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. ABSTRACT

This thesis 1is concerned with the detection of very high
energy cosmic gamma rays using the'atmuspheric Cerenkov technique.
A general introduction te gamma ray detection technigues s
followed by a detaziled discussion of the principles of the
atmospheric Cerenkov technique and the history of its use prior to
this work.

The design and cperation of the University of Durham facility
in Dugway, Utah is described in depth.

Monte Carlo computer simulations have been dgveloped to
assist in both the understanding of the équipment and the analysis
of the results for the Durham facility. The variation of the
résponse of the array with zenith angle and detector threshold has
been investigated and the aperture function of a single telescope
calculated. The latter has been found to be a complicated function
of both zenith angle and detector threshold. |

Computer simulations have also been developed to aid in the
design _of a camera to record two—diﬁensional Cerenkov light images
from small extensive air showers, and to provide a means of testing
analysis routines; these are discussed. The camera is located at
the F.L. Whipple Observatory in Arizona.

The techniques employed in the anmalysis of data recorded by
the Dugway faciiity are discussed, and a cdmputer package develaped
to aid in the routine aspects of the analysis is described.

Results of observations fram two sources, Cygnus X-3 and
FSROS3T, aré presented, with particular reference to periodicities

inherent in the sources and to bursts of gamme ray emission. The




discussion of the results includes a review of the various models

which have been proposed for Cygnus X-3.
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PREFACE

The University of Durham Very High Energy Gamma Ray
Observataory was established at Dugway, Utah in the Spring and
Summer of 1981, The author was involved in the design, construction
and «commissioning of the -equipment during 1980 and 1981, and he
took part in the routine operation of the Observatory during three
observing periods in 1981 and 1982.

The development and production of the computer simulations
obtained for both the Dugway experiment and an independent one at
the Whipple Observatory in Arizona, described in Chapters 4 and 5,
were entirely the work of the author. He was totally responsible
for the analysis of the simulation data obtained for the former,
and played a major rale in the develﬁpment of analysis techniques
and interpretation of results for the latter.

Along with his colleagues he shared in the analysis of data
obtained at Dugway, reported in Chapters 7 and 8, and was wholly
responsible for the design and development of the package for
“routine data analysis described in Chapter & and Appendix A. The
execution of the vroutine data analysis on all 1981 and 1982 data
was the work of the author.

None of the material contained in this thesis has been
submitted previgusly for admittance tﬁ a degree in this or any

other university.




CHAFTER 1.

BACKGROUND INFORMATION,

The gamma ray region of the electromagnetic spectrum has been
the lacst to be successfully exploited as a channel for astronomical
investigatinn. This ie largely due to the small +fluxes and the
difficulty of the  techniques involved. In recent years, however,
thefe has been a great deal of progresc following the availability
of space borne detectors, leading to the detection of a diffuse
gamma ray background and a number of discrete gamma ray sources.

The main interest in the study of gamma rays lies in the f{fact
that they are préduced in high energy particle interactions; the
identification of a discrete source of gamma rays is an unambiguous
indicator of the preseﬁce of very high energy (VHE) particles 1in
‘thé source Secause of the mechanisms by which they are produced
(sectioﬁ 1.2). Identification of sources of cosmic Fays {CR)} is not
possible by direct detection of the CR themselves, since most are
charged and are therefore deflecfed by the magnetic fields
perméating interstellar and intergalactic space, thus arriving fronm
dirgctions which bear no relation to those at which they were
emitted. Gamma rays arrive undeflected making identification of
their source possible.

In this chapter a brief <cummary of gamma ray detection
iechniques‘is followed by a short discussion of the most important

production and absorption mechanisms for gamma rays.

1.1 Gamma Rayv Detection Technigues.

The techniques used in detecting gamma rays may be divided




into three méin catééaries according to gamma ray energy. The range
from 10 MeV to 10 GBeV 1is covered by balloon and satellite
observations,_ while étv energies in excess of 100 TeV particle
detectors may be used. Finally, betweeﬁ 100 GeV and 100 TeV the
atmospheric Cerenkov techﬁique may be used. The fircst two of these
are examined briefly here, the latter being discussed fully in the

next chapter.

