) could accelerate particles

to 1018 eV. However, it must be pointed out that solutions for the fields are

unknown out at the boundary zone, and it is not clear as to whether the full

potential difference described above can be reached. Also; this model does

not predict any pulsations to the outward stream of high energy particles.

One way to introduce pulsation into this model is to consider the non

trivial case of an oblique rotator (i.e. where the spin axis is not aligned

with the magnetic field). The problem is that in the model we have so far

discussed, the real acceleration takes place outside the light cylinder; where

E.B is no longer zero, and the particle is no longer confined to move along

the magnetic field line. In order to form coherant pulses, the acceleration

must take place within the light cylinder.

Several modifications have been proposed by which a nonzero component

to the electric field, being parallel to the magnetic field, is produced. One
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of the most widely known (Ruderman and Sutherland, 1975) plays on the

fact that the particles removed from the stellar surface insure E.B is zero;

a lack of these particles would give raise to an accelerating region within the

light cylinder. By studying the interaction of the ion quadrupole with a high

magnetic field, it was proposed that while electrons are emitted easily from

the star, positive ions could be bound to the stellar surface if the local mag

netic field is strong enough (like at the polar regions of an anti-rotator). The

inability to remove these charges will cause the magnetosphere to separate

from the surface, leaving a gap where E.B is no longer zero. The gap size

will be limited by the reaction:

which starts when any photon enters the gap. Because of the strong

curvature of the magnetic field lines, the created electrons and positrons will

produce more photons that can undergo pair production. Ruderman and

Sutherland derive an equilibrium gap height of 'V 10 m. The presence of this

gap provides an accelerating region that produces photons and is somewhat

fixed to the stellar surface. The problem with this is that the intense magnetic

fields required to produce the gap are responsible for the degradation of the

photon energies; the highest frequency photon that can be produced is found

to be:
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Vma:c = 2 x 10 P-2iiHz

A further modification to this modification is to assume that the gap

formation takes place, not on the surface of the neutron star, but instead

in the outer magnetosphere (Cheng and Ruderman, 1986). No satisfactory

method to explain the gap formation is made, but since the gap is far from

the surface the magnetic field is reduced and there is no limit to the gap

size. Cheng and Ruderman crudely estimate that the maximum potential

available to protons, and heavy nuclei, from such a gap is:

Because synchrotron radiation, and inverse Compton scattering, will

limit the energy of accelerated electrons within the gap, the maximum energy

that an escaping photon will have is '" 1013 eV.

Binary System Accretion

When the neutron star is part of a compact binary system, it is possible

to have a mass transfer between the two stars. The neutron star, through

some accretion mechanism, gains mass at the expense of the companion star.

By having the kinetic energy of the in-falling matter converted to thermal
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energy, a plausible mechanism for high energy photon production becomes

clear.

If the companion star is contained within its Roche lobe (the mathe

matical surface enclosing a celestial object defined by setting the tidal force,

produced by another body, equal to the self gravitational force), then the

neutron star can only gain mass via the stellar wind; accretion in this case is

called spherical. If the companion is of such a size as to overflow the Roche

lobe, then matter will flow directly through the first Lagrange point and form

an accretion disk around the neutron star.

For now the case of spherical accretion will be considered. As the in-

falling material passes through the first Lagrangian point, the trajectory is

determined by the gravitational field; the matter is falling at nearly its 'free

fall' velocity:

J2MGv(r) = -r-

At some point, the magnetic field will begin to influence the motion of the

in-falling matter. The distance from the center of the neutron star at which

the magnetic energy density is equal to the gravitational energy density is

defined to be the Alfven radius, r A.
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(2.55)

The density of the in-falling matter is directly related to the accretion

rate of the neutron star, M. By very simple arguments, it can be shown

that,

Mp(r) ---
- 47rr2v

Since,

f..tB(r) =-
r 3

where f..t is the magnetic moment of the neutron star. Substituting the ex

pressions of v(r), p(r), and B(r), into equation 2.55, the Alfven radius can

be determined.

( )

- 1 / 7
8 • -2/7 4/7 1\1= 3.2 x 10 IIf17 f..t30 ]Y[0 em

(2.56)

where M17 is the mass accretion rate in units of 1017 gm/sec, and f..t30 is

in units of 1030 G em 3.
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If all the kinetic energy of the in-falling matter is transformed into heat

and radiated away, then the resultant luminosity is given by:

By realizing that the mass of the proton is approximately 2000 times

that of the electron, the radiation pressure will act mainly on the electrons

while the gravitational pressure will act mainly on the protons. Since the

proton and electron are electrostatically bound, a limit to the accretion rate

can be determined. Below this limit, the accretion rate can increase because

the amount of produced radiation is not enough to influence the infall of

mass. The maximum stable luminosity, called the Eddington limit, is found

by equating the radiative force on an electron to the gravitational force on

the proton: Fr ad = Fgr au• The radiation force acting on an electron is given

by the product of the energy :flux and the Thompson cross section, U'T.

F. _ LEddU'T
rad - 4 2

ttcr

47rC M ergs
LEdd = -GMmp = 1.3 x l038

M
-

U'T 0 sec
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The above result indicates that the Alfven radius can not be any closer

to the surface of the star than,

Usually rA ~ R6 for the typical neutron star. The magnetic field will

not penetrate the in-falling plasma beyond r A. At the surface, defined by

the Alfven radius, currents will be induced in the in-falling plasma by the

magnetic field. These surface currents will screen the stellar field outside the

r A and enhance it inside r A.

How the in-falling material crosses, or is channeled by the magnetic field

lines to the stellar surface is an extremely difficult problem to solve. A

naive model for the flow inside r A would be to assume that the matter could

reach the surface by tunneling down the magnetic poles in a narrow accretion

column. The last closed field line would lie just inside the Alfven radius; the

critical angle is found by:

~ 3 10-3 [R9/7L2/7 -4/7 (..M...) -1/7]x 6 37 JL30 Me

The cross-sectional area of the accretion column, at the stellar surface, is

found by A ~ 7f R; sin2 Be ~ 1010 em 2. This is a small percent of the overall

area of the stellar surface. For an oblique rotator this is a viable method
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for explaining pulsed X-ray emission, but is not so good at explaining high

energy particle production. One way of getting around this difficulty is by

considering Fermi acceleration with shock. Within the accretion column, it

is possible to have a collision-less shock develop. The location of the the

shock front will depend on many factors, the most important of which is the

accretion rate''. If there is shock formation, it has been proposed (Eichler

and Verst rand, 1985) that the possibility of Fermi acceleration occurring at

the shock front could account for the presence of high energy particles. We

will return to this later.

At this time, disk accretion will be considered. The determination of

the Alfven radius for the case of accreting matter in a disk, is much more

complicated then for the case of spherical accretion. Consideration must be

paid to the magnetic stress developed in the disk, as well as to the viscous

stress. No piece of physics is as poorly understood, in the theory of disk

accretion, than the nature of viscosity.

By utilizing the magnetohydrodynamic equations, Ghosh and Lamb (1977,

1979a, and 1979b) have analyzed the behavior of the in-falling matter that

comprises the accretion disk"; in particular, attention was given to under-

standing how matter was transferred from the disk to the surface of the

6The exact relation between the the accretion rate and the shock formation is not
known.

7The brief outline here follows that of Shapiro and Teukolsky (1983).
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neutron star. What Ghosh and Lamb did was to model the 'slippage' of the

stellar magnetic field lines through the accretion disk, with an effective 'con

ductivity'. This conductivity accounts for the penetration of the inner part

of the accretion disk via the inherent instability that arises because of the

Ex Bdrift through areas of the disk that have a non-uniform density distri

bution (the Kelvin-Helmholtz instability). The conductivity also accounts

for turbulent diffusion of the disk material, and magnetic 'reconnection'.

Starting with the magnetohydrodynamic Euler equation:

diJ 1 -> ->

p-=-VP-pV~+-JxB
dt c

(2.58)

Here P is the pressure, and J is the current density within the disk.

A simple model of the stress force can be made by assuming (Shakura and

Sunyeav, 1973) that the coefficient of dynamic viscosity 11 can be related

to the size of the largest turbulent cells that arise in the disk,lturb, and the

relative velocity of the turbulent cells Vturb, in the following way:

Simple boundary condition arguments can be used to show that from

this assumption, the stress force is: f = aP. Literally, what has been done

is to parametrize all that is unknown about the viscosity-shear-stress in
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the disk by introducing a non-dimensional viscosity parameter 0: ,:s 1. By

accepting this assumption, and using cylindrical coordinates, all the gradient

terms occurring in equation 2.58 can be argued away. Considering only the

azimuthal component yields:

(2.59)

In the absence of the accretion disk, there would be no azimuthal compo-

nent to the stellar magnetic field. With the disk in place, the magnetic field

lines are initially 'frozen-in' to the rotating material, and therefore sheared

in the <p -direction. Because of this, a sizable azimuthal component to the

magnetic field is produced. Assuming that the magnetic field lines are con

tinuous, then Br/J must be equal in magnitude, but opposite in direction above

and below the plane of the disk. Therefore, it is expected that B; ~ Br/J'

and the first term of the right hand side of equation 2.59 may be neglected.

(2.60)

Assuming that the accretion disk has a transverse half thickness of h;

the amount of mass contained in an annulus of infinitesimal thickness dr, at

r is: dM = (27rr dr)(2h)p. Or,
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Figure 2.15: A schematic diagram showing accretion onto a neutron star
(Ghosh and Lamb, 1978).

Substituting this expression into equation 2.60 yields:

(2.61)

This shows that there will be a region, of finite radial thickness 0 « r,

where the stellar magnetic field will begin controlling the azimuthal motion
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of the accretion disk matter. It is within this boundary layer that the mass is

pulled off the disk and begins to follow the field lines onto the polar regions

of the neutron star. Ghosh and Lamb find that this boundary layer begins

at a distance r- OArA from the stellar surface, and has a radial thickness of

'"" 0.03rAi after this is a broad transition region where the motion is Keplerian

but magnetic coupling is non-negligible (figure 2.15). Beyond this transition

region, the stellar magnetic field is completely screened.

The in-falling matter follows the stellar magnetic field lines and an ac-

cretion column is formed at the polar regions; this is analogous to the case of

spherical accretion talked about earlier. By introducing a shock front into the

accretion column, a mechanism for high energy particle acceleration becomes

plausible.

By applying the same arguments used to derive the Fermi-shock accel-

eration mechanism, and taking into account the strong magnetic fields in the

vicinity of a neutron star, Eichler and Verstrand were able to show that the

maximum energy available to a charge particle is:

[( 3) 2 ] 1/3
Emao: = me 27rl! (;J (::J R Vs

where If is the mean free path length of the particle having mass m and

charge Z, R is the radius of the shock, and Vs is the relative velocity of the

shock front with respect to the upstream gas. From the above result, proton
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energies of 1016 - 1018 eV (depending on the geometry) are possible.

If a standing shock front, within the accretion column, occurs then

streams of energetic protons will be shot out of the polar regions of the

neutron star. This energetic proton beam can then interact with the mate

rial surrounding the neutron star; either the accretion disk or the companion

star. When this beam has been 'dumped' onto a target material the p + p

reaction will create pions which in turn will decay into photons, muons, elec

trons, and neutrinos. For the production of high energy gamma rays, the

only concern is that the material be thick enough for a sufficient number of

photons to be produced (at least one interaction length), and yet be thin

enough for the photons to escape.

If this 'beam dump' model is correct, one should observe short bursts

of gamma rays when the proton beam grazes the companion star, or when

the beam crosses the accretion disk. With this in mind, any periodicity to

a received signal could be directly related to the rotational period of the

neutron star.

2.4 Sources

This dissertation would not be complete if a description of the sources, that

are to be observed, were not included. To a large extent, this has already
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been accomplished in the preceeding sections, but a short observational his

tory and description of the current modeling for each source is included for

completeness.

2.4.1 Crab

The Crab pulsar-nebula is arguably one of the most studied astronomical

objects in the history of man. Since the supernova explosion that heralded

its presence in 1054, Crab has been detected and observed in almost all

possible energy regimes. The HGRO collaboration has also joined in the

study of this source and the reader is referred to the dissertation of Almus

Kenter (1989) for a better detailed observational history than is contained

here.

Observational History

OPTICAL: In 1731 John Bevis, an English physician with a passion for

astronomy, was the first to record his observations of a celestial object with

visual magnitude of 11.5, at right ascension 5 hours + 31 minutes, and dec

lination 21 degrees; he is credited with 'discovering' the Crab nebula. While

searching for comets in 1758, Charles Messier made the Crab nebula the first

entry in his great catalog of 'false comets', and as such was designated M-l.

The Crab nebula is clearly seen to be an elliptical shaped object with ap

proximate dimensions 120 arc-seconds by 180 arc-seconds, at an estimated
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distance of rv 1.9 kilo-parsecs. Lampland (1921) observed light ripples in the

Crab nebula.

Walter Baade, in 1942, was the first person to observe the 17th magnitude

central star in the Crab nebula, and proposed that the ultra-violet light from

this star was responsible for the luminosity of the nebula. In one of the more

interesting ironic twists of astronomy, it was this same person, along with

Fritz Zwicke (1934), that predicted the existence of neutron stars. Since

observations of the central star did not show a line spectra, Baade used

simple Black Body arguments to argue that the central star was too 'hot'

to be a neutron star. It is now known that the Crab emission is due to a

non-thermal, pulsed mechanism.

Since synchrotron radiation is highly polarized, by studying the optical

emission, Oort and Walraven (1956) were able to confirm a prediction made

by I. S. Shklovskii in 1953; the Crab continuum radiation was produced by

synchrotron radiation. Oort and Walraven were also able to demonstrate

that the magnetic field of the cloud was between 10-3 and 10-4 gauss. Using

this result, they also concluded that there were electrons with energies rv 1011

eV, and that these could not possibly have been left over from the supernova

explosion.

RADIO: In 1967, a group of Cambridge astronomers detected astronomi

cal objects emitting periodic radio pulses (Hewish et al. 1968). Following this

105



10 :0 JO

lime <msl

Figure 2.16: The light curve of Crab at various energies. This is the end
product of a complicated integration procedure since the individual pulses
are are not identical (Smith, 1977).

discovery of pulsars, Staelin and Reifenstein (1968) at the Green Bank Radio

observatory detected a 30 Hz pulsar coincident with the location of Crab.

The Crab pulsar exhibited a double-pulsed light curve that has remained

consistent through several energy regimes (figure 2.16). The two pulses are

separated in orbital phase by ~ 0.43, where the first, or main, peak is defined

as phase 0.0 in the ephemeris. The radio observations provide the basis for

determining the timing parameters of the period, P ~ 0.033 seconds, and the
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rate of change of period, P ~ 4.2 X 10-13 sec/sec (Richards, 1969). The light

curve also shows a wide range of fluctuations; on a pulse by pulse basis the

radio pulses are not identical. In comparison to other pulsars detected, the

anomalously large positive value of P and small value of period indicates a

large energy loss. Because any detected changes in the value of Phave been

stochastic, a value of P for Crab is not known. Apart from the stochastic

nature of P, the Crab pulsar exhibits sudden increases in rotational period,

called 'glitches'. For a few days following a 'glitch', the P is increased.

The luminosity of the Crab has been determined to be rv 1030 ergs/sec

in the radio. By considering the typical radio pulse width, and some simple

Black Body arguments, a deduction that the radio emission source must be

coherent is made.

Armed with the knowledge that the central star of Crab was a pulsar, a

search for the expected optical pulsation was made and later found (Cocke

et. al. 1969). Also noticed were the presence of large 'filaments' or 'wisps'

within the nebula.

INFRARED: The Crab has been observed in the infrared (Smith, 1977),

and exhibits a periodicity consistent, and in phase, with the radio frequency.

X-RAY: When observed in the X-ray part of the spectrum, Crab is the

brightest pulsar in the sky (Zombeck, 1980). In what has now become a
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classic experiment, Freidman at NRL was able to show that the low energy x
ray emission from Crab was from an extended source. By making polarization

measurements, it was shown that the emission mechanism was again due to

synchrotron radiation; since there are photons with energies greater then 100

KeV, the implication is that the electrons have energies in excess of 1014 eV.

Again, this was inconsistent with being supernova remnants.

At higher energies of the X-ray spectrum, the periodic nature of the

Crab pulsar manifests itself clearly; the nebular emission that predominated

at low energy no longer dominates. The X-ray light curve is consistent with

the radio, and is also in phase. Smith (1977) is able to make a convincing

case that the various energies comprising the emission spectra of Crab, must

be by different mechanisms. If true, then they must be occurring in the same

place in orbital phase.

HIGHER ENERGIES: At energies below 0.1 MeV, there is remarkable

agreement between results at various energies and from separate experiments.

At energies above 0.1 MeV, the Crab pulsar starts to show a more sporadic

nature. There is a good review article, summarizing the results of many

experiments (Fazio, 1972), which shows how the gamma-ray results conflict

with each other.