1.1.1 Lower Energy Observations (10 MeV-10 GeV).

_Host ‘of the experimental activity so far hés been in this
energi region., The predominant interaction of gamma rays with
matter at these energies is pair production which has a definiteA
signature, so enabling the particles to be readily identified. The
instrument which has achieved greatést success in detecting.this
signature is the spark chamber, Owing to the fact tﬁat' gamma rays
are abﬁurbed in the atmosphere, which has a thickness of “30
radiation lengths at these energies, the spark chamber must be
operated at balloon or satellite altitudes;

The most <cuccessful applications éf this technigque have been
with-th; 5A5-2 and.CDS-B satellites (Kniffen et al, 1977 and Scarsi
et al, 1977 recpectively)., These have resulted in the detection of

2?2 poseible discrete =csources, 4 of which have so far been

ideptified.

One of the problems with this technigue is that as the gamms
ray energy' increases the angle between the electron-positron pair
is reduced, and it becomes increasingly difficult to identify the
gignature ‘and hence the gamma ray. Also, since the gamma ray is

required to interact within the detector itself to be registered, a

ra




large detector area is desirable, and this is not - feasible with
catellites (for example, the COS-F instrument has a censitive area
of 0.06 m2); larger detectors may be wused in balloons, but the
problem then ic one of limited exposure time. The Gamma Ray
Observatory, due to be launched by NASA in 1988, is the next wmajor
experiment in the field of satellite-borne gamma'ray detectors.
This wjll incorporate four instruments, and is des@gned to cover a
wide.'energy range fram 3¢ keV to 30 GeV, but the latter would

appear to be the upper limit for the technique in the forseeable

future.

1.1.2 Observations Above 100 TeV,

At these energies 1t is posshble to detect; at ground level,
the particles produced in the EAS caused by the primary gamma ray.
Bglow ~10 TeV most such secondary particles are absorbed before
they reach eyeﬁ mountain altitudes; at sea level the technique 1is
sensitive to energies greater than “1000 TeV,

Several experiments have been carried out wusing large
detectors at high altitude (Toyoda et al, 1965, Catz et al, 1970},
but no lCOﬂCluﬁiVE' ﬁetectiun of gamma rays was claimed by the
experimenters,

~ Bince gamma rays much above 100 TeV are strongly absorbed in
interstellar space by the 3 °K microwave backgrnund, as discussed
lafer, intere;t in this region waned. FRecently, however, the
'pétection of Cygnus X-3 at energies in the range 1600—10000 Teviby
groups working at Kiel, West Germany, Flateau Rosa, Italy and at

Haverah Parlk, Leeds has caused considerable renewed interest,




1.2 Gamma Ray Production Mechanisms.

Gammg ray pfoduction tan occur through a wide variety of
mechanisms which have been reviewed in detail by Fazie (Fazio,
1967) and'Stecker (Stecker, 1971). The general form of mechanism is
the interaction of & relativistic electron or nucleon with some
other form of matter or magnetic field. In this section the most
important mechanisms as far as the atmospheric Cerenkov technique

is concerned will be discussed.

1.2.1 Mesan Decay.

The collision of a relativistic proton with nuclear matter
leads to the excitation of the proton, followed by the emission of
.7 and K mesons. These décay to electrons, neutrinos and gamma rays,

with energies which can be as high as 10% of that of the primary

nuclei.

1.2.2,InvefseAComptun Scattering.

In this process a laow energy photon is accelerated to much
highef energy.by collision with a relativistic electron which in
tﬁrn: loses most of ifs energy. Sincé the spectra at radio and
optical wavelengths of many active sources can best be explained by
synchrotron radiation by relativistic electrons in weak magnetic
fields, inverse Compton scattering 1is a preferred mechanism for
producing gamma'rays, as both relativistic electrons and low energy

photons are clearly present in the source region.

1.2.3 Synchrotron Radiation.

f relativistic electron traversing a magnetic field will




radiate photons, usually at an energy many orders of magnitude
~ below the electron energy. This usually means that gamma rays will
not be produced. 1f, however, the electron energy exfeeda b SRR -1Y

it i€ possible for high energy gamma rays to be produced by this

Process.