Hillier (1970) was the first to report of Crab emission, with a periodic

nature, in the energy regime 0.6 to 9 MeV. Kurfess (1971) detected pulsed
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emission at energies up to 1 MeV. The results have been combined to give a

spectrum of:

dn = lOE-2•2 photon
dE cm2 • sec· KeV

A concurrent experiment run by the gamma-ray group at NRL, reported

results consistent with background. A balloon flight of a gamma-ray telescope

in October 1971, detected pulsed emission from Crab at an energy threshold

of > 240 MeV. The resultant light curve showed evidence of the first and

secondary peaks, in agreement with the radio ephemeris. The results of a

second balloon flight, in July ofthat same year, showed no evidence of pulsed

emission from Crab.

Data received from the COS-B satellite showed evidence for pulsed emis-

sion which was in agreement with the radio ephemeris. Concurrently, the

satellite gathered data at X-ray energies, the results of which showed that

Crab was steady even when the gamma-ray energy was showing signs of vari-

ability. This seems to indicate that there is a time variability of the Crab

system in the gamma-ray energy region. Recently, it has been proposed

that the time variability could be explained by a non-continuous injection

of electrons into the nebula. In fact, it is argued that the pulsar is inject

ing electrons into the nebula irregularly on a time scale of "" 70 days. This

particle injection time scale is on the order of the time scale of the observed
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wisps and filaments (Jung, 1989).

The Durham collaboration reports two types of pulsed emission; the first

is sporadic pulsed emission on a time scale of 15 minutes (Gibson et al. 1982),

and the second shows evidence of long term phased emission at rotational

phase 0 (Dowthwaite et al, 1984).

The Whipple collaboration uses an air Cerenkov telescope, that 'images'

the air shower to perform hadronic discrimination. They claim to detect

non-pulsed emission from the Crab at the> 20" level, at an energy threshold

of,,-, 0.7 TeV. This same data set, using the same method of analysis, shows

no sign of pulsed emission (Weekes et al. 1989)

The Lodz array, selecting those events that are muon poor, claim a 5 (T

excess of air showers arriving from the direction of Crab (Wdowczyk, 1986).

The energy threshold of the Lodz array is > lOPeV and their result is con

firmed by the Tien Shien array (Stamenov, 1985). However, the arrays at

Haveragh Park and Akeno, see no evidence of E > PeV emission from Crab.

Model

The only model proposed for the source at Crab, as indicated in the

previous observational history, is that it is a remnant of a supernova explosion

that occurred in 1054. The central star is a pulsar which is surrounded by an

expanding cloud of the ejected stellar material; this cloud has an expansion
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velocity estimated to be rv 1000 km/sec, The pulsar is injecting relativistic

particles, on the order of 1015 eV for electrons, into the nebula. It is assumed

that radiation that is periodic at the characteristic Crab frequency is due to

the pulsar, while the radiation that does not exhibit any periodicity is due to

emission from the nebula. The observed filaments, or wisps, are believed to be

associated with regions of enhanced magnetic fields and therefore enhanced

regions of synchrotron emission.

2.4.2 Cygnus X-3

Cygnus X-3 has been under observation for 26 years and still remains an

enigma. The HGRO collaboration has taken data on Cygnus X-3, since

completion of the Mark-1 Air Cerenkov Telescope. in 1985. Three members

have since then written the results (Szentgyorgyi 1986, Jennings 1990, and

Sinnis 1990); For an informative observational review, the reader is referred

to the dissertation of Constantine Sinnis.

Observational History

RADIO: In 1966 Cygnus X-3 was first observed as an X-ray source (Gi

acconi et al, 1967), by rocket launched detectors. Although this source is one

of the five strongest X-ray sources observed (excluding supernova remnants)

it wasn't until 1971 that the radio component to the produced spectrum was

first observed (Breas and Miley, 1972).
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Cygnus X-3 under went a large radio flare in 1972 which made it one

of the strongest radio sources in the sky (Gregory, 1972 and Hjellming and

Balick, 1972). By observing the change of the radio spectrum as a function of

time, this flare was interpreted to be curvature radiation from an expanding

cloud of relativistic electrons (Bonnet-Bidaud and Chardin, 1988). Since

this event, a large number of radio flares have been observed (Johnston et

al. 1986). Along with all the radio flaring observed, low level radio activity

has also been examined in detail. The low level radio activity seems to be

composed of temporal structures that resemble large flare activity only much

weaker in strength (Molnar, 1985).

Very Long Baseline Interferometry (VLBI) observations seem to indicate

the presence of two jets with an expansion velocity of O.6c (Geldzahler et

al, 1983 and Spencer et al. 1986). There are problems with the derived

expansion velocity since it is heavily dependant on the distance from Earth,

which is not as well known as we would like it to be. A subsequent observation

of a double radio source straddling the Cygnus X-3 source seems to validate

this claim (Strom et al, 1988).

INFRARED: Infrared radiation has been detected from Cygnus X-3 ex

hibiting the same modulation as that of the X-ray period (Becklin et al. 1974

and Mason et al. 1976); and like the X-ray data, a large amount of flaring

has also been observed. It has been proposed that this flaring is the result of
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pockets of hot plasma being ejected from the system (Mason et al, 1986). As

the plasma cools, so does its emitted radiation, which would then conform

to the low level radio activity observed by Molnar.

X-RAY: The X-ray emission of Cygnus X-3 exhibits several striking

features: there is a periodic modulation, as one would expect for an X-ray

source, but no complete extinction usually associated with an eclipse of the X

ray source (figure 2.17). Also, there appears to be variations in the observed

intensity from one cycle to the next, as well as significant short time-scale

structure.

The most readily seen, and hence easily confirmed result is the 4.79 hour

modulation of the X-ray intensity (Parsignault et al. 1972); for almost twenty

years this period has remained extremely stable. Despite fluctuations in the

cycle to cycle shape of the light curve, and slight changes in the arrival time

of the X-ray minimum, when an average over several cycles is taken it is

seen that the overall shape is found to be extremely stable. The obvious

conclusion drawn from this stable periodicity, is that the X-ray source is

exhibiting orbital motion around a barycenter defined by the source and

some companion star.

A change in period duration, a period derivative, was first detected by

COS-B in 1977 (Manzo et al. 1978). The reported value of the period deriva

tive was P= (2.83±O.67) X 10-9 sec/sec, however subsequent measurements
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Figure 2.17: Cygnus X-3 data from a continuous 30.6 hour observation period
using the EXOSAT MEDA detector (Willingale et al. 1985). The bin size is
40 seconds and the energy range is 1.5 to 15 KeV.

X3£ CT bl 2 2 P . ddt tia e .. eno e ec IOns or ygnus -
.P in sec/ sec Authors

(2.83 ± 0.67) x 10-9 Manzo et al., 1978
(1.78 ± 0.40) x 10-9 Elsner et al., 1980
(1.18 ± 0.14) x 10-9 van der Klis and Bonnet-Bidaud, 1981

(0.904 ± 0.048) x 10-9 van der Klis and Bonnet-Bidaud, 1988

have shown the period derivative to be steadily decreasing (table 2.2). In fact,

using the data from 1970 to 1985, a value for the derivative of the period

derivative was found: P = (-0.16 ± 0.04) x 10-9 1/year (van der Klis and
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Bonnet-Bidaud, 1988).

If the the reason for the increase of the period is due to a conservative

mass transfer within the system, then a value for the companion mass can be

derived. By assuming that the X-ray luminosity was due to mass accretion,

it was found that Jl;/ '" 10-8 M0 per year. Using this result, the ratio of the

the period derivative to the measured period, and assuming that the X-ray

source has a mass approximately that of the sun, Bonnet-Bidaud and Chardin

(1988) were able to derive a companion mass that was 3% of a solar mass.

This was originally thought to be too small but recent evidence seems to

support a very small companion mass; 0.0004M0 < M < 0.05M0 (Molnar,

1988). If the period is not really increasing, but instead we are observing an

apsidal precession of an eccentric orbit, then the observed value of P can be

used to find the apsidal period and orbital eccentricity. By assuming that

the light curve should change in unison with the period, an apsidal period

between 25 to 31 years, with an eccentricity of 0.25 was found by van der

Klis and Bonnet-Bidaud. Since there have been no significant changes over

a 15 year observation period, it is not likely that this is the reason for the

period increase. Another possibility for the period increase is a mass loss

by the system. If this were so, one would expect the ratio of the period

derivative to the period would roughly be equivalent to the ratio of the mass

loss by the system to the overall mass of the system; this implies a mass loss

of '" 10-6111
0 per year.
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HIGHER ENERGIES: Until now, the results obtained have been straight

forward and relatively easy to confirm; at high energies this is not the case.

The first high energy observation of Cygnus X-3 was done by a balloon

flight in 1972 (Gulper et al. 1978); an energy flux of (2.0 ± 0.8) x 10-4

em -2S -1, with E > 40 MeV, was observed. The intensity of the flux

exhibited the same periodicity as the X-ray light curve but '" 1800 out of

phase. Later the same year, another balloon flight was unable to confirm

this result and put an upper flux limit of 6.5 x 10-6 em -2S -1 above 70 MeV

(McKechnie et al. 1976). Two years later Gulper et al. performed another

balloon flight and were also unable to confirm their initial result.

An analysis of the SAS-2 data was performed (Lamb et al. 1977) and

a reported flux of (4.4 ± 1.1) x 10-6 em -2S -1 above 35 MeV was claimed.

The flux was modulated at the 4.79 hour period, only this time, it was in

phase with the X-ray light curve. A subsequent analysis of the COS-B data

(Hermensen et al. 1987) found no evidence of a signal from Cygnus X-3

although they do report an enhanced emission from the general region of

Cygnus. Re-analyzing the COS-B data Li and Wu (1989) report that there

is a gamma-ray signal from Cygnus X-3 but appears to be anti-correlated

with the X-ray flux. They reported a flux level of (1.3±0.6) x 10-6 em -2 S -t,

above 100 MeV, but could not claim the 4.79 hour period. They propose,

as the explanation for why the gamma-ray signal being strongest when the
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X-ray signal is weakest, that there is gamma-ray absorption by the much

more populous X-rays present.

Data taken in 1972 using the atmospheric Cerenkov technique showed a

flux less then 1.1 ± 10-10 em -2S -t, above 2 x 1012 eV, from Cygnus X-3

(Stepanian et al, 1975). The big problem with their results is that there

was no direct count (D.C.) excess seen. Because their instrument consisted

of two detectors with different energy thresholds, a tentative spectral index

of 3.2 was assigned for Cygnus X-3, to explain a significant burst (> 20 %

above background) detected by one of their detectors (this burst lasted for

only about a day). By folding their data in with the 4.79 hour period, they

saw evidence for emission at orbital phases 0.190 ± 0.025 and 0.790 ± 0.025

(using the Ephemeris of van der Klis and Bonnet-Bidaud, 1981). This result

was confirmed by Neshpor (1979), which saw significant emission at orbital

phases 0.157 to 0.212 (5.4 a ; flux at 1.8 X 10- 10 em -2 S -1), and 0.768 to

0.823 (3.0 «, flux at 9.0 X 10-11 em -2S -1), above 2 X 1012 eV. Further

confirmation came from the Whipple collaboration (Danaher et al. 1981),

where emission was detected at orbital phase 0.70 ± 0.05 at a flux level of

1.5 X 10-10 em -2 S -1 (E > 2 x 1012 eV). No evidence of emission was seen

at any other orbital phase. The same group, using a better imaging detector

was later to claim emission from orbital phase 0.58 to 0.67 (4.4 (j), with a

corresponding flux level of (5.1 ±1.1) x 10-10 em -2S -1 (Cawley et al. 1985).
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In 1985 the Durham collaboration reported evidence for a pulsar in

Cygnus X-3 (Chadwick et al. 1985). During a burst at orbital phase 0.625,

they detected a pulsed signal at period 12.5908 ± 0.0003 ms; with an overall

probability of 4 X 10-7 that this is random. Although the same group claims

to see continued evidence of the pulsar (Brazier et al. 1990), independent

confirmation is actively being pursued and has yet to be brought forth.

The Keil air shower array reported a D.C. excess of 4.4 (J' from the di-

reetion of Cygnus X-3 (Samorski and Stamm, 1983). They place their flux

limit at (7.4 ± 3.2) X 10-14 em -2S -1, above 2 x 1015 eV, with the most

significant portion between orbital phase 0.2 to 0.3. As we have shown in

previous sections, one expects the muon content of showers from Cygnus to

be less than that observed in background showers. However, contrary to ex

pectations, they found that the average muon content of the showers coming

from Cygnus to be similar to that of the background showers". Either a

cosmic ray observation of the background mimicking a periodic signal was

made, the understanding of high energy photon interactions is flawed, or an

observation of a new previously undiscovered light neutral particle occurred.

Other ultra high energy arrays have examined data from the Cygnus

area and have reported various null results, or results with low statistical

significance. The Fly's Eye group, after analyzing six and a half years of

8The same group also reported the same anomalous accompaniment while observing
Hercules X-l.
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accumulated data, were able to construct a sky map with the most prominent

(3.5 0") region of the sky being centered on Cygnus X-3. The inferred flux

was (2.0±0.6) X 10-11 em 2 s -1 above 5 X 1017 eV (Cassidy et al. 1980). This

result was confirmed by the Akeno array (Teshima et al. 1990). However,

Haverah park, analyzing almost 14 years of data, find no evidence for excess

emission from Cygnus X-3 (Lawrence et al. 1990).

In addition to the above results, there have been a welter of claims from

underground muon detectors. The NUSEX collaboration, analyzing three

years of data, reported that there was a 5.3 0" excess (E > 5 TeV) from the

region of Cygnus X-3 (Battistoni et al, 1985). The Soudan collaboration,

with two years of data (one of those years was in overlap with the NUSEX

collaboration), reports a 4.2 0" excess (Marshal et al, 1985). The Frejus

collaboration, also with two years of data, see no evidence of emission from

Cygnus. The 1MB collaboration, claim to have evidence for a 4.2 0" excess

coincident with a 2 week radio burst (Bionta et al. 1987); but the Kamioka

collaboration was unable to confirm this (Oyama et al. 1986).

Possible Models

Most of the modelling for the Cygnus X-3 system has been done so as

to conform to the observed X-ray light curve. At present there are three

proposed models, none of which explain all of the observed phenomena.
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STELLAR WIND MODEL: This model was put forth before the orbital

period was seen to be increasing by Pringle (1974) and Davidsen and Ostriker

(1974). This model assumes Cygnus X-3 is some compact object in a binary

system with a main sequence red dwarf companion. The companion is losing

mass via a stellar wind. The orbit is so inclined to our line of sight so that

it is not possible for an eclipse to occur. As the objects orbit each other the

amount of wind material, along the line of sight, changes; it is this change that

leads to the observed modulation. The transferred mass accomplishes two

purposes: 1.) it creates the observed X-ray luminosity and 2.) it modulates

the X-ray flux.

In order for the X-ray luminosity to correspond to that observed, if must

be at least", 10-61VI
0 per year for a white dwarf or rv 10-9 M0 for a neutron

star; obviously more mass is lost by the system then accreted by the compact

object. By assuming that the electron scatter is the main contributor to the

opacity of the stellar wind, the column density of the wind can be derived

(Pringle, 1974). Using this result, Kepler's third law to derive the separation

between the two stars, an assumed escape velocity corresponding to the Sun,

and further assuming that the stellar wind is composed mostly of protons,

the rate of mass loss by the system is found to be ~ 2 x 10-6 M0 per year. this

corresponds to the mass loss rate required to explain the observed increase

in the orbital period.
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The problem with this model is that it predicts that since the low energy

cut off is a function of the column density between the X-ray source and the

observer, it should be dependant on the orbital phase. This has been found

to be incorrect (Molnar and Mauche, 1986).

COCOON MODEL: This model assumes that there is a distant shell sur

rounding the same binary system proposed in the stellar wind model (Mil

grom, 1976). The companion star casts a shadow on the shell as it moves in

its orbit (figure 2.18).

For this scenario to work, the shell must not trap X-rays, the shadow on

the the shell has to be ionized to a lesser degree then the rest of the shell,

and any changes in the shell must propagate slower then the angular velocity

of the binary system (i.e. the shadow can not be in equilibrium with the rest

of the shell).

Although this model correctly predicts the close correlation between the

infrared and X-ray light curves, it also predicts that higher energy X-rays

should have a greater modulation, which contradicts observation (Molnar

and Mauche, 1986).

ACCRETION DISK WITH CORONA MODEL: Because of the short orbital

period, there is a growing belief that Cygnus X-3 is a member of the class

of low mass X-ray binary systems; these are similar to cataclysmic variables
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Figure 2.18: The Cocoon model for Cygnus X-3 (Milgrom, 1976).
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Figure 2.19: The accretion disk with corona model. The shaded region is
the corona, while the bulges are in the outer edge of the disk. The numbers
around the diagram correspond to the orbital phase (White and Holt, 1982).
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only with the white dwarf replaced by a neutron star. This model proposes

that the compact X-ray source has an accretion disk. Because of X-ray

heating, material is continually being evaporated from the inner regions of

the accretion disk; this evaporated material forms a corona around the the

compact object. The radius of the corona is less then the the disk radius,

and is optically thick. The corona is the extended X-ray source observed

(figure 2.19). By assuming that there are partial occultations of the accretion

disk-corona by bulges on the outer edge of the disk, the observed light curve

was reproduced (White and Holt, 1982). The outer edge bulges form where

the accretion stream meets the accretion disk (Lubow and Shu, 1975).