1.2.4 Curvature Radiation.

Relativistic electrons {following curved magnetic field lines
will radiate by the curvature radiation process. The process is
only important 1in the very intense fields found near the surfaces
of pulsars (v1(12 gauss). At very close dis{ances the gamma rays
produced can have energies comparable to that of the radiating
electron., However, gamma rays produced under these conditions are
very likely to be absorbed again, as described in section 1.3.2, so

this mechanizm is not expected to contribute significantly to the

total flux of cosmic gamma rays.

1.

(]

Bamma RayVAbsorption Mechanisms.

Tﬂe two principal absaorption mechanisms a?fecting gamma rays
are by their interactione with low energy photons and in strong
magnetic fields; interactions with matter are not important for
genergies greater than 100 KeV, since the'collision cross-section
for pair-production with the matter in interstellar and
intefgalactic cpace f(atomic hydrcogen) is negligible. (Obviously,
when the gamma ray enters the Earth’'s atmosphere abeorption by pair
production takes place, but this is an essential part of the

atmoepheric Cerenkov teéhnique, with the atmosphere being in effect

part of the detector.)

Ln




1.3.1 Absorption by Photons.

Abéérpfiun of gadma raYs by infergalactic star light 1s only
ihportant over extreme extragalactic distances. Absorption by the 3
K micrqwave'background, hawever, has been shown to‘ be impartant
even within the galaxy (Gould and Schredér, 1966, and Jélley; 1966)
aqd‘ has the greatest effect over the range 10'4-10!'7 gV, This was
considered until recently to effectively impose a cut-off at 1014
eV for most sources, except those within “10 kpc; the detectipn of
Cygnus X-3 (at least 16 kpc distant) at energies greater than “101!S

/ . o

eV has Eaused this view to be modified.

1.3.2 Absorption in Magnetic Fields.

Pair production by gammé rays in the presence of strohg
magnetic fields has been discussed by Erber (Erber, 1946) and
QQelman (Ogelman et al, 197&6). The strong magnetic fields near the
sﬁrfaces of neutron stars (v1012 gaugs) make absorption of gamma
rays by pair prqduttiun very likely; they wmust be therefofe be
‘ produced far removed from the surface qf such stars to survive and

be observable,.

1.4 The Scope of the Present Work.

Tﬁis thesis is mainly concerned with the description of the
‘University o# Durham OQObservatory in Dugway, Utah established fqr
the detéction of VHE cosmic gamma rays wusing the atmospheric
Cerenkov technique. The thearetical backgruund of this technique,
together with‘a survey of previous work in the fiéld, is. given 1in
Chapter 2, while the current experiment is described in detail in

Chapter 3.




in Chabter 4 a report is made of the Monte Carloc computer

~  simulations which have been carried out to aid the understanding of

the response of fhis experiment. These have been useful both in
experimental deéign and data analysis, and the results are both
interesting and, in come respects,'unexpected. Similar calculations
were made for the response of the experiment involving the imaging
technique being conducted at the Fred Whipple Observatory (FWD),
Mount Hopkins, Arizona, aﬁd these are descriﬁed,in Chapter 5.

In Chapter 6 the analysis routines developed for the Dugway
experiment are discussed, and a suftware package designed to handle
the'rnhtine'data analysis is described.

~Measurements over three seasons of observation have been made
on ten sources. These 1include Cygnus X-3 and tﬁe Crab pulsar
(PSR0S31), and results of measurements of these two sources are
reportéd in Chapter 7, with a discussion following in Chapter 8.

Finally, in Chapter 9, the possibilities for future work in
the field >are reviewed, particularly with regard to the new and

improved telescope currently being built at Durham,




CHAPTER 2.

THE DETECTION OF COSMIC GAMMA RAYS USING

THE ATMOSPHERIC CERENKOY TECHNIQUE.