Originally, this model predicted that the light curve was energy indepen

dent. However, by allowing the density of the bulges to vary with the height

above the disk plane, the observed energy dependance was also reproduced

(Molnar, 1985).

The one aspect that this model does not predict is the increase in the

orbital period. Because the companion star is undergoing mass loss, the im-

plication is that the period should decrease (van der Klis and Bonnet-Bidaud,

1985). This implies that mass must be transferred by some mechanism other

then gravity. One proposal is that X-ray heating of the companion leads to an

evaporative wind (Tarani, Ruderman, and Shaham, 1989). Another proposal

is that a high energy proton beam emanates from the neutron star causing
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the companion stars' interior the heat and expand, maintaining hydrostatic

equilibrium, to fill the Roche lobe (Gaisser and Stecker, 1986).

2.4.3 4U0115

As compared to the previous two sources, this source does not have that

extensive an observational history. The HGRO has, in the past, observed

and reported results on this source (Resvanis et al. 1987).

History

This source, as its name implies, was the fourth X-ray source detected

by the Uhuru X-ray satellite at right ascension 1 hour + 15 minutes and

declination of 63 degrees.

X-RAY: X-ray observations have indicated that the magnetic field of the

compact object is '" 1.2 X 1012 Gauss (White, Swank, and Holt, 1983), an

X-ray luminosity of 2 x 1036 ergs/sec, and a pulsar period 3.61 seconds (Kelly

et al. 1981). In addition to this, the rate of change of the pulsar period is

measured to be '" 3.2 X 10-12 sec/sec. The resultant light curve is found to

be sinusoidal corresponding to a binary orbital period of 24.3 days.

HIGHER ENERGIES: The Durham collaboration was the first to claim

detection of high energy (E '" 1 TeV) emission from 4U01l5 (Chadwick

et al. 1985). They claimed that there was indications of the 3.61 second
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X-ray period in their signal, and that the source was sporadic at higher

energies. The HGRO collaboration (Resvanis et al. 1987), and the Whipple

collaboration (Lamb et. al, 1987), confirmed their results but at lower flux

values. The Whipple collaboration, assuming the system was 2.5 kilo-parsecs

away, went on to estimate a luminosity (E > 0.6 TeV) of 2 x 1035 ergs/sec.

No correlation with the binary orbital cycle was seen.

Possible Model

The widely accepted model for 4U0115 is an accreting binary system,

consisting of a compact object and a companion star estimated to have mass

of 5 M 0 9. The mass transfer is the real mystery. The very low value for

the ratio of P /P implies a very nearly co-rotating magnetic field. Kiraly

and Meszaros (1988) have done extensive modeling of this system assuming

a co-rotating jet interacting with an accretion disk, or the wake produced by

spherical accretion. In both cases they predict high energy photon production

with a high energy (E > PeV) cut-off.

2.5 Aftermath

We have seen that the situation, from sources of the high energy cosmic rays

to observation, leaves much to be desired. No model adequately explains all

9This is obtained by assuming that the compact object has a mass comparable to
Hercules x-i.
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the observed details of the high energy electromagnetic spectrum produced

by the 'well studied' galactic objects; e.g. Crab, Cygnus X-3, and others.

Moreover, the very source of the highest energy cosmic rays, with energies

up to '" 1020 eV, is unknown. At high energies the observations are even

further clouded by inconsistencies and hints that particles being observed

do not conform to what would be expected for gamma rays. It is a field

ripe for exploration with the potential for great discoveries; it is not regular

astronomy!
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Chapter 3

The Air Cerenkov Telescope

The Air Cerenkov Telescope, referred to as the ACT, is the main instrument

of the Haleakala Gamma Ray Observatory. Since, as will be mentioned later,

the Barrel Extensive Air Shower array is triggered by the ACT, a description

of the ACT is in order.

3.1 Physical Description

The ACT that is now in existence atop Mount Haleakala was not the first

to be built there; when the original air Cerenkov telescope was built, in 1983

- 84, not much quantitative information between -y-ray and proton induced

showers existed. Early results of Monte Carlo simulations implied that there

was a timing difference between hadronic and electromagnetic shower widths.

It was thought that a simple discrimination, in time, could be used to separate
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those showers of electromagnetic origin from those of hadronic origins. It was

with this in mind that the original ACT was designed.

While the original telescope was being constructed, and throughout its

operational tenure which began in 1985, Monte Carlo simulations were per

formed and a better understanding of the air Cerenkov technique obtained.

Although a timing difference in shower widths can be shown to exist, it

is not possible to make use of this fact. It has been shown (Kelley, 1991)

that proton shower widths can be as narrow, or even narrower temporally

then electromagnetically induced showers when only a small cross-sectional

area of the shower front is examined. Despite the fact that the shower width

timing difference could not be exploited, the 1ns fast timing resolution, that

was required for the proposed timing difference, provided a very low energy

threshold for a given total mirror area - as compared to a telescope of com

parable area but with a wider coincident window.

The original telescope was designed to have very fast timing accuracy,

single photoelectron sensitivity, and the unique capability of simultaneously

monitoring the off-source as well as the on-source. After 3 years of opera

tion a retro-fit of the ACT was performed. The 'new' telescope kept all of

the original timing accuracy, while adding better optics (and thus a better

pointing accuracy), and more light collection area.
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It is not the intent of this dissertation to give a detailed description of

the first ACT, since that is done elsewhere (Szentgyorgyi, 1986), but will

instead describe the latter version since the retro-fit coincided with the barrel

extensive air shower array upgrade.

3.1.1 The Mount

The mount of the ACT is of an equatorial design, which means that the

two degrees of freedom in pointing are the right ascension (RA), and the

declination (dec). The RA axis is defined to be parallel to the earth's rota

tional axis while the dec axis is defined to be perpendicular to the RA axis.

By noting the direction of Polaris, and making the proper corrections for

the displacement from true north, the alignment of the telescope mount was

made.

The major advantage to having an equatorial mount is that only one

motion is required for the tracking of a source under observation; it is only

necessary that the RA axis be rotated at the same constant angular velocity

as the earth's rotation.

The two motors that are used to drive the ACT axis are high precision

stepper motors which, by using a harmonic drive gear reduction system,

divide one full rotation of either axis into 4,000,000 steps. Each motor is

controlled by a microprocessor which receives commands through a serial
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port from the data acquisition computer. While the microprocessors do have

a small directory of motion commands, the calculation of celestial positions

and offsets has to be performed on the main computer and then translated

into a form that is acceptable by the microprocessors. For simple expediency,

or in case of computer failure, it was possible to manually move the telescope

by directly controlling the microprocessor with the aid of a joystick.

The usual procedure for tracking a source under observation was to begin

by defining a reference point on the celestial sphere. This was done by point

ing the telescope directly at zenith; knowing the sidereal time, as well as the

observatory· latitude, defines the the RA and dec of this point. Nearby every

source that the HGRO observed, usually within r- 3°, was a cataloged bright

star. A simple computer command pointed the telescope to this star. It is

a fact that most objects of interest in high energy astrophysics are optically

faint, and so the need arises for a nearby bright star that the observer can use

to check the pointing of the telescope. A Panasonic model 1850 camera with

a Newvicon, red enhanced vidicon, was used for the purposes of checking the

pointing accuracy. This camera is peaked in the blue and has a 12° X 8° field

of view, which is wide enough to provide an unambiguous star field for any

source.

The telescope, as will be mentioned later, has two apertures separated

by three degrees in declination. The usual operational procedure was to
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Figure 3.1: A sketch of the ACT on Haleakala.
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Figure 3.2: A diagram of the ACT aperture separation.
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position one of the apertures on the bright reference star, once satisfied that

the aperture is truly positioned on the reference star, move that aperture over

to the source under observation, and then begin normal tracking by rotating

the RA axis. The apertures were then alternated by being 'wobbled' in

declination every fifteen minutes, providing a simultaneous observing of the

source in question as well as a point ±3° 'off-source' (fig 3.2).

3.1.2 The Mirrors

The ACT consists of 26 mirrors that were manufactured at Purdue Univer

sity. These were constructed of quarter inch thick blanks of standard float

glass, that were slumped into a parabolic figure having a radius of curva

ture of 1.73 m. Each blank has a 32 inch diameter with an 8 inch center

hole which was used for mounting. The reflective coating was applied by the

evaporation of aluminium, under a vacuum, onto the front surface of each

mirror. This yielded mirrors with a focal length of 0.9 m, an f-number of

'" 1, and a measured point spread of '" 0.20
•

Each mirror was mounted, by a fully adjustable three point mirror sup

port, to a tubular aluminium space frame that was also constructed at Pur

due. Figure 3.3 shows a plan view of the mirror arrangement and the con

figuration of the space frame.

Figure 3.5 shows the placement and labeling of the 26 mirrors of the
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Figure 3.3: A plan view of the ACT and its mirror arrangement. The view
is fa.cing west with north to the right of the figure. The dotted line shows
the configura.tion of the tubular space frame that the mirrors were mounted
to. (Finley, 1990)
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ACT. From this figure, mirrors such as A, B, and D, are referred to as

edge mirrors, while mirrors E and G are called center mirrors. Each mirror

had two photomultiplier tubes, located at the focal plane, 4.74 em apart [i.e.

separated by 3°) in a north-south line. The more northerly channel is referred

to as the 'A' channel, and the other the'B' channell.

To make sure that the same field of view is presented to each of the aper

tures, the mirrors were aligned by tracking a bright source and adjusting the

attitude of each mirror so that the point image was within the proper aper

ture. The image quality and alignment precision was measured by scanning

across a faint star and plotting the counting rate versus position for each

mirror (Finley, 1990). Figure 3.6 indicates what the overall mirror alignment

looked like.

To insure that each photomultiplier tube viewed only its corresponding

mirror collection area, optical baffles were installed at both the focal plane

and around each of the mirrors. With these baffles in place, it was found

that there was "-' 20% reduction in the singles rate (i.e. The total number

of pulses produced by a PMT within a second) for edge mirrors, and r- 30%

reduction for the center mirrors.

lThe reference is while the telescope is pointed toward the ground.
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Figure 3.4: The placement of the 26 mirrors on the ACT. The mirrors are
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Figure 3.7: A diagram showing the arrangement of the baffle, aperture, and
PMT.

3.1.3 The Photomultiplier Tubes

By means of a tubular tripod each mirror has, suspended at its center, a

metal can with an outside diameter of 4 inches. This can, whose front face is

at the focal plane of the mirror, contains two brass cylinders. These cylinders,

having a 1~ inch outside diameter and an overall length of Wi inches, contain

the photomultiplier tube (PMT), the PMT base electronics, a (26dB)20x

first stage amplifier, aperture, and optical filter.

Hamamatsu R1450 10 stage photomultiplier tubes are the PMTs that
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are used for the ACT. These PMTs have a ~ inch diameter with a bialkalai

photocathode and a maximum spectral response at '" 420 nm. The opti

cal filters used are the Hoya U-340 filters that have a peak transmittance of

'" 0.80 at 340 nm, The filters are coated on both sides with a MgF coat

ing that prevents the filter from absorbing water and thereby changing the

transmittance.

In figure 3.8 the measured transmittance of the U-340 filters and the

PMT response are shown on the same plot as the night sky shine (which is

rather red) and the Cerenkov radiation spectrum. The spectral distribution

of the sky shine is given by,

log(f>.(/L)) = -0.4/L +log(f>.(O))

Where f>. is the spectral irradiance (in units of erg/cm 2 • sec' A), and

/L is the mean sky brightness (taken to be rv 22.5 x 1011photons/(m2 • sec'

sr)) (Zombeck,1982). As can be deduced from the figure, there is not a

perfect match between the PMT and filter, the filter cuts off at the PMT

peak response. However, when the Cerenkov light spectrum is taken into

account, the advantage gained by extending the spectral response down to

lower wavelengths nearly offsets the loss at higher wavelengths.

Figure 3.9 and figure 3.10 show the schematics for the PMT base elec

tronics and the 20x first stage amplifier, respectively.
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R-1450 photomultiplier tube.
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Figure 3.10: A schematic of the (26dB) /20x amplifier. This is located
within the same can as the PMT and its base.

The entire high voltage needs for the ACT are supplied by four high

voltage controllers (HVC). Since each PMT needs to be operated at a proper

plateau voltage, somewhere between 1350V and 1700V, the HVC is regulated

by fine adjusts for each channel.

Since there has been occasional cases where our neighbors have forgotten

how light sensitive the ACT is 2, some sort of protection for the PMT pho-

tocathodes is needed. The integrator current from the PMTs is monitored,

and if this current exceeds a certain value, the 5V reference voltage sent to

2 Also there have been many cases where wayward tourists, with their headlights on,
drive onto the site.
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the Bve is dropped to zero. Without this reference voltage, the high voltage

sent to the PMTs is cut off.

3.2 Electronics

Although we have alluded to the electronics of the ACT already, a more

detailed look at some of the counting electronics needs to be examined.

3.2.1 Single Channel Electronics

After the PMT signal pulse has been amplified by the 20x pre-amplifier at the

mount, it then traverses 8 feet of RG-58 cable, and then connected to 100 feet

of RG-8 signal cable. This signal cable is terminated into a grounded patch

panel. The purpose of the patch panel is two fold; it provides a necessary

protection for the rest of the electronics in case of lighting striking the mount,

and also filters out much of the background RF noise (on the order of a few

millivolts, which is small and not usually of consequence).

The signal pulse then travels through another 10 feet of RG-58 cable to a

point where a second amplification is made. This second amplification (50 x)

occurs in the Analog Fan-Outs (AFOs) which also splits the signal into two

separate paths: the timing path and the pulse height path. (figure 3.11).
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The signal traversing the timing path is first discriminated, by means

of a LeCroy Model 620BL discriminator to produce a logic pulse. The dis

criminator serves as the interface between the analog world of the PMT and

the ideal digital world of the logic system. Upon receiving a signal pulse

greater then some threshold minimum, standard NIM pulses are produced

as outputs by the discriminator. One output of the discriminator is input,

using a 3 ns length of RG-174 cable, into a LeCroy Model 380A Majority

Logic Unit (MLU) which is used for trigger determination.

A second discriminated output, traverses a 32 ns RG-174 cable and then

into a LeCroy Model 2551 12-channel100 MHz Scaler unit. Each second, the

scaler unit samples the count rate of the individual PMTsj this information

is then recorded in the data record as an environmental event. A channel

with an abnormally high, or low, count rate may indicate a problem with the

PMT, base, or pre-amplifier.

The third output is delayed, by means of several lengths of RG-174 ca

ble, 102 ns and then input into a LeCroy Model 623B Discriminator. This

discriminator has a common inhibit that can be used to differentiate between

those signal pulses that correspond to legitimate events and those of a spuri

ous nature. If the inhibit is not suppressed, no logic pulse passage is allowed.

The discriminator inhibit is suppressed only when a trigger determination

has been made. The inhibit is maintained at -.7V (inhibited), until the
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arrival of a pulse from the trigger fanout, at which time it went to OV (unin

hibited) for rv 150 ns. It is because of the versatility of this discriminator in

ambushing those signals that are of no interest, that members of the HGRO

referred to this as the 'ambush'.

One output, from the ambush, is through a 5 ns RG-174 cable becoming

the Stop pulse for a LeCroy Model 2228A Octal Time to Digital Converter

(TDC). The TDC measures the time of an incoming signal pulse from each

individual PMT by starting an 'in-phase' conversion clock at the reception

of a common Start pulse. The conversion clock will continue to run until the

leading edge of a Stop pulse is received or when the TDC reaches full scale.

A second output from the ambush is input, via an 8 ns RG-174 cable, to

a LeCroy Model 2341A Pattern Unit, also known as a Latch Unit. A latch is

a data acquisition device which stores a logical 'one' if a logic pulse is applied

to its input while its enabled, and a 'zero' if it receives no input pulse while

it is enabled.

The signal traversing the pulse height path is delayed, via RG-58 cable,

by 110 ns before being terminated at a conversion panel. This conversion

panel takes the signal from the RG-58 cable and connects it to a ribbon cable

which is then input into a LeCroy Model 2282A Analog to Digital converter

(ADC). Unlike discriminators, which simply indicate that an input pulse is

larger then some preset level, ADCs give a quantitative measure of the the
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size of the pulse. To do this, the ADC integrates the input current for a

duration of time equal to the width of an applied gate signal and performs a

digitization on the resulting charge.

Yet a third output from the AFO is used to determine an Energy trigger.

The energy trigger is based upon the pulse height sum of the event rather

then the multiplicity.

3.2.2 The Clock

Since all astronomical observations require accurate time information, the

choice of an adequate clock is crucial. The HGRO uses a modified Datum

Quartz clock, accurate to ±1p,s absolute time (UTC), to record the time of

an event.

To ensure that the internal oscillator of the Quartz clock is in synchro

nization with the correct UTC time, a clock synch monitor was implemented.

The monitor receives a 1 MHz signal pulse and a 1 Hz reference pulse from

the Cesium clock in operation at the Lunar Ranging Experiment (LURE)

facility, and compares this with the internal oscillator of the Quartz clock.

It there is a difference of 3 ms, or greater, the observers are notified and

the problem is rectified. The Cesium clock maintains its synchronization

with the LORAN-C satellite network operated by the United States Naval

Observatory, and is periodically calibrated.
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3.2.3 Trigger Logic

Upon receiving an incident logic pulse, the MLU is then initialized and begins

counting all coincident pulses over the duration of the incident pulse. At the

conclusion of the initial logic pulse, a summed output pulse of -50 mV

for every coincident input is then generated. This summed output pulse

is then discriminated, by a LeCroy Model 620 discriminator, so that only

those output pulses corresponding to a certain PMT multiplicity, or greater,

were passed. The output pulse of this discriminator was fanned out to three

different units: one pulse went to trigger the barrel extensive air shower

array (BEAST), another pulse went to the interrupt box, which enables

the computer to begin the data record, and the third pulse was sent to yet

another logic fanout unit. It is this last logic fanout unit (LeCroy Model 429

Fan-in Fan-out) which produces the logic pulse that disables the ambush,

as well as the latch gate, the common TDC Start pulse, and the ADC gate

(figure 3.12).

In order to determine at what multiplicity to operate the ACT so that

the contribution to the total trigger rate due to spurious events is at a rea

sonable level, the behavior of the ACT with respect to the background light

and the Cerenkov light needs to be investigated.

The event rate of the ACT, due to the random light of sky shine, is

147



,

~
A ., SIDE X50

aq
6 DEJ,AY 6~ PIIT 2

~ I----c> TDC Stop Pulse
..,
Cb

0<:,..j

BI-' >9
~

f-3 L 6
F

::r 2 I
Cb 25-0ther f F
C'" Channels IlLU 0 0
II'
rn....
("l

rn
o::r
Cb

::l I A-TriggerCb I ", __t. I
~
rn

V HI-----<> ADC G.,.
Cb
s:J,.. iI-----<> TDC St." P.'"

I-'
S' Computer BEAST~

TriggerCO ..,
e-e-

*
.., r-----c> LATCH Gateaq'

()'q
B-TriggerCb..,

s:J,..
Cb
c+
Cb..,
::l....
::s

25-nth" { 6II' Lc+ Channels 2 Fo' 0 I::s YLU F0
0...,

c+ >9::r 6 6Cb

~
2

~~ TDC Stop PulsePIiT 0o DELAY B1-3
B - SIDE X50



referred to as the accidental rate. The binomial distribution gives us the

expected accidental trigger rate; the probability of one channel being hit is

just P = (1 - e-r t
) where r is the individual event rate for that channel and

t is the time interval. Typical individual PMT rates are "-' 1 - 2 MHz with

the U-340 filters.

By requiring one channel to be hit as defining the start our event time

interval, we can then obtain the observed rate of N channels being hit out of

a possible m total channels. The expected rate will be:

Since the telescope will trigger at a multiplicity of N, or greater, the

above expression needs to be summed over all multiplicities greater then the

trigger value.

By assuming that the photon density on the ground, p, is inversely pro

portional to the primary cosmic ray particle energy raised to some power /

(i.e. E ex p--r), the cosmic ray rate can then be estimated. If we define the

probability of a one channel detecting at least one photon in a given time

window as P = (1 - e-kp ) , then the cosmic ray rate is:
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The observed rate is the convolution of the accidental rate and the shower

trigger rate. From figure 3.13 it can be seen that the accidental trigger rate

falls off exponentially, and at a multiplicity of "-' 9 this rate drops below the

cosmic ray rate. Thus, the ACT trigger threshold was set at 9-folds.

3.2.4 The Energy Threshold

The calculation of the ACT energy threshold is a complicated problem for

which there is no analytical solution. The threshold calculation depends

on several factors that cannot be deduced from purely analytical means,

these include the effective area of the ACT, the mirror reflectivity, and the

overall optical sensitivity. It is because of the difficult nature of this problem

that the energy dependance of the ACT is found mostly through computer

simulations (Monte Carlo). A brief description of the method by which the

HGRO estimates the ACT sensitivity follows.

The majority of the ACT events are from hadronic primaries; the trigger

rate of these primaries is given by

R(> E) = IH ad(> E)· Ae ff • n
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where IHad(> E) is the integral intensity of the hadrons at the top of the

atmosphere (in units of m-2 • sec-1 • 8.,.-1), A eff is the effective area, and n

the solid angle of these primaries. The energy spectrum of hadronic induced

air showers is well known, and is given by

(3.5)

where E is measured in TeV.

By Monte Carlo methods, the product of the effective area and solid

angle for the ACT can be deduced. With this product known, a rudimen

tary calculation of the energy sensitivity can be made by multiplication with

equation 3.5. Since photon induced air showers produce '" 3 times more

Cerenkov photons then hadronic showers, the ACT energy threshold is ~

that for hadronic showers.

By generally adhering to the above method, members of the HGRO

collaboration have estimated the energy threshold of the ACT, for I induced

air showers, to be anywhere from 0.1 TeV (Kelley, 1991) to 0.2 TeV (Finley,

1990).
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3.2.5 The Energy Trigger

The HGRO collaboration decided that a second type of trigger, based upon

the pulse height sum of the event rather then the multiplicity, would be

useful.

For each channel, one output from the AFOs is input into an Analog

Pulse height Summer (APS). There is one APS for each aperture ofthe ACT,

and is nothing more then a passive Analog Fan-out operated in reverse. From

the APS, an output pulse corresponding to the sum of the 26 individual

inputs is generated and then split into two pulses by a 90/10 Signal Splitter

(see figure 3.14). One signal pulse, corresponding to 90% of the original

pulse, is then discriminated by a LeCroy Model 620 discriminator. If the

summed pulse exceeds the threshold of the discriminator, a standard logic

pulse is generated and sent to the interrupt box. The second signal pulse is

sent into an amplifier and then, after a suitable delay, into an ADC.

The discriminator threshold was set by adjusting the energy trigger rates

to "-' 1 - 2Hz. Because of a mistake in the setting of the discriminator

threshold, as well as a mis-timing of the energy threshold trigger logic, a fair

fraction of the data obtained from the latter half of 1989 through the first

half of 1990 was ruined.

As shall be shown in Chapter 5, this trigger was not very useful for the
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Barrel Extensive Air Shower array because of the data filtering routines used.

3.3 Data Acquisition

Upon receiving a trigger pulse, the event is read out of the various CAMAC

units by using a Jorway 411 branch driver. The branch driver allows the

various values of the TDCs, ADCs, latches, scalers, and other registers to

be written, by a PDP 11/73 computer, onto a 1600 bpi data tape. This

computer also performs calculations for motion control, and issues commands

for position and movement to the motion control microprocessors through

a DLV-11 serial port. Also interfaced, through a DLV-11 serial port, are

three terminals that are used for programming and on-line monitoring of the

telescope while data is being taken. The Clock and the interrupt box were

read through a DRV-llJ parallel interface.

The data record is divided into three areas; the indicative area, the barrel

area, and the telescope area. The indicative area contains information about

the event type, the time of the event, and the motion status of the ACT.

The barrel area contains the timing and pulse height information of the barrel

extensive air shower array surrounding the ACT. Finally, the telescope area

contains the timing and pulse height information from the 52 channels of the

telescope itself.
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With the standard multiplicity trigger, the energy trigger, and the envi

ronmental events, the overall data rate for the ACT is f'V 3 - 5 Hz.
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Chapter 4

The BEAST

Surrounding the Haleakala Air Cerenkov Telescope is the Barrel Extensive

Air Shower Telescope Array, affectionately known as the BEAST array, or

the Barrel array to the members of the HGRO collaboration. Since the Barrel

array is the subject of this dissertation, a detailed description of the BEAST

is in order.

4.1 The Outer Array

The array itself consists of thirty two 55 gallon drums layed out in roughly

four concentric circles, centered around the ACT, of 8 barrels each. Each

barrel has an effective area of rv O.8m 2 and has been surveyed, by transit to

an accuracy of ±10 em. The general configuration of the barrel array, and

the number scheme used, is shown in figure 4.1; the position of each barrel
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is presented in Table 4.1.

Each barrel was painted, inside and outside, with a rust resistant white

primer. This was to serve several purposes; to minimize temperature flue-

tuations, protect them from the abrasive weather, and it was thought that

white would make the barrels highly visible to our neighbors having a high

degree of traffic",

The inside of each barrel was then further painted with another coat of

paint consisting of a polyurethane base loaded with titanium dioxide, this

was to make the interior very reflective. During the period of time that the

individual photomultiplier tubes were being calibrated it was found that the

polyurethane paint had yellowed when immersed in water for any length of

time (months). So each barrel was then doubly lined with plastic bags that

had titanium dioxide as a whitening agent. The bags were checked to make

sure that they were not made of any material that would fluoresce.

Attached to the inside of the barrel lids is a threaded 6 inch PVC cap,

as shown in figure 4.2. This cap is secured by a caulking layer of silicon

rubber sealant and a Swage lock quarter inch tubing feedthrough. An 8 inch

photomultiplier tube (PMT) is attached by several layers of silicon rubber

sealant to a 6 inch PVC tube outfitted with a threaded sleeve. The PMT

lThis last was catastrophically disproved when one of the barrels was hit by a truck in
broad daylight!
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Barrel X(m) Y(m) Z(m)
1 -0.218 5.293 -0.685
2 3.884 4.903 -0.202
3 6.156 -0.289 -0.018
4 4.412 -5.493 0.321
5 0.281 -7.026 0.844
6 -4.006 -4.753 -0.075
7 -6.114 0.924 -0.078
8 -4.186 4.772 -0.864
9 -0.295 15.914 -1.128
10 9.923 12.982 0.033
11 15.150 -0.308 -0.423
12 11.397 -11.980 2.300
13 -0.383 -15.241 2.296
14 -10.149 -12.788 1.485
15 -17.539 0.136 -0.187
16 -11.356 12.940 -1.352
17 1.255 31.986 -1.149
18 18.479 23.187 -2.502
19 30.540 -1.018 0.814
20 21.539 -22.272 3.366
21 -0.152 -29.992 4.144
22 -18.041 -21.857 3.476
23 -32.453 -1.304 1.397
24 -17.563 20.466 -1.556
25 2.201 44.721 -4.938
26 27.138 33.752 -3.612
27 42.212 -0.869 0.785
28 32.298 -33.125 4.512
29 0.876 -43.809 7.665
30 -25.699 -30.516 6.391
31 -45.351 -8.130 3.223
32 -22.818 33.593 -2.892

Table 4.1: Spatial Coordinates of the Individual Particle Counter
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base is attached to the PMT and is then attached to an RG-58 pigtail cable

that is fed through the Swage Lock fitting. The PVC housing is then screwed

on to the barrel lid. The barrel was then filled with f",J 40 gallons of water

(and a few fluid ounces of Chlorox bleach added - to keep the bioactivity low)

and the PMT, firmly attached to the lid of the barrel, was then immersed

within it. Several layers of opaque electrical tape and a metal retaining ring

where used to firmly seal the lid of the barrel onto the barrel itself. It might

be noted that the entire counter, exclusive of PMT, cost about $26!

It should be mentioned that the original array, as proposed by John

Learned, consisted of 8 barrels; Nos. 9, 11, 13, 15, 17, 19, 21, and 23. The

number was then doubled to 16 by Dan Weeks (in 1986) with the addition

of barrels 10, 12, 14, 16, 18, 20, 22, and 24. Chuck Wilson using timing

information from the 16 barrel array was just able to resolve the two apertures

of the old ACT, which were then 3.60 apart. With the proposal for a retrofit

of the ACT, a suggestion to double the number of the counters for the barrel

array was also made. There were two main reasons for this; first, for a given

array of N counters and radial lever arm of length 1, the resolving angle t:.8

is roughly given by

where c is the speed of light and at is the transit time across the array.
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If the number of particle counters, and the lever arm, were doubled then the

resolution is increased by a factor of almost three. And second, if the density

of the particle counters is increased then the Energy threshold of the array

can be lowered. It was for these two reasons that an inner ring and an outer

ring were added.

4.2 Calibrating the Photomultiplier Tubes

All of the PMTs in the BEAST array are 8 inch EMI 9834B tubes that

have been donated to the collaboration by the IMB-I group. These tubes

were originally tested, and used in late 1984 to mid 1985 by 1MB. Each tube

has a hemispherical bialkalai photocathode covered by a 2 mm borosilicate

vacuum envelope". The hemispherical shape provides good 27r sr sensitivity

and the particular photocathod-window combination chosen is well matched

to observe Cerenkov light in water. These tubes had either been rejected from

the 1MB experiment after some usage, or had proven to be unsuitable for 1MB

purposes after preliminary testing. Since there was already some question

as to the stability of, and therefore the reliability of these phototubes it was

most important that each tube be tested thoroughly.

The objectives of the testing were two fold; primarily it was to find the

2Within the last year and half, barrels No.7, 20, and 32 have had their PMTs changed
to EMI 970 bialkalai 5 inch photomultiplier tubes.
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operating voltage of the PMT, i.e. the voltage that the PMT will be operated

at so as to insure that any instability in the PMT voltage is not reflected

by an abrupt change in the counting rate. Secondly, each PMT was to be

checked for stability while operating at the background muon rate.

Since the area ofthe top of each barrel is 7l'(30cm)2 rv 2800cm 2 ,and given

the count rate of 1O-2muons cm-2sec-1 at the Haleakala altitude, we expect

about 3 muons per second to pass through each barrel. With discriminator

thresholds set for an individual barrel counting rate of '" 300 Hz, we expect

that the effective energy threshold is of the order of a few MeV for electrons.

This counts essentially all muons, which have a mean energy of rv 2 GeV

at the mountain altitude but deposit typically rv 120 MeV in traversing the

counter. For electrons of roughly the critical energy, rv 100 MeV, the barrels

are similarly efficient, but behave more as calorimeters.

A test barrel, exactly like the ones to be used in the actual array, was con

structed and placed within a light tight room originally designed for testing

of the DUMAND Optical Modules. Each PMT was placed in the test barrel

and allowed to 'cool' for 6 hours. A 100 foot RG-58 cable, attached to Glyp

tol covered PMT base, constructed at 1MB, is then wired to a single channel

signal splitter. See figure 4.4. This signal splitter serves two purposes; first

it provides an operating voltage to the PMT being tested, and separates the

signal pulse coming from the tested PMT. The output of the signal splitter

164



is then directed into a discriminator (LeCroy 623A), which then generates a

logic pulse that is counted by an HP 5326A Timer-Counter. In this way, all

signal pulses, above 30 mV, were counted for a particular operating voltage.

A typical PMT will have a dark current rate curve as shown in figure 4.5.

The dark current curves show an obvious operating voltage plateau that

one would expect. However; since there is no way to discriminate those

events due to upward moving, downward moving, or even sideways moving

particles, the dark current curves represent an integration of various plateau

curves. A better method for the determination of PMT operating voltages

was the Three-Fold coincident test.

Placed above, and below, the test barrel were two scintillator paddles of

At rv 350 ern 2 and A2 rv 735 ern 2 respectively. A coincidence between the

two scintillator paddles and the PMT was then looked for. To estimate the

event rate for muons using this kind of set up is rather simple if you know

the muon flux and the distance D separating the two paddles

Rate e- (0.01 muons ) AtA2

ern2 • sec' sr D2
(4.1)

... since the distance between the two paddles is rv 114 em we get an

estimated rate of rv 715 events/hr in the optimal case. This value needs to

be modified for the building overburden (which is equivalent to rv 2 feet of
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concrete) and by the efficiencies of the scintillators (both at rv 50%) and the

PMT (which is estimated to be anywhere from 50 to 90% for muons]: i.e.

the actual counts were between 70 and 100 events/hr.

Each scintillator paddle had its anode signal pulse going into a discrim

inator (LeCroy 623A) so as to generate standard NIM pulses, as well as to

differentiate signal from noise. These logic pulses were then the input to

a LeCroy Model 365 AL 4-fold Majority Logic Unit. The 365 MLU was

set to generate a Logic pulse whenever the Paddle pulses were coincident.

This output of the 365 MLU was then directed to a LeCroy Model 222 Dual

Gate Generator. The gate generator, upon the reception of an incident logic

pulse, then generated another logic pulse of suitable width so as to coincide

with a delayed logic pulse from the PMT. Both the PMT logic pulse and the

logic pulse generated from the coincidence of the two scintillator paddles are

then the inputs for another 365 MLU which, upon coincidence generates a

logic pulse that then goes into the HP 5326A Timer-Counter. The schematic

layout for the three-fold coincident test is shown in figure 4.6.