‘The atmospheric Cerenkav technique for gamma ray astronoamy
depends on the detecticn of Cerenkov light produced by the cascade
of charged parficles, mainly electrons and positrons, initiated by
a primary high energy ogamma ray entering the atmosphere. This
chapter deals 'with fhe nature of Cerenkov radiation and its
production in gamma ray initiated showers, and discusses previous
experiments using this technique. -

fAAs mentioned. in the previous chapter, the technique ?5 most
efficient in the energy range 100 GeV-100 TeV, and thus fills the
gap Vbetween low energy gamma ray astronomy (10 MeV-lD 6eV) covered
by ballon and satellite experiments, and observétions at higher
energies (2100 TeV) where ground-based particle detectors may be
used. It has the advantage over the techniques used at lower

v

.energies that the effective collecting area is that of the pool of

light on the ground rather than the dimensions of the detector

itself, a factor which can be 1000 or more at energies around 1000

GeV.

2.1 The Cerenkov Effect.

The production of coherent radiation by the passage of a
relativistic charged particle through a dense‘medium {of refractive
index n) was {ifst detected by Cerenkov in 1934 (Cerenkov, 1934). A
satisfactory explanation of the effect, based on classical

electromagnetic theary, was provided by Frank and Tamm three years




later (Frank and Tamm, 1937). They suggested that ihe passage of -
such.asparticle causes local, transient polarisation of the mediunm.
If the velocity (v) of the particle is greater than the phase
velocity of light in the medium (c/p) the the depolarisation of the
medium following the passage of the particle results in the
emission of a cone of coherent radiation centred about the particle
“track, ‘as shown in Figure 2.1.

. A relation fo; the cone angle (e¢) may be obtained using a
simp}e Huygen's canstruction (from Jelley, 1958) as illustrated in
Figure 2.2 (a one-dimensional representation has been wused f{for
clarity); From this it may be seen that the Cerenkov radiation is
only observed at one angle (a) to the particle track (AB), this
being the angle at which_theAwaveiets emitted from arbitrary points
Py to Pslalong the track interfere coherently to form a plané wave
front (BC)}; the wavelets are coherent when the time taken for the
particle to traverse AR 1s the same as that taken for the light to
travel from A to C.

| The distance AR, traversed by a particle moving with velocity
v in a time interval t is given by the equation

AR vt (2.1)

At the same time the light emitted at A travels a distance AC given

by

From equations (2.1) and (2.2) the Cerenkov relation may be




Light Cone

Particle Track

Figure 2.1 The Formation of the Cerenkov Light Cone.




|
’ Particle Track

Light

} Wavefront

Figure 2.2 Huygen's Construction to lllustrate Formation of Coherent
Cerenkov Light Wavefront at Angle « to Particle Track.




obtained:

8]
%}
~—

‘costia)l = ¢ {

"From equation (2.3) the following conclusions may be drawn:

1. For any medium there is a threshold velocity (vi) for the

charged particle bélow-which na emission takes place:

At this critical velocity the radiation is emitted along the

direction of the particle track.

2. There 1is a maximum angle (@max) at which Cerenkav light

may be-emitted:
Amax = CcOs~*(1/p) . . (2.9

3. The emission occurs mainly in the visible and near-visible
regions of the spectrum for which grl. Thus emission is not
‘possible in the X-ray region for example since p is then less than

unity and equation (2.3) cannot be satisfied.

_2;2 The Discovery of Cerenkov Light from the Night Sky.
Elackett first suggested in 1948 (Blackett, 1948) that

Cerenkov radiation emitted by individual cosmic rays of the CR beam

10




6ught _to contribufé a small fraction (“10-4) of the total
brightness of the“ night sky. . There was, however, no way of
detécting tﬁis effect, since the contribution was so small.

About five -years later it occﬁrred to Galbraith and Jelley
that there was a real possibility of extensive air showers kEAS)
.producing measurable pulses of Cerenkov radiation because of the
large number of parficles involved, and the short time-scale (“10
ns) over which fhey were produced.

In order to pursue this idea they devised a 5imple‘
'experiment. A 25 cm /0.5 parabolic mirror was mouﬁted .at the
bottom of a dustbin, and & photomultiplier positioned with its
photocathode at the focus of the wmirror. Coupling this to the
fastest'amplifier ﬁhen available (0,03 ps rise-time) they were able
to make the first observations of Cerenkov light from the night sky
(Galbraith and Jelley, 1953).