A typical three-fold coincident plateau curve is shown in figure 4.7j it

can readily be seen that the plateau by which the operating voltage is chosen

is much more pronounced.

All tubes showing erratic behavior during the singles rate test, or the

three-fold coincident test were eliminated from the pool of PMTs for BEAST
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use. Further, all tubes used were checked to make sure that the voltage that

corresponded to a singles rate of 300 Hz fell on the plateau of the three-fold

coincident curve.

4.3 The Electronics

Just outside of each barrel, a 250 foot RG-58 cable is attached to the barrel

'pig-tail' by some Safe High Voltage (SHV) connectors (and taped over with

self-fusing, insulating tape for weather protection). The other end of the

cable is brought into the counting house and plugged into a grounded metal

patch panel. Since the weather at the summit of Haleakala can be severe,

the chance of lighting striking one of these cables is an ever present concem",

this patch panel serves to protect the BEAST electronics. The patch panel

also serves to reduce the amount of RF noise that the cable has picked up.

Although RG-58 cable is designed to be shielded, 250 feet of it, laying around

in an area with a fair amount of RF noise, cannot help but become an antenna

(Despite the large RF fields the net noise signal at the output was at the mV

level, not a problem).

On the other side of the patch panel is another 10 meter RG-58 cable

3This concern has been born out at least twice since the barrel array upgrade was
completed. This is by no means the only concern, it turns out that a fair amount of water
accumulates up there and in fact one of the barrels was washed away after a particularly
bad thunderstorm. Also, rats seem to find the cables a particularly tasty snack!
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that is plugged into a Multichannel Signal Splitter. This signal splitter serves

two purposes; A Fluke High Voltage Power Supply is plugged into the back

of the signal splitter, and by means of plug-in resistors, the voltage is divided

up into the proper operating voltages for each tube, and then placed on the

cables going out to each barrel. Second, any signal pulses coming from any

one barrel are piggy backedon the same cable that carries the High Voltage;

the Signal Splitter separates the incoming signal pulse from the outgoing

High Voltage.

There are two outputs for the signal splitter; one output is connected

via an 8 ns RG-174 cable to a LeCroy Model 2249A 12-Channel Analog to

Digital Converter (ADC), which has a resolution of .25 picocoulombs and an

operating range of zero to 256 picocoulombs. The other output is connected

via a 7 ns RG-174 cable to a LeCroy Model 623 Octal Discriminator. The

discriminator serves as the interface between the analog world of the PMT

and the ideal digital world of the logic system. By adjusting the threshold

voltages of the discriminator, the counting rate for each PMT could be set

exactly to 300 Hz. Upon receiving a signal pulse greater then the threshold

minimum, a standard NIM pulse is produced by the discriminator and sent

via 10 ns RG-174 to a LeCroy Model 380A Multiplicity Logic Unit (MLU).

It was thought that at some future date the BEAST would have its own

triggering logic; when the MLU receives an incident logic pulse it is then

initialized and begins to count all coincident logic pulses over the duration
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of the the initial logic pulse. At the conclusion of the initial logic pulse, a

summed output pulse of -50 mV for every coincident input is then generated.

If this summed pulse were then put into another discriminator, the BEAST

would then have its own multiplicity trigger. Due to the inflexibility of the

data acquisition software, the BEAST was never outfitted with its own

'stand-alone' trigger; it was instead 'slaved' to the ACT. The MLU was

initially used however to estimate the energy threshold of the BEAST, see

section 4.4.

A second output of the discriminator sends another logic pulse, via a 2

ns RG-174 cable, to a Model 429 Quad Mixed Logic Fan-In/Fan-Out unit

(FIFO). The FIFO accepts an incident logic pulse and then outputs the same

logic pulse to four different outputs, all in time. One FIFO output goes, via a

4 ns RG-174, cable to a LeCroy Model 2228 Octal Time to Digital Converter

(TDC). The TDC measures the time of an incoming signal pulse from each

individual barrel by starting an 'in-phase' conversion clock at the reception

of a common Start pulse. The conversion clock will continue to run until

the leading edge of a Stop pulse is received; this Stop pulse is generated

when there has been a signal pulse received or when the TDC reaches full

scale. Since the shower direction must be known, it is vital to know the hit

times of the barrels within an event; this arrival time information is the most

important information gathered from the BEAST.
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A second output of the FIFO is input, via a 10 ns RG-174 cable, to a

LeCroy Model 2341A Pattern Unit, also known as a Latch Unit. A latch is a

data acquisition device which stores a logical 'one' if a logic pulse is applied

to its input while it is enabled, and a 'zero' if it receives no input pulse while

it is enabled.

A third output of the FIFO is wired into a LeCroy Model 2551 12

Channel 100 MHz Scaler Unit. Each second the Scalers sample the counting

rate of the individual barrels; this information is used to reveal if, and where

any barrel repairs are needed. All of this is diagrammed schematically in

figure 4.8.

Since all the CAMAC units are passively receiving the standard NIM

pulses, the CAMAC itself is kept disabled until either the BEAST receives

a trigger or an environmental event has occurred. When an output pulse

is generated by the ACT threshold discriminator and sent to the interrupt

box, a second pulse is also sent to the BEAST electronic area. This logic

pulse then enters a LeCroy Model 222 Gate Generator which generates a gate

pulse that will enable the CAMAC.

Since the ACT will never intentionally track a source beyond a zenith

angle of 45°, the timing gate that would enable the CAMAC for the BEAST

should be long enough to accept all events from () :::; 45° and yet be short

enough to minimize noise hits. Using the fact that the array is '" 80 meters
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across ...

A 80m . (4 0)ut = SIn 5
3 x 108m/sec

... the timing gate to enable the CAMAC was set to 200 ns. The output

of the gate generator is then the input for a Model 429 Fan-Out unit which

generates 12 output gates, one for each CAMAC unit.

To check to see if the various CAMAC units were receiving the appropri

ate incident NIM pulses within the enable gate, a simple in situ timing test

was performed.

The output of a signal generator was branched into the input of one of

the BEAST channels along with a suitably attenuated output into one of

the ACT channels at the Mount. Since there was no voltage applied to

either the ACT, or the Barrel, it was necessary to bypass the Multichannel

Signal Splitter with suitably long delay cables. By examining the arrival

times of the incident NIM pulse and the Gate pulse on an oscilloscope, the

'centering' of the NIM pulse within the gate pulse was accomplished. The

timing information is summarized in Table 4.2.
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Table 4.2: The arrival times of the various logic pulses to the indicated
CAMAC unit, with respect to the start of the Enable Gate pulse.

CAMAC Unit Arrival time
ADC 8 11S

TDC 100 ns
Latch 108 ns
Scaler 106 ns

4.4 Estimating the Energy Threshold of the
BEAST

The initial test of any extensive air shower array is to compare an actual

measured event rate with that expected from random coincidence. Since the

photomultiplier tubes are very sensitive to minor fluctuations there are a

large number of stochastic events for each counter; with many channels, the

probability of a chance coincidence emulating an event becomes a concern.

Let p be an individual barrel event rate ('" 300Hz), and T the temporal

length of the coincidence window; what is the expected rate at which we

get a k-fold random coincidence? This is just the product of the number of

detectors, the individual event rate for a single barrel, and the probability of

choosing k-1 detectors 4 ofthe 31 available when looking in the time envelope

T.

4k-l detectors because the first barrel hit defines the start of the timing window.
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R(k) = 32p· P(k -1132 -l,r) (4.2)

If p represents the probability of a single barrel firing within the time

window r, then the quantity P(k - 1 131, r) is found by using the binomial

distribution:

P(k -1131,r) = ( k~ 1 ) plc-l(1_ p)31-(lc-l) (4.3)

Assuming that the product pr is very much less then 1, the probability

of a single barrel firing in r is:

p = 1- e-pr
~ pr

So the random coincidence rate is:

( ) 31! ()lc-l( )32-lc
R k = 32p . (32 _ k)!(k _ 1)! pr 1 - pr

k 32! ()k( )32-k
;(32 _ k)!k! pr 1- pr

(4.4)

(4.5)

When performing the coincidence tests on the BEAST, what is actually

measured is the multiplicity equal to, or greater than k; so our expression is
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then modified to ...

1 32 ( 32 ). .
R(~ k) = - I: . j(pr)3(1 - pr?2-J

r j=k J
(4.6)

The actual coincidence test is simple: The output of the # 623 discriminator"

is a standard NIM pulse that is 150 ns wide, this is what determines the length

of the coincidence time window. The output pulses of all 32 barrels are then

input into a LeCroy Model #380A Majority Logic Unit (MLU). The N x 50

mV output of the MLU is then the input to a #621L discriminator. By a

judicious setting of the discriminator threshold, a discrete BEAST multi-

plicity can be chosen. A simple test of the BEAST event rate against the

discriminated output of the MLU is shown in figure 4.9.

A comparison of the BEAST event rate for various multiplicity thresh

olds and the expected random rate for that same multiplicity threshold is

shown in figure 4.10. What is made plainly clear is that at only single barrel

hits is the rate due almost entirely to random coincidences. At a multiplic-

ity of three the effect of extensive air showers dominates, and the random

events are almost nonexistent. Above a multiplicity of three, the rate is then

essentially due to showers and the shape of the multiplicity curve is the con-

volution of the energy spectrum of the air showers and the response function

of the BEAST.

5see figure 4.8
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If we assume a detector event rate proportional to a power law of the

primary particle energy, with the understanding that the primary particle

energy, Eo, is also proportional to the shower particle density p (at the de

tector altitude), we then conclude that the detector event rate is proportional

to p-'Y. Since one expects that the detector multiplicity M is proportional

to the ambient particle density, we can then surmise that the detector event

rate is proportional to M-'Y j i.e.

One could conjecture that a plot of the logarithms of the BEAST rate

for various multiplicities and the multiplicities would then produce a linear

relation where the slope is equivalent to 'Y. This is indeed the case as is shown

in figure 4.11 where we have used the same data as in figure 4.9. Performing a

linear regression yields 'Y = 2.31±0.14. It should be mentioned that this value

of'Yis not the same value as expected by the primary energy spectrum (which

is '" 2.6). The difference is presumably that at higher energies, the showers

'punch' down farther into the atmosphere thus flattening the spectrum. The

data points corresponding to a BEAST multiplicity of 1 and 2, although

shown in figure 4.11 were not used in the determination of the 'best fit' line

nor in evaluating gamma, since they contains a noticeable contamination

from random triggers as seen in figure 4.10.
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To estimate the energy threshold of the BEAST, we shall make use of

the fact that the integral energy spectrum for hadronic induced extensive air

showers is given by,

(4.7)

where Eo is the primary cosmic ray energy measured in TeV (= 1012 eV).

A rudimentary calculation for Eo can be performed by calculating the

product of the solid angle of sky coverage, n, and the effective area, Aefj, for

the BEAST array. This product can then be used to determine what energy

in the hadronic extensive air shower spectrum corresponds to an observed

event rate (for a particular multiplicity, M) for the BEAST.

The rate is then given by:

R(> M) = 77(> Eo) . n . Aeff (4.8)

The determination of n does pose a problem; since the coincidence win-

dow is only 150 ns long, it is not possible to claim 271" steradian sky coverage.

The actual coverage is given by,

• (} CT (3 x 108m/sec)(150 x 10-9sec)

stn = - = f'V 0.56
D 80m
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where D is the approximate diameter of the array. This value corresponds

to a field of view half angle of 0 "oJ 35°.

So, the solid angle of coverage is:

n = 271"(1 - cos 0) = 1.14sr

This is a pessimistic result. It is conceivable that for an incident extensive

air shower of zenith angle equivalent to 90°, half of the detectors could be

triggered within T. A trade off between the effective area of the array and

the solid angle coverage should be made. Since T is equal the the time it

would take the incident particle plane to traverse half the array (0 = 90°),

the effective area of the array should be halved for a solid angle equivalent

to 271".

Calculating the effective area of the extensive air shower triggering the

array also proves to be a problem; the detection area is a function of the

altitude where shower maximum occurs, and this in turn is a function of the

primary particle energy - which is what we are trying to find. After many

computer simulated showers, we can estimate the effective area of the array

to be equivalent to the actual physical area of the array":

Osee Appendix 1
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Since most of the data analysis is done with a BEAST multiplicity of 5

or greater, it is this rate that will be used to determine our energy threshold.

For a BEAST multiplicity of 5 the event rate was r- 4.7 Hz.

The equation for Eo is now:

1

E _ [ R(> 5) ] -:y
o - 0.16. n .Ae ff

(4.9)

This leads to the conclusion that the approximate energy threshold for

the BEAST is Eo = 10 ± 3TeV.
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Figure 4.12: The electronics rack containing the logic components fOF the
BEAST.
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Chapter 5

Searching for an Excess

One technique for employing the BEAST, as had been stated earlier, was in

anti-coincidence with the ACT as a means to reject hadronic showers which

punch further into the atmosphere then electromagnetic showers. Using their

selected data sets and the intial array of 16 particle detectors, several mem

bers of the collaboration (Weeks, Kelley) have tried to do just this and have

been unsuccessful. The two major reasons for the inability of the BEAST to

be used in anti-coincidence with the ACT include the dichotomy of energy

thresholds, which produced a very low percentage of coincident events, and

the inability to accurately identify the triggering particles. Herein we pur

sue the idea of using the BEAST as an Ultra-High Energy (UHE) detector

array with the ACT as a Very-High Energy (VHE) trigger. The goal of this

chapter is to show how the BEAST was used to look at some candidate

UHE point sources by using a simple direct counting method.
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5.1 The Statistic Used

In January of 1989 two members of the HGRO collaboration reported that

they had seen a Direct Counting (D.C.) excess of Cygnus X-3 using the

original six mirrored, thirty six channeled, ACT. It was decided that the

sixteen barrelled partial-BEAST, operational while the data set in question

was being obtained, might be used as a semi-independent confirmation of

their result", It was for this analysis that the following statistic was devised.

If we count the number of on-source events (as determined by the ACT

aperture that is actually pointing at the source) that also triggered the

BEAST, as well the number of off-source events, then the most straight

forward statistic that can be made is to take the difference between the two

numbers and divide it by the average of the two numbers.

E
Non - No!!

recess = 1
"2(Non + No!!)

(5.1)

Assuming that the number of events counted as on-source and off-source

are Poisson in nature, and that both the on-source events and the off-source

events are uncorrelated, then an uncertainty in the above statistic can be

found in the usual way.

l see Appendix 2.
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It is straight forward to take the partial derivatives of Equation 5.1;

BE 4No!!

es: (Non + N off )2

aE
=

BNoff

4Non

Using the above results, coupled with aNon = VNon and aNo!! = JNo!!

gives us the uncertainty.

(5.3)

After some initial examination of data intervals, it was found that there

was one problem with this statistic; if either Non or No!! were zero then

the excess works out to be exactly 2 (for Noff = 0), or -2 (for No!! = 0),

with corresponding uncertainties of zero. In the case where either of the

count values were zero the uncertainty in the difference was taken to be the
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square root of the non-zero term. Intervals where both the number of on

source events and the number of off-source events were found to be zero, were

eliminated.

Since the statistic suffers somewhat from small numbers, the resulting

histograms were not very instructive and we thus resorted to a monte carlo

simulation; this will be illustrated later.

This rather simple statistic is used throughout the rest of this chapter to

determine if any candidate sources had a D.C. excess.

5.2 The Simple Test

The Simple Test, an initial look, was based on the naive assumption that

the ACT is actually pointed in the same direction as that determined by

the incident particle plane that the BEAST has detected. It should be

remembered that since the trigger gate sent to the BEAST is 200 ns wide,

it is possible to have a spurious particle plane, detected by the BEAST,

originate from another direction then from the Cerenkov light plane that

triggered the ACT initially",

All observation runs were checked to make sure that the BEAST array

was powered up and that no more then 5 barrels were down for repairs (The

2In fact, they could differ by as much as 40°!
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lt f th S' ITtthT bl hT bl 51 Sa e .. ummary a e s owing e resu so e rmpie es .
Source Data Amount Mean Excess Standard Deviation

Cygnus X-3 81 hrs, -0.007 0.025
Crab 132 hrs. 0.096 0.088

4U01l5 33.5 hrs. -0.010 0.014

usual procedure was to power down the BEAST when the run ended - it

is surprising how many times the observers forgot to power up the array

for the next observation run). Aside from the usual hardware problems,

there were many intermittent software problems that interfered with the

data acquisition of the BEAST, which is why most of the data from late

1989, well into 1990, is not used. Table 5.1 shows a summary of the amount

of data that was usable for each source.

Each observation run was broken up into intervals that corresponded

to the ACT's wobble interval of 15 minutes. These wobble intervals were

then numbered chronologically. Table 5.2 to table 5.2 shows the particulars

for each data taking interval; the column labeled 'BEAST%' shows what

percentage of the ACT triggers were in coincidence with a BEAST event

of multiplicity 5 or greater.