ﬁefore going into the history of the technique’'s use in ganms
ray astronomy the processes involved in the development of the EAS

will be discussed.

2.3 The Deveélopment of a Gamma Ray Initiated

Electron-Photon Cascade.

When a primary high energy gamma ray enters the atmosphere,
an EAS is generateﬂ. This is initiated by pair-production, and the
growth of the shower takes place via succeséive steps - of
‘Bremsstrahlung .and further pair—produttion. The shower develops to
a maximum, and then dies away as the energy is expended.

The lateral growth of the'shower is mainly due to Coulomb

scattering of ‘the electrons and their deflecticon in the Earth's
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géomagnetic field.
In this settion these processes are discussed, and the

development of a typical 1000 GeV shower is described.

2.3.1 Bremsstrahlung.

The result of the interaction between an electron and an atonm
depends on the distance of closest approach (R) of the electron to
the atomic nucleus. If R is larger than atomic dimensions then the
atom as a whole -reacts to the field of the passing electron
resulting in its excitation or ionization. When R is of the order
of atomic dimensioné the problem becomes one of a cullision between
the inci&ent electron and an atomic electron., At values of R less
than atomic dimensions the interaction results'in the emission of
Bremsstrahlung.

The differehtial radiation probability for electrons in air

is plotted against E'/E in Figure 2.3 (from Rossi and Greisen,

1941).

2.3.2 Pair-Production.

As with electron-atom interactions, photon-atom interactions
may bg divide& into three cases. The interaction of the photon with
the atom as a whole is kdown as the photo-electric effect, the
interacfion of the pﬁbtpn with an atomic electronr, which may be
regarded as 'free, results in the Compton effect, and the
interaction of the photon with the nucleus results in
pair~production. Since the rest energy of an electron or positron

is 0.51 MeV, the photon must have energy of at least 1.02 HMeV to

create a pair.
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Figure 2.3 .Differential Radiation Probability per Radiation
Length of Air for Electrons of Various Energies
(the numbers attached to the curves are the electran

energies (eV)): from Rossi and Greisen, 1941.




, In .Fjgure 2.4, the differential . probability of
pair-production ﬁer radiation lengtﬁ of air forvghétdhs of various
energies is plotted against E'/E, the ratio of positron energy to
‘electron energy (ibid.); the process is symmetrical with respect to

the interchange of £° and E.

2.3.3 Coulomb Scattering.’

The principal dispersive process involved in shower
development -1s the Caoulomb scattering of cascade electrons by air
nuclei. | |

From Rossi and Greisen {Rossi and Greisen, 1941) the mean
square angle of scatter for relativistic particles with momentum p

is given by the relation

‘where t is the péth length wmeasured in units of the radiation
ienéth, Xo (wﬁich has the value of 37.7 gca~2 iﬁ air), and Eq is a
-constant (21 HeV), which is independent of particle mass and thé
nature of the medium. For typical cascade electrons, p ~ E, the
eléctfon energy, and 3 ™ 1. Hence over a single tradiation length,

equation- (2.6) leads to

CA7rma ¥ 21 radians (2.7)

"l

when E is ih MeV. Thus for a typical cascade electron, with £ ¥ 100

Mév,- the r.m.s. scattering angle is about 12°, As will Dbe seen in

13
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Figure 2.4 Differential Pfobability of Pair Production per
Radiation Length of Air for Fhotons of Various
Energies (the numbers attached to the curves are

the energies (eV) of primary photons): from Rossi

and Greisen, 1941,




section 2.4.2, this 1is an order of magnitude larger than the

Cerenkov cone angle.

In Figure 2.5, a coamparison is made between the Coulomb
scattering angle (Qsing equation 2.7) and the Cerenkov'cune angle,
as a function of electron energy. From this it can be seen that
even at very high electron energies (> 100 MeV) the scattering
angles aré frequently of the same order or lérger than the Cerenkov
angle. Thus, many of the features of the Cerenkov. radiation are

masked by the effects of Coulomb scattering.