Since electromagnetically induced showers were initially expected to be

tighter in time then those showers of a hadronic origin, a simple timing

cut was required for each event. The timing information was obtained by

examining the ACT's TDC values. A sliding gate of 5 ns was used with
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Run No. Dale Slart Time (UTe) ACT triggers BEAST% Wobble Nos.

1763 8/6/89 14:11:22 5526 0.65 1 - 2

1777 8/8/89 14:11:44 8272 0.96 2 - 3

178,5 8/9/89 13:39:23 11925 0.65 4 - 7

1821 9/28/89 13:23:25 16714 1.04 8 - 12

1826 9/29/89 13:07:40 13452 1.00 13 . 16

1827 9/29/89 14:53:44 3304 1.12 17

1834 9/30/89 13:03:05 11038 0.92 18 - 21

1835 9/30/89 14:31:45 9425 0.99 22 - 24

1844 10/22/89 10:52:27 5373 0.26 25 - 26

1848 10/23/89 10:54:29 6214 0.80 27 - 28

1852 10/27/89 11:00:29 22470 0.79 29 - 35

1853 10/27/89 13:52:41 15109 0.98 36 - 40

1855 10/28/89 11:51:12 24283 1.18 41 - 49

1856 10/28/89 14:35:01 7464 0.74 50 - 51

1863 10/2!J/89 13:40:59 5986 1.34 52 - 5-!

1869 10/31/89 11:30:28 36670 1.04 55 - 65

1874 11/1/89 12:12:26 11371 1.08 66 - 69

1875 11/1/89 13:35:22 15905 1.08 70 - 74

1878 11/2/89 08:17:24 14746 0.79 75 - 80

1880 11/2/89 13:00:10 22947 0.78 81 - 85

1884 11/3/89 14:32:16 7359 0.86 86 - 88

1887 11/4/89 1I:Ol:02 12558 0.63 89· 91

1889 11/5/89 11:49:09 10233 1.25 92 - 94

1890 11/5/89 14:06:21 10976 0.56 95 - 98

1902 11/7/89 13:40:07 5287 0.49 99

1906 11/23/89 09:16:35 25272 0.84 100 - 107

1907 11/23/89 12:52:08 12988 0.62 108 - 112

1910 11/24/89 09:13:19 1787 0.73 113

1911 11/24/89 09:41:23 15312 1.55 114 - 119

1912 11/24/89 12:12:19 1825 1.70 120

1914 11/24/89 12:42:00 13553 0.69 121 - 125

1926 11/27/89 08:15:15 42425 0.84 126 - 137

2005 2/1/90 09:15:07 5726 2.25 138 - 139

2022 3/20/90 05:45:21 12424 1.32 141 - 143

2235 9/24/90 13:06:05 15253 lAO 144 - 148

2237 9/25/90 12:30:23 13023 0.30 149 - 155

2238 9/26/90 11:52:30 22099 0.39 156 - 164

2239 9/27/90 12:21:08 26486 0.94 165 - 174

2240 9/28/90 12:05:13 2854 0.81 175 - 176

Table 5.2: The data set used for the Simple Test, showing the relation be
tween when the data was taken and the wobble number. The source is Crab.
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RUII No. Date Start Time (UTe) ACT triggers BEAST% \\'oh"lt~ N•

2241 10/15/90 11:12:4; 39821 0.54 . - 177-.-I iiil

2242 10/16/90 11:18:57 38969 U.56 I!Jl . 2(1·1

2252 10/28/90 11:1O:OIl ·123l!l 0.;'2 2(15 . 21!J

2253 1O/2!)/90 I 1:59:2·1 3:17;U lUll 220 . 2:11

2255 11/15/90 10:36:18 ·12151 0.82 2:12· 2511

2256 11/16/90 08:58:·(5 71~!J 1.00
I

2:,1 . 2.'i!1

225; 11/22/!)O O!):O.'): IIi ·n:l~(1 O.;H zsn . 2;1;

2258 11/23/90 09:09:24 10209 1.1!J 277 - 2~1

2260 12/10/90 11:11:2; 14766 0. ;9 282· 288

2261 12/11/90 07:30:02 57270 O.!JoJ 28!J· :IIIH

2262 12/12/90 07:27:53 48585 I.UIi :IIU· :12!1

2263 12/16/90 07:24:19 882 1.02 :1:10

2266 12/17/90 08:54:38 37226 I.O!J 331 . 3·15

2275 1/13/91 06:UU:UU 4U546 11.91 :loIfi - :HiJ

2276 1/14/91 06:2;:27 33564 1.21 :lG2 . :l;·!

22;; 1/15/91 05:50:02 34946 n.il!J :17:1· :Wl

2278 1/16/91 05:17:48 52325 O.;Ii :1!)2· 412

2279 1/17/91 U5:20:55 51338 u.so 413 - 4:1·t

2280 1/18/91 05:26:22 5044; U.85 435 - 454

2282 1/19/91 05:51:08 44018 0.82 155 - 472

2283 1/20/91 05:36:39 50681 0.74 -173· ·192

2284 1/21/91 05:16:32 52624 0.6; 493 - 513

2285 1/22/91 06:53:27 38668 0.89 51-1 - 528

Table 5.3: Continuation of the previous table for the Crab source.
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II{~I;;-N()~
••• _0 •____•

BEAST%
-_..-

Dat« Start Time (UTe) ACT triggers Wobble Nos.

1--' :~:'~_.- -Po/20/8!! 12:U9:5\ 5903 0..1·\ \ - ·1

8/26/8!J 13:23:52 9566 U.32 5· 9

I I i2·' 8/28/8!J J2:25:28 \36L6 0.26 \0· 17

I '-')- 8/2!1/8!) 12:0 I :·1!) L6037 0.47 \8· 2!Ji : ,

i
Ii:12 8;':11 /i'!I J1:.'i(;:·1li L6240 (I.05 :1O - :11

I I i:Hi !J! I /8!1 I J:·12:0!i ,')209 0.4·\ 32 . :l.'i

I 1,:11' !l/=1/8ll Lj ::12:·1·1 17094 0.30\ 3(; - ·17

Ii·1I !JI-t/S!l J 1::H:59 396U 0.28 ·18 . ;,0

Ii·12 lJ/·1/8!) 12:25:51 7797 0.51 "I - !i:i

1750 9/5/89 Ll:38:21 11034 0.3-1 5(; . fi3

17.'i!J 9/6/89 11:32:46 11706 0.49 (j.J • i2

l,iO !J/H/R!J 11:24:58 13·155 U.36 ,:1 . i'\

1784 9/9/89 11:19:04 11242 0.44 82· 89

L837 1O/2U/89 08:45:13 2445 0.33 !JO

2\ !lfi 8/21/90 13:U2:58 9521 (/.08 !ll . !lfi

219!! 8/22/!)o 12:26:25 144U5 0.06 !17· 1112 !
22U2 8/23/9U 12:25:31 13140 U.06 W:3 - lOt'

22U9 8/25/90 13:25:03 6547 0.14 1Il9 . 1\2

2211 8/26/90 12:44:10 10095 0.11 113 - 116

2212 8/27/90 12:00:04 15306 0.10 117 - 122

2213 8/28/90 12:57:57 16722 0.14 123 - 129

2214 8/29/90 12:14:17 13082 0.09 13U . 134

Table 5.4: The data set used for the Simple Test, showing the relation be
tween when the data was taken and the wobble number. The source is
4U0115.
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Run No. Date Start Time (UTe) ACT triggers BEAST% Wobble Nos.

1707 8/22/89 07:12:54 17269 0.94 1 . 7

1709 8/23/89 09:34:59 7096 0.93 8 - 10

1711 8/24/89 09:35:37 12931 1.04 11 - 16

1713 8/25/89 09:26:15 19480 0.79 17 - 26

1715 8/26/89 09:40:39 16064 0.67 27 - 35

1720 8/27/89 10:08:23 11013 0.55 36 - 42

1723 8/28/89 10:07:07 11612 0.71 43 - 50

1726 8/29/89 09:23:26 11008 0.99 51 - 59

1729 8/30/89 08:56:45 17753 0.62 60 - 68

173J 8/31/89 09:41:38 13591 0.79 69 - 77

1735 !l/1/89 09:22:51 14520 0.67 78 - 85

1740 9/4/89 09:36:26 13993 0.51 86 - 93

17-l!1 !1/5/89 09:51:57 8902 0.49 94 - 98

1757 9/6/89 09:56:15 8203 0.52 99 - 103

1768 !1/~/89 09:57:52 6447 0.56 104 - 107

1792 9/21/89 07:42:05 15004 0.57 108 - 113

1818 9/28/89 08:36:07 6555 0.59 114 - 117

l822 !)/2!J/89 05:46:45 19399 1.20 118 - 127

1823 9/29/89 08:16:17 8107 0.44 128 - 132

1836 10/1/89 07:48:11 7586 0.58 133 - 136

1838 10/21/89 05:09:46 3769 0.72 137

1845 10/23/89 0'5:04:18 8458 0.56 138 - 140

1846 10/23/89 06:51:00 8411 0.19 141 - 143

1850 10/27/89 05:14:20 19851 0.66 144 - 154

1857 10/29/89 05:24:40 18123 0.64 155 - 165

2198 8/22/90 10:28:01 13383 0.01 166 - 172

2201 8/23/90 10:27:01 18799 0.04 173 - 178

2205 8/24/90 10:26:48 10582 0.26 179 - 182

2309 6/5/91 10:54:58 3311 0.27 183

2312 6/8/91 10:27:12 27420 1.01 184 - 195

2314 6/9/91 10:39:43 27366 1.06 196 - 207

2316 6/10/91 10:13:46 29812 0.84 208 - 221

2318 6/11/91 10:33:21 28518 1.03 222 - 235

2320 6/12/91 10:44:03 28346 1.07 236 - 247

2322 6/13/91 10:40:16 26467 1.29 248 - 261

2324 6/14/91 10:26:27 28346 1.03 262 - 274

2326 6/15/91 10:15:48 31443 1.12 275 - 288

Table 5.5: The data set used for the Simple Test, showing the relation be
tween when the data was taken and the wobble number. The source is Cygnus
X-3.



Run No. Date Start Time (UTe) ACT triggers BEAST% Wobble Nos.
2329 6/16/91 11:21:18 12361 0.32 289 - 290
2330 6/16/91 13:14:11 9001 1.00 291 - 292
2333 6/17/91 11:24:28 20820 1.12 293 - 301
2:135 6/18/91 11:18:51 22470 1.18 302 - 311
2336 6/19/91 10:51:03 27912 1.28 312 - 324
2363 8/11/91 08:16:54 30150 • •
23(;7 8/14/91 06:36:53 34174 • •
2:llii< ~/15/!Jl 07:38:23 31874 • •
:mw 8/16/91 09:25:06 16303 • •. _.. _~._ .. ---- -

Table 5.6: Continuation of the previous table for the Cygnus X-3 source.
The '*' means that the run was not used for the simple test.

a requirement that at least 12 channels have their TDC times within this

gate. Each event that was kept was then checked to see if the BEAST

had been triggered, and that a specific BEAST multiplicity requirement (as

determined by the Pattern Units) was met.

On the following pages are the results of the simple test. Figure 5.1,

figure 5.4, and figure 5.7 show the comparison of the number of events that

were on-source and the number of events that were off-source for various

sources looked at. Figure 5.2, figure 5.5, and figure 5.8 make use of the

previous results and show the plotting of the excess, as defined by equation
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5.1, with it's associated uncertainty. Figure 5.3, figure 5.6, and figure 5.9

show the associated histograms of the excess.

A simple Monte Carlo routine was used to generate a plot for the his

togrammed excesses. For each wobble interval, the average number of events

was calculated and this was used as the mean for a Poisson random number

generator. A thousand random values for Non and NoJ! were generated and

each used to calculate an excess. The average of these 1000 random excesses

was then plotted onto the actual data histogram for comparison. Since the

Poisson random number generator was used, the associated random error can

easily be determined and is also plotted. This was done for each source.

As can be seen by examining figure 5.3, figure 5.6, and figure 5.9, there is

no discernable difference between the shape of the curves between the actual

data and the randomly generated points. If there were a point source of

UHE gamma rays, and the BEAST had detected them, we would expect

that the shape of the curves would not change but would be shifted to the

right. This is not the case. Nor is it the case that the curves are shifted to

the left indicating an anomalous deficit.

Due to the low event rate of 4U0115, being situated low in the southern

horizon, we cannot make any general conclusions - however, this does serve

to show what effect low statistics can do to the simple test. As can be seen

by the monte carlo expected excesses for 4U0115, we have significant pile ups
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Figure 5.1: Comparison plots of the number of on-source events and off
source events versus the Wobble number. A BEAST multiplicity of 5, or
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Figure 5.2: The plot of the Excess and its associated Uncertainty versus the
Wobble number. The source is Cygnus X-3.
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Figure 5.3: A Histogram ofthe Excess. The source is Cygnus X-3. The points
shown were generated by monte carlo and are used to show a comparison
between the actual data and the randomly expected.
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Figure 5.4: Comparison plots of the number of on-source events and off
source events versus the Wobble number. A BEAST multiplicity of 5, or
greater, was required. The source is Crab.
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Figure 5.5: The plot of the Excess and its associated Uncertainty versus the
Wobble number. The source is Crab.
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Figure 5.6: A Histogram of the Excess. The source is Crab. The points
shown were generated by monte carlo and are used to show a comparison
between the actual data and the randomly expected.
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Figure 5.7: Comparison plots of the number of on-source events and off-
source events versus the Wobble number. A BEAST multiplicity of 5, or
greater, was required. The source is 4U0115.
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Figure 5.8: The plot of the Excess and its associated Uncertainty versus the
Wobble number. The source is 4U0115.
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Figure 5.9: A Histogram of the Excess. The source is 4U0115. The points
shown were generated by monte carlo and are used to show a comparison
between the actual data and the randomly expected.
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at ±1, and ±2, which correspond to intervals with no counts in either the

'on' or 'off' source, or where the difference was only one (many of these cases

corresponded to where the aperture counts where less then 3).

5.3 The Significance and Cumulative Excess

The previous figure 5.3, figure 5.6, and figure 5.9 are a bit misleading because

of the 'pile up' that occurs at the ±2 bins due to low statistics (caused by

intervals with low countsj'.

What is needed is a way of showing the measurement of an excess in

relation to its uncertainty. A large excess with a large uncertainty is not as

significant as a large excess with a small uncertainty,

A good way to show the distribution of the averaged excesses is to his-

togram the excess significance, or the ratio of an averaged excess with its

corresponding uncertainty.

S · 'f' Excess
~gn'/, ~cance = "E

u ecess
(5.4)

Figure 5.10, figure 5.11 , and figure 5.12 show the results of histogram

ming the significance for each of the three sources. The distributions for all

3This is especially true for the source 4U0115.
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three sources appear to be Gaussian corresponding to a zero excess.

The last thing to consider was the general trend of the cumulative excess

for each of the three sources looked at. The results are shown in figure 5.14,

figure 5.13, and figure 5.15. The results are a misleading, especially for

the case of Cygnus X-3j many low count, statistically insignificant deficit

intervals follow one another thus adding up to the long term deficit seen in

figure 5.13. By examining figure 5.3 we can see that there is a 1.70- deficit

in the bin corresponding to an excess of 0.3 x Nave. which can be used to

explain this deficit in the cumulative excess. Concerning the deficit bin, the

chance probability of a single bin having a deficit of 1.70- is rv 9% and thus

there is no significance that can be attached.

5.4 The Refined Test

The refined test that was used includes all of the above data handling with

the addition of the following:

• For each event, the timing information of each particle counter

was fit to a plane and the direction was thus determined. The direction

obtained was then compared to the direction determined by the ACT

encoders. If the directions determined were within 9°of each other, the

event was kept.

209



100

80

60

40

20

-10 -5

n

o
EXCESS/ERROR

5 10

Figure 5.10: A histogram of the significance. The source is Cygnus X'-3.
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Figure 5.11: A histogram of the significance. The source is Crab.
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Figure 5.12: A histogram of the significance. The source is 4U01l5.
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Figure 5.13: The cumulative excess plotted with the wobble number for
Cygnus X-3.
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Figure 5.14: The cumulative excess plotted with the wobble number for the
Crab.
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Figure 5.15: The cumulative excess plotted with the wobble number for
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• For each event, the BEAST multiplicity was determined two

ways; by the pattern units and by the TDCs. A comparison between

the two values was made and if there was a large discrepancy the event

was excluded.

The procedure for shower direction determination, and the reasons for

the comparison between the multiplicity as determined by TDCs and by the

pattern units will become clear in the following sections.

5.4.1 Multiplicity Comparison

As the time structure of the incident particle plane from the extensive air

shower is crucial for direction determination, the most important compo

nents of the BEAST data acquisition system are the TDCs. Most of the

equipment used for the BEAST data acquisition had been used in previous

experiments", and so the performances of these units were suspect. It was

required that there be some form of a soft 'cut' that could be used to check

the reliability of the TDCs.

4In fact, some had been used in no less then four previous experiments.
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The pattern units were originally made part of the BEAST data acqui

sition when it was thought that there may be timing information lost due to

spurious 'early' hits. Since the TDCs are single hit TDCs, i.e. the first pulse

following the TDC 'start' stops the TDC, it was thought that a spurious

pulse that overlapped with the start pulse would cause the TDC to give a

zero reading and therefore no timing information. This was the 'early' hit

problem and, as was mentioned earlier, is a serious concern for the ACT.

Since the inputs to the TDCs are delayed r- 100 ns from the TDC 'start'

pulse, and the barrels are operating at an individual rate of ""' 300 Hz, the

probability of having an early hit is negligible. However, the pattern units

were an ideal choice to check the reliability of the TDCs.

The BEAST multiplicity was determined in two ways; the number of

barrels that had TDC values within the timing gate were counted, and the

number of enabled channels of the pattern units were counted. For each

event, these two values were compared, and if there was a difference of more

then two, the event was rejected. If there was a consistent difference through

out the data run, indicating some systematic problem, that run was rejected.

5.4.2 Timing Calibrations

Before any direction information could be obtained, a timing calibration

routine had to be determined.
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Since it is obvious that all of the barrels are not at exactly the same

altitude as the ACT, variations in arrival time due to differences in altitude

must be taken into account so as to determine the shower plane and thereby

its direction of origin.

As the 1MB results have shown, variations in timing due to photomulti

plier tube jitter can be as much as 10 ns (FWHM). Also, all photomultiplier

tubes exhibit slewing up to rv 12 ns. Combined with these two effects is the

fact that there are intrinsic timing differences for each electronic channel.

These variations in timing must also be taken into account.

If we assume that particle showers arrive as a plane wave coincident with

the Cerenkov photons at the ACT mirror focal plane, then the difference

in arrival times between a particular barrel and the ACT can be used to

determine the timing offsets, Llti, for each barrel. If the arrival time at the

ACT is to, and the arrival time at a particular barrel is ti, then these two

values can be equated if the transit time due to geographical location, Sti,

and the signal cable transit time, tcable, are taken into account.

The transit time through the signal cable, up to the beginning of the

logic electronics was estimated to be >- 250nsi it really does not matter what

value we use since the value of Llti will take into account any discrepancy.
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From figure 5.16, and figure 5.17, the transit time due to geographical

location can be determined by the scalar product between a vector describing

the barrel location, iii, and another vector r, of unit magnitude, pointing in

the direction of the shower.

By accepting the encoder values from the ACT we can determine the

zenith angle {}z, and the azimuthal angle {}A, for the shower direction. From

these, the basis vectors for r can be derived. It is important to note that the

azimuthal angle is defined from the axis which points south.

Tz = cos{}z

The scalar product is then given by,
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At the end of each month of data taking, a calibration file for each

barrel was obtained. By considering all events, an average value for the

timing offset, for each barrel, was obtained and this was used for direction

determination.

5.4.3 Direction Determination

The shower direction is determined by assuming that an incidental particle

plane is responsible for the arrival time differences between the particle de

tectors (assuming all individual barrel offset times have been accounted for).

As was stated in the previous section, the arrival times at each barrel is given

by:

From the arrival time information, a unit vector, r, pointing in the direc

tion of the shower can be constructed. By examining figure 5.18, a relevant

geometry was chosen so as to make the construction of r dependant on two

variables.

All events, with a BEAST multiplicity of 5 or more, had the variation

in individual barrel arrival times, for that specific event, calculated using
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Figure 5.16: A top-down view of the ACT and a single participating barrel
showing the geometry used to determine the timing calibrations.
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Figure 5.17: A side view for the same situation as above. jj is the displace
ment vector for the participating barrel, and r is a vector of unit length
pointing in the direction of the shower.
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Figure 5.18: The geometry used for the shower direction determination. The
origin of our coordinate system is placed at the location of the ACT.

1
u=-

2
i: (ti -1)2
i=l n - 1

where n is the BEAST multiplicity and t is the average barrel arrival

time for that event.

From the above, a chi-squared function can be determined.
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By using the CERNLIB routine MINUIT, values for :l)t, :l)2, and :1:3,

determined by the minimization of equation 5.5, can be obtained. Each

individual barrel, participating in the event, had a chi-square calculated for

it.

After an initial minimization was performed, all barrels which had an

individual chi-square of 5, or more, were rejected, and another minimization

was done. This assured that any barrel with an arrival time that was r- 2.250'

away from t is not used. The new values for :l)2, and :1:3 were used to determine

the zenith angle and the azimuthal angle,

. 0 :l)3
SIn z = -'-0

S111 A

With these results and the sidereal time, TllidereaZ, values for the declina-

tion angle, ODEC, and the right ascension, R.A., can easily be determined.

R.A. = T.idereal _ _1_2_h_T_s_, [arCSin (- sin 0z sin 0A)]
~ COSODEC
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Where fh. is the latitude of the HGRO observatory, equal to 20° 42' 36".

Due to the fact that fitting is done to a plane as opposed to a curved

shower front, which would be proper, there is an inherent error in the shower

direction determination. The usual procedure for shower direction determi

nation is to ascertain the shower core location and then to fit to a curve, but

since there was never a full compliment of working ADCs for the array, the

determination of the shower core was not possible.

An estimate of the error in the shower direction determination is found

by using an empirical result obtained from the Cygnus array. A 0.045 ns/ft

arrival time delay is introduced from the shower core outward". The differ-

ence in arrival times between two barrels, separated by a distance D, can be

used to determine the zenith angle of the incident shower plane.

. () ct
SIn z =-

D

By taking the derivative of the above expression, and using the small

angle approximation cos () rv 1, an expression for the uncertainty in the angle

determination is obtained.

5The JANZOS array uses a value of 0.06 ns.
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Since the BEAST array is '" 80 m across, there is a maximum timing

error, due to fitting to a plane, of e- 12 ns; this yields an inherent uncertainty

of '" 3°. Since the timing jitter, and slewing of the PMTs is of the same

magnitude, it is reasonable to assume that (at most) there is an approximate

9.0° uncertainty in the shower direction determination.

Figure 5.19 shows the results of a typical data run of Cygnus X-3. All

events that fell within 9° of the triggering ACT aperture were kept.

Due to miscalibration of the BEAST TDCs, not discovered for a while,

and a high 'break-down' rate, there were not many intervals of usable data.

The most notable item is the complete lack of data for the source 4U01l5.

This is due to the fact that whenever data was taken on this particular source,

where the TDCs were all in working order, the BEAST was not powered up

for various reasons. Table 5.4.3 and table 5.4.3 show the amount of usable

data and the results found.

Calculation of the angle difference e, between the shower direction de

termined by the BEAST, and that of the 'true' direction determined by the

source coordinates, is given by

where the actual source coordinates are denoted by primes. Figure 5.20
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Figure 5.19: This shows the typical scatter in the determination of declination
and right ascension as seen by the BEAST. The source is Cygnus X-3.
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.~)'gllllS x.a Crab
Run No. BEAST%- -Y;'ohhle Nos. RUII No. BEAST% Wohble Nos..- ._.

2309 0.03 1 22'11 0.52 1 . 14
2312 0.41 2 ·13 2242 0.50 15· 28
2:11,1 O.!i:, 1·1-25 2252 0.56 29 - 4:1
2:11 {j n.ss 2fi·:I!J 2253 0.62 44· 55
2:lltl 1.1.-1·1 ·1(1·:;:1 2255 0.60 56 - 74
2:120 O.'!;' !i·I·(i,", 2256 0.68 75·83
2:122 US; (Hi· 7!J 2257 U.45 84 - 1UO
232'1 OA!1 80-92 2258 0.63 101 . 105

2326 U.50 93-106 2260 0.57 106 - 112
2:129 lUI lU7-108 2261 0.48 113 - 1:13
2:1:lQ 0.2, 10!)-IIO 2262 0.54 134 - 153

2333 0.5·l 111-119 2266 0.62 154 - 168
2:135 O.(i!i 120-129 2275 0.58 169 - 18-1
233{j o.m 130-H2 2276 0.65 185 - 1!)7

2:163 0.,12 143 2277 0.68 198 . 214
2367 0.34 144·163 2278 0.53 215 - 235

2:168 0.51 164-ii9 2279 0.47 236 - 257
2369 0.41 180- 187 2280 0.43 258 - 277

2282 0.53 278 - 295
2283 0.49 296 - 315
2284 0.45 316 - 336
2285 0.54 337 - 351

Table 5.7: The list of all the usable data runs for which a timing cut could
be applied.
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Source Data Amount Mean Excess Standard Deviation
Cygnus X-3 46.75 hrs. 0.059 0.056

Crab 87.75 hrs. 0.034 0.031

Table 5.8: Summary Table showing the results of the Test.

i

~--~----',------_.-

Figure 5.20: The spherical geometry used to determine the difference between
the BEAST determined direction and the 'true' source direction. The primes
denote the coordinates of the source.

shows the geometry used for the above expression.

Figure 5.23 and figure 5.24 show the distribution of angle differences for

the on-source and off-source events of the same run that is used to make the

plot in figure 5.19. There is clearly a shift of the average value of the angle

distributions for the on-source and the off-source. The average on-source
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cosine angle difference is 0.970 ± 0.005, and the average off-source cosine

angle difference is 0.958 ± 0.007. This corresponds to an angle difference of

2.60±0.62 degrees, which is in agreement with the actual aperture separation

of 3°.

The same kind of data analysis, as explained in section 5.2 was performed

and the results are shown from figure 5.25 to figure 5.30.

Also the significance, as defined by equation 5.4, and the cumulative

excess are shown in figures 5.31 through figure 5.34.

By examining figure 5.31 we see that there is one interval with a sig

nificance of 5.22, which corresponds to wobble number 30. In this interval

there were 11 on-source events as compared to 1 off-source event; the excess

is therefore 1.67 ± 0.32.

By dividing the possible zenith angle range into 20 equal bins, histogram

ming the amount of time the telescope spent taking data for each bin (fig

ure 5.36), as well as histogramming the total number of overlapping triggers

taken in each bin (figure 5.35), a measure of the overlap event rate versus

the zenith angle can be determined. Figure 5.37 shows the zenith angle de

pendance; this can be used to determine if the event rate of wobble interval

30 was anomalously high.

The data points corresponding to the number of on-source events re-
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Figure 5.21: The distribution of the on-source events compared to a 90 ellipse
constructed around the source location. The events within the ellipse were
kept as on-source events. The average value for the declination is 40.12±8.03
degrees; the actual value is 40.96 0
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Figure 5.22: The distribution of the off-source events compared to 90 ellipses
constructed at points corresponding to ±3° of the source declination. The
A-aperture events are shown with diamonds, B-aperture events with crosses.
The average declination value for the A-side is 36.47 ± 8.52 degrees; for the
B-side, 44.53 ± 8.94 degrees.
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Figure 5.23: The distribution of cos € for the on-source events. This is the
same data as used in the previous three plots.
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Figure 5.24: The distribution of cos € for the off-source events. There is
clearly a shift in the average value due to the two apertures of the ACT.
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Figure 5.25: Comparison plots of the number of on-source events and off
source events versus the Wobble number after all cuts have been made. The
source is Cygnus X-3.
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Figure 5.26: The plot of the Excess and its associated Uncertainty versus the
Wobble number after all cuts have been made. The source is Cygnus X-3.
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Figure 5.27: A Histogram of the Excess. The source is Cygnus X-3. The
points shown were generated by monte carlo and are used to show a compar
ison between the actual data and the randomly expected.
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Figure 5.28: Comparison plots of the number of on-source events and off
source events versus the Wobble number after all cuts have been made. The
source is Crab.
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Figure 5.29: The plot of the Excess and its associated Uncertainty versus the
Wobble number after all cuts have been made. The source is Crab.
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Figure 5.30: A Histogram of the Excess. The source is Crab. The points
shown were generated by monte carlo and are used to show a comparison
between the actual data and the randomly expected.
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Figure 5.31: A histogram of the significance. The dashed line is a Gaussian
fit to the data. The source is Cygnus X-3.

238



o
-10 -5 0 5

EXCESS/ERROR
10

Figure 5.32: A histugram of the significance. The dashed line is a Gaussian
fit to the data. The source is Crab.
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Figure 5.33: The cumulative excess plotted with the wobble number for
Cygnus X-3.
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Figure 5.34: The cumulative excess plotted with the wobble number for the
Crab.
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Figure 5.35: A histogram of the overlapping events for various zenith angles.
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Figure 5.36: A histogram of the time spent observing at various zenith angles.
The source under observation is Cygnus X-3, and the data runs considered
are those listed in the last table.
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Figure 5.37: The overall rate of overlap events versus the zenith angle. The
data points correspond to the number of on-source events received during
run number 2316; the third and fourth points from the right are the ones
that contributed to the excess seen in wobble number 30.
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ceived, for the various zenith angles bins of run 2316, was plotted onto fig-

ure 5.37; as can be seen in this comparison plot, the rate of on-source events

was not abnormally high. The indication is that run 2316 was somewhat

lower then the overall rate (which is expected since the overall rate is the

sum of the on-source and the off-source).

Since the inherent error, in direction determination, is such that both

apertures overlap the source under observation, one must question the chance

probability of this result. What is the probability of receiving eleven on

source events out of twelve total events, if the probability of being an on-

source event is the same as being an off-source event? The answer can be

found using the binomial distribution; the probability of exactly m 'successes'

and (n-m) 'failures' in n repetitions of an experiment is given by,

where p is the probability of a 'success', which is taken to be ~.

P(ll) = 11~~! ,(0.5)11(0.5) = 0.0029
.1.

With a chance probability of "" 0.3%, and 186 intervals to choose from,

the single interval of significance 5.22 is really not so significant after all.
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5.5 Calculation of the Flux Upper Limit

Even though an excess is not evident, it is possible to calculate an upper

limit to the particle flux based on the number of observed events. A method

for determining the flux upper limit in the case of an insignificant excess was

devised by Protheroe (1984), and is based on the premise that the asymmetry

of the Poisson statistic may in fact be suppressing any real effect.

A measurement of the background B, is related to the number of off

source events detected by the BEAST in the following way:

B = aNoff (5.6)

Here a is the ratio of the products of the detector efficiency e, the solid

angle observed n, and the time observing t, of the on-source to off-source.

Because the ACT is designed to monitor the on-source at the same time

as the off-source, the product nt is the same for both source apertures. Due

to the fact that the ACT periodically wobbles between apertures implies that

the detector efficiencies are both equal as well. Therefore it is reasonable to

assume that a ~ 1 for our case.
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A rate excess, n, is obtained by considering the ratio of the difference

between the number of on-source events and the off-source events, and the

square root of the background.

'R: _ Non - B _ Non - No!!

- VB - VNo!!
(5.7)

For the case of Cygnus X-3, a total of 1452 on-source events were

recorded along with 1422 off-source events, with a total observation time

of T = 168300 seconds. For this case, n ~ 0.80.

Formally, at the 95% confidence level, the number of excess events is

calculated from ...

(5.8)

where an extrapolated value of Z is obtained from the curves given by

Protheroe (1984). For our case, with n ~ 0.80, Z '" 3.5 and 895 ~ 132.

Using this calculated value for the excess number of events, a flux upper

limit is thereby obtained from

895
<l!(E-y ~ E thm . ) ~ T. A (E )

e!! three,
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Using the value Aef! = 5025m 2 for E; ;::: 20 TeV, ~(E-y ;::: 20TeV) ::;

1.6 x 10-11 em -2 s -1. Figure 5.38 shows a comparison of the BEAST

upper flux limit with other measured values obtained from other arrays.

5.6 Summary

In section 5.2 we discussed the use of the simple statistic devised to ascertain

if any of the sources under observation were indeed point sources of UHE 1 

rays. The Simple test suffered from the fact that there was no way in which

to differentiate those events that were coincident with the orientation of the

ACT from those that were not. The attempt to try to correct for this was

to outfit the data analysis routines with a shower direction determination

cut. Since there was never a time when the full compliment of ADCs was

in operation, it was not possible to correct for the shower front curvature;

this lead, along with the slewing inherent within the phototubes, to an error

acceptance that was 3x the aperture separation of the ACT. Even though

the BEAST was able to resolve the apertures of the ACT, the inability

to include a shower front curvature correction to the incident extensive air

shower front was the primary reason for the failure to ascertain the existence

of any celestial point sources of UHE 1 -rays, Although it is clear that

the BEAST is indeed detecting extensive air showers, probably with a fair

fraction of those having an electromagnetic primary, the results obtained
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Figure 5.38: A comparison of the calculated flux upper limit for the BEAST
with other measurements (Weekes, 1991).
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have been consistently insignificant.

It is hoped that with the construction of the Cerenkov Ultraviolet Light

Experiment (CLUE), that there will be a parallel retro-fit of the BEAST.

By outfitting the array with its own trigger, a true 'stand-alone' situation can

be reached. This would allow the array to take data during the times when

the ACT would have been incapable of operation. In light of the proposal to

study the proton-antiproton content of the extensive air showers, this will be

particularly useful. With a complete outfitting of new electronic channels,

a shower front curvature correction can be done leading to a more reliable

direction determination. Lastly, by implementing some sort of a muon iden

tification scheme, the BEAST will be comparable to some of the best arrays

around the world. Since CLUE will be on the leading edge of science, all of

the results obtained will be subject to question; with an upgraded BEAST

in operation, the validity of any result can easily be affirmed.

249



Appendix A

Appendix I: Monte Carlo-ing
the BEAST

In order to ascertain the threshold energy of the BEAST a monte carlo

simulation was run. The routine used was the CASCADE monte carlo routine

that was mentioned in chapter 2. What this routine does is to track each

particle down to the observation altitude where upon it lists the particles'

description, energy, and direction cosines. The routine then goes back to

any previous interaction points and then tracks any stochastically generated

particles down to the observation altitude, and so on. There were some

modifications made to it since the regime that the BEAST triggers at is

orders of magnitude higher then the ACT, coupled with the fact that we

need only concern ourselves with the charged particles of the extensive air

shower and not any of the Cerenkov photons; i.e. The Cerenkov light of the
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monte carlo was 'turned off'.

Since the area of the BEAST is roughly circular in shape with a radius

of '" 40 m, the area is given by 7r (40 m)2 '" 5025 m2. This is equal to the

area of a square with sides equal -15025 '" 70 m. We now estimate that the

shower size would not exceed the area of a square 2730 m on a side, which

corresponded to a grid of 39 X 39 BEAST areas. Once the monte carlo has

tracked all particles to the ground, each grid square is checked and the total

number of particles falling within that particular square is counted.

Each particle, falling within a particular square, then has its energy

checked to see if it is above the threshold for Cerenkov radiation to occur.

(A.1)

If the particle is above this threshold, then consideration is given to

the possibility of whether a particular barrel can detect this particle. Using

the relation derived in section 2.2, the number of Cerenkov photons can be

calculated.

dN 2 ( 1 1). 2- = 27rQZ - - - sm ()
dl A2 Al

(A.2)

For a 1MeV electron travelling through water, the sin 2
() term is easily
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derived by using ...

2 1
f3 = 1 - 2 = 0.89

(~ + 1)
mec 2

So,

sin
2

(J = 1 - f32
1
n2 = 1 - (0.89)~1.33)2 = 0.36

If we confine ourselves to the region where A is between 3000A to 6000A,

the number of photons radiated per meter of pathlength in water is ...

( 1 ) (1 1)N = 271" - 0.36 0 - 0

137 ( ) 3000A 6000A

7
4 photons

= 2. x 10 =----
m

Since each barrel is reliant upon the reflection of the downwardly directed

Cerenkov light, a reflectivity for the interior of the barrel must be estimated.

For the purposes of the Monte Carlo routine a reflectivity of 25% was used.

This meant that, of the 2.7 X 104 photons produced, only rv 7000 get reflected
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back up toward the photomultiplier tube. If the photomultiplier tube has an

efficiency of 40%, then rv 3000 photons can trigger the tube. This is more

then enough.

What this means is, the only question that needs to be answered after

the particles have reached the observatory altitude is whether or not they

have have struck a particle counter. All particles within a specified square

were tagged by a random number generator (with values between 0 and 1),

and all those with numbers ~ ( were kept.

( = 32 X Area of a Single Barrel
Area of Entire Array

0.8m 2

= 32 = 0.002
5025m 2

The last requirement was the multiplicity of the BEAST; i.e, within

each grid square at least 5, or more, barrels had to be hit.

Figure A.1 shows what a typical monte carlo generated shower looks

like at the observation altitude of the BEAST, and figure A.2 shows the

same shower after all but the multiplicity cut has been imposed. Only those

grid squares containing 5, or more, particles passing the cuts are used to

determine the effective area.

Finally, for each shower generated, the number of squares that passed all

of the above tests were summed and this total was multiplied by 5025 m2 to
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Figure A.1: A typical shower generated by monte carlo. The numbers shown
are one thousandth the actual number of particles. A '+' sign represents 1,
and letters represent numbers greater then 9 in alphabetical order.
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Figure A.2: The same shower as in the previous figure but after all the cuts
have been imposed and, this time, the numbers shown are the actual number
of particles. Only those grid squares with 5, or more, particles will be used
for the determination of the effective area.
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get the effective area. Each primary energy was run a number of times with

different random seeds, and the results are shown in figure A.3. As is clearly

seen, there is a 'turn-on' energy at ,....., 10 TeV, and showers produced by a

hadronic primary of ,....., 20 TeV will yield an effective area comparable to that

of the BEAST.
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Figure A.3: The plot of the calculated effective area of the BEAST for.. .
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Appendix B

Appendix II: An Initial Look

It was suggested that before analysis of the data from the upgraded ACT

and BEAST began, that the data from the partial-BEAST be analyzed to

see if an independent confirmation of the D.C. excess claimed by two mem

bers of the HGRO collaboration could be performed (Sinnis and Jennings,

1989). The reported excess was "-' 30", from the direction of Cygnus X-3, and

occurred between the months of June and September of 1986.

Using the same data set, that Sinnis and Jennings used (table B.1 and

table B.2), an examination of those events that were coincident with the 16

barrelled BEAST and the 32 channeled ACT was performed. The following

cuts were made:

• In order that a data interval be included in the analysis, at least

13, of the possible 16, barrels had to be working. To ascertain which
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Run No. of Observation ACT BEAST Percent
No. Barrels Time (Hrs.) triggers events (%)
772 8 0.83 13853 283 2.0
778 8 1.18 17576 335 1.9
781 14 1.29 22996 432 1.9
792 14 1.86 44883 1103 2.5
795 14 0.32 3465 153 4.4
802 15 3.03 55839 2665 4.8
803 15 0.44 6393 285 4.5
812 15 1.52 29550 953 3.2
813 15 0.74 9089 436 4.8
816 15 3.01 64391 1736 2.7
825 15 3.46 32027 1363 4.3
832 15 2.38 22308 1557 7.0
833 15 4.31 23239 1635 7.0
837 15 2.96 22192 1191 5.4
838 15 1.66 8206 251 3.1
839 15 4.02 26075 1701 6.5
841 15 0.85 4240 222 5.3
842 15 4.77 26580 1489 5.6
844 15 1.13 6349 449 7.1
845 15 1.16 7781 602 7.7
848 15 4.76 10712 659 6.2
855 15 4.56 28492 1587 5.6
858 15 3.53 19235 1413 7.3
860 15 1.38 7831 510 6.5
861 15 3.46 20367 1187 5.8
869 14 1.42 7287 482 6.6
870 14 3.91 20563 1339 6.5
871 14 2.45 16903 899 5.3
875 14 0.93 4982 243 4.9
878 15 1.46 8742 653 7.5
880 14 2.50 15762 961 6.1
881 14 1.11 12294 130 1.1
885 14 3.82 22000 1535 7.0

Table B.l: A table showing the initial data used and the participation of the
BEAST
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Run No. of Observation ACT BEAST Percent
No. Barrels Time (Hrs.) triggers events (%)
888 14 4.61 25303 1766 7.0
891 14 3.14 18144 1065 5.9
897 13 3.79 23148 1217 5.3
908 13 3.87 28028 900 3.2
911 13 0.40 3760 135 3.6
912 13 3.99 17025 915 5.4
914 13 2.13 14183 605 4.3
921 13 0.79 838 13 1.6
937 10 0.63 6248 789 12.6
944 13 1.53 6690 181 2.7

Table B.2: Continua.tion of the table showing the initial data used and the
participation of the BEAST.

barrels were working, a look at the barrel participation during the run

(determined by histogramming the pattern units) was done. Any bar-

rels not participating, or showing 'strange' behavior, were not included

in further analysis .

• In order to reproduce those events used by Sinnis and Jennings, a

timing cut had to be imposed. Since both members used two different

cuts, the softer of the two was chosen; 9 photomultiplier tubes had to

be triggered within a sliding window of 5 ns, in order for the event to

be kept.

Figure B.1 shows a simple plot of the excess versus the integrated time.

As can be seen, there is a hint that there may be something there. As

can also be seen, this was done for various BEAST multiplicities with the
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general trend being (except for the single multiplicity case) that the higher

the multiplicity the lower the excess. However; when the uncertainties are

considered, this trend does not appear to be significant.

Calculating the Normalized excess (the statistic defined in section 5.1),

for various BEAST multiplicities, indicated that the only conclusion that

could be made was that any excess seen by the BEAST was not significant.

This last is shown clearly in plot figure B.2, where the final accumulated

excess, divided by the average of the 'on' and 'off' source events, is plotted

for various BEAST multiplicities.
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Figure B.I: A plot of the cumulative excess, for various BEAST multiplici
ties, as a function of integrated time.
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Figure B.2: A plot of the cumulative excess divided by the average number
of events versus the BEAST multiplicity.
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Appendix C

Appendix III: Other uses of
the BEAST

In this appendix a description of uses, other then the excess search, of the

BEAST will be discussed. During its term of operation, the BEAST has

been used to study to possibility of a correlation between the number of

photoelectrons detected by the ACT, and the multiplicity of the array. Also,

a feasibility test for a possible air Cerenkov array was performed.

C.l A Correlation Study Between the BEAST
and ACT

The idea for examining the possibility of a correlation between the ACT and

the BEAST was originally proposed by Leo Resvanis of the University of
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Athens. The information gathered during the months of August to November

1989 was used, yielding r- 41 hours of usable data.

For a particular event, triggering the ACT, the number of photoelectrons

(PEs) was determined and then compared to the BEAST multiplicity. If

there was no coincidence between the BEAST and ACT for that event, the

PE value obtained would be stored away and used to determine the overall

average 'brightness' of the ACT triggering events. It should be mentioned

that this was done long before the implementation of the Energy trigger

mentioned in section 3.2.5.

To calculate the number of PEs for each event, a first pass through each

data set was performed and the on-source events that had no TDO 'stop'

pulse received were read. Once gated, an individual ADO channel will begin

to accumulate charge and, since there is always an operational voltage offset,

all ADO channels will receive some value of current; this base current, with no

corresponding incident signal pulse is called the 'pedestal.' These on-source,

'timed-out' events were used to determine the ADO pedestal values.

Once the pedestal value for each ADO channel has been determined, a

second pass through each data set was performed and the off-source events

that did receive a TDC 'stop' pulse were read. The general assumption here

is that the majority of the phototubes, participating in the off-source events,

will be due to the detection of single photoelectrons produced by the ambient
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light background. By examining these off-source, 'in-time' events, a value

corresponding to a single photoelectron can be determined for each ADC

channel.

A third pass through the data, requiring 12 phototube hits within a slid

ing window of 5 ns, determined the number of PEs that the ACT detected.

(No. of P.E.s) = (A-?C) - (Pedestal)
(S'tngle P.E. Value)

Only those events that passed the '12 in 5' cut and having a BEAST

multiplicity of 3, or more, were examined for correlation. Figure C.1, and

figure C.2, show the results of the above analysis. The source used was

Cygnus X-3, and the solid line is the calculated average number of PEs

(referred to as the average 'brightness').

The obvious conclusion is that there does not appear to be any corre-

lation between the number of PEs that the ACT detects and the BEAST

multiplicity; this is clearly shown in figure C.3 where we have plotted the

mean PE value at a specific BEAST multiplicity against the BEAST mul

tiplicity. It is interesting to note however that the general trend of having a

high multiplicity in the BEAST occurs only when the ACT has an event

that is only average in brightness. For a BEAST multiplicity of 14, or

greater, there is good agreement between the average PE value at a specific

multiplicity and the overall averaged PE value (the solid line shown).
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Figure C.l: A comparison plot of the number of photoelectrons detected
by the ACT, and the corresponding BEAST multiplicity. This is for the
on-source events. The solid line represents the average brightness.
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Figure C.2: A comparison plot of the number of photoelectrons detected
by the ACT, and the corresponding BEAST multiplicity. This is for the
off-source events. The solid line represents the average brightness.
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Figure C.3: The mean PE value of the ACT plotted against the BEAST
multiplici ty.'
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It is possible that the ACT is triggering on the ancillary Cerenkov light

produced from energetic 'near-miss' showers, and it is those energetic showers

that are associated with high BEAST multiplicities. This would explain

those events with high multiplicities from an ACT trigger that was only

average in brightness. A better shower direction determination would have

aided immensely in the testing of this hypothesis.

C.2 An Air Cerenkov Array Test

A proposal, by members of the University of Purdue, to install a 12 detector

air Cerenkov array on top of existing elements of the South Pole Air Shower

Experiment (SPASE) array was made in early 1990. By constructing a partial

array on top of elements of the BEAST, a feasibility study, as well as an

examination of the method to be used, was performed. What follows is a

simple description of the partial array and the results obtained.

At the beginning of the August 1990 dark period, four EMI 970 bialkalai

5 " photomultipliers were placed atop barrels #17, #19, #21, and #23 of

the BEAST. Each PMT was covered with tape except for an exposed pho

tocathod region 2 " in diameter at the top of the hemispherical surface. The

PMTs were then placed within a blackened aluminium cylinder with a top

cover that had a 2 inch aperture bore. The aperture, located 1/4" above the

PMT, contained a Hoya 370 filter. Therefore, there was roughly "-' 20 em"
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t I Id'T bl C 1 T . al S' I t ra e : ypic In e ra es or various rscrrmma or eve s,
Disc. (mV) PMT on #17 PMT on #19 PMT on #21 PMT on #23

50 3.2 MHz 3.7 MHz 3.1 MHz 4.0 MHz
100 0.6 MHz 0.8 MHz 0.6 MHz 1.0 MHz
150 96 kHz 115 kHz 112 kHz 152 kHz
200 18 kHz 14 kHz 18 kHz 16 kHz
250 4.6 kHz 2.8 kHz 3.9 kHz 2.6 kHz
300 2.1 kHz 1.1 kHz 1.3 kHz 0.8 kHz
350 1.2 kHz 0.45 kHz 0.58 kHz 0.25 KHz

of bialkalai photocathode with a blue filter at each of the four points of the

compass, '" 30 meters away from a common center (i.e. the ACT).

The anode output of each PMT was fed into an RG-58 signal cable of

200' length. Signals were amplified through a LeCroy Model 612A Photomul-

tiplier Amplifier and then passed on to a discriminator. The discriminated

signals were fed into a LeCroy Model 365AL Dual 4-Fold Majority Logic

Unit. The PMTs were operated at high voltages between 1430 and 1670

volts corresponding approximately to the plateau voltages but set so that

the singles rates," for a discriminator setting of 100 mY, were within the

range of 0.5 to 1.0 MHz for the night sky. Typical values of the singles rates

for various discriminator levels are shown in table C.1.

Figure C.4 is a plot of the average values of the singles rate as given by,

IThe singles rate is the number of events received by one phototube integrated for one
second.
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1 4
'R: = - L 'R; = Average Singles Rate

4 i=l

where n i is the singles rate for an individual PMT.

The output of the majority logic unit was then examined for various

coincidences and the results are shown in table C.2. The expected values

were obtained by using the following,

where n 6 r is the average singles rate and T is the length of the time

interval in which the coincidence was to occur; T was set to be 100 ns. Since

the product of the average singles rate and T is small, it is possible to make

After the above coincidence tests were studied, one output of the 4

fold majority unit was then input into another coincident unit. When the

BEAST had 10, or more, barrels struck within a 150 ns time interval, a

trigger was then sent to the coincident unit. A measure of the coincidence

between the BEAST array and the partial array was then examined. A
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Figure C.4: A plot of the logarithm of the average singles rate versus the
discriminator setting in mY. The solid line corresponds to loglo'R = 7.36
O.152d.

273



f 4 PMTs.t' Iid t t f th: e coiner en ra es or e par ia array 0

Description Measured Expected
Average Singles Rate 0.69 MHz

2 PMTs out of 4 482 kHz 570 kHz
3 PMTs out of 4 38 kHz 39 kHz
4 PMTs out of 4 1 kHz 0.9 kHz

Table C 2 Th

pulsar signal of 5ns duration, and rate 15 kHz, was split and sent simulta

neously through the BEAST and partial array electronics to ensure timing

coincidence. The accidental coincident rate, 'Race., between the BEAST and

the partial array was estimated by,

where 'R4 is the rate of a four-fold coincidence of the partial array, and

'RBEAST is the BEAST ten-fold coincidence trigger rate (rv 0.5 Hz). From

the above, 'Race. rv 1 count/hour. In five runs of 15 minutes each, with delay

cables removed to place the PMT and BEAST gate out of overlap, a total

of 1 count was observed, in agreement with the expected accidental rate.

In four 15 minute runs the coincident rates between the BEAST triggers

and the partial array were 0.9, 0.11, 0.08, 0.068 Hz; for the first three runs,

the BEAST rate was 0.71 Hz, for the last run the rate was 0.44 Hz. The

conclusion was that the partial array responded to 14% of the air showers

that triggered the BEAST array.
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