2.3.4 The Effect of the Earth’'s Geomagnetic Field.

The effect of broadening of FEAS due to the deflection of
cascade electrons by the Earth’s geomagnetic +ield was first noted
by Cocconi (Cocconi, 1934), This process is not significant at sea
level, but at heights greater than 10-15 km it dominates over
Coulomb scattering under suitable geometric conditions, as pointed
out by Greisen (Greisen1 1956) .

The results of incorporating the effects of the Earth's
éeqmagnetic field in detailed calculations were first reported by
Browning and Turver (Browning and Turver, 1977). They calculated
the lateral distribution of Cerenkov rédiation from 100 GeV gamma
ray initiated showers, injected vertically, and observed .using a
detector with an opening <{full) angle of 1°, In the case of the
geomagnetié field being applieq the light pool was found to be

approximately 10% larger than with no field, with correspondingly

‘lower peak photon density.
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2.3.5 A Typical 1000 GeV Shawer.

- A representation, in one dimension, of a gamma fay initiated
shower is presented in Figure 2.6 {from Longair, 198i). In this
simpLe model it is assumed that the electron-positron pairs share
the available energy equally, and that over each radiation length
each of these particles loses half its energy in radiating one
' Bfemsstrahlung photon., Thus the number of cascade particles doubles
after -each }adiation length until particle energies are reduced to
the point where .ionizatinn losses dominéte over radiation
processes. |

Full Monte Carlo simulations {Browning and Turver, 1977) have
‘indicated that for a typical 1000 GeV>§amma ray initiated shower,
the first interaction is at a depth of about 40 gcm~2, with the
‘shnwer méximising at around 250 gcm~2 . (10 km a.s.l.). At the
maximum, tﬁere are about 1000 electrons.

‘Thé~Cerenkov light pool produced has a diameter of 100-200 m,
with photon densities of typically 30 photpns m=2, This pulse
passes the observation level in a time less than 5 ns. There are
few surviving electrons or photons from the cascade.

[

- 2.4 Characteristics of the Cerenkov Radiation Produced by the

Cascade.

2.4.1 The Electron Energy Threshold for Emission.
The electroh energy threshold for emission, which 1s a
function of altitude, is calculated as follows.

The energy (E) of a particle of rest mass mo 15 given by the

equation




Primary  Gamma Ray -

Mean Energy Distance
per Particle Through
E o 18 Medium
R
E/2
2R
E/4 3
3R
' ey Yo oy XS ¥ ey \e
E/8
v 4R
[R=radiation length]
Figure 2.6 Simple Model of Gamma Ray Initiated Cascade.




E = moc? [1 - (v/c)2)-°.S (2.8)

From equation (2.4), the threshold for emission corresponds to v/c
= 1/n. At sea level, p = 1.00029, which for electrons leads to a
threshg}d energy for emission of abproximately 21 MeV, rising to

about 43 MeV at 10 km a.s.l.

2.4.2 The Cerenkov Cone Angle.

The Cerenkov cone angle (a) is dependent on both particle
energy and altitude. The wmaximum value (amax) is obtained from
equation 2.5. Thus at sea level, @max i5 about 1.3°, reducing to

less than 1® at 10 km a.s.l.

Curves relating the Cerenkov cone angle and electron kinetic
energy for different altitudes were shown in Figure 2.5. From this
the values for the threshold energy and maximum Cerenkov cone angle

may also be obtained.

~2.4.3 The Size of the Light Pool,

The size of the light pool produced by an ERS, initiated by a
gémma ray‘ of a particular energy, is governed‘primarily by the
dépth of the maximum of the EAS development. The parameter wused
here to measure ‘size’ 1is based on the lateral distribution of
light, being dgfined as £he radius (Rg) at which the photon qensity
has fallen to 1/e of its peak value.

The main procescses which determine the value of Re are the
.Coulomb and §eom§gnetic scattering of the particles in a shower,
and the emission of light at an angle to the electron/positron

tracks. The effect of the last of these alone may be calculated as
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follous,

Cansider a single ultra-relativistic electron incident
vertically at the top of the atmosphere (the effects of the
scattering and slowing down of the electron, and the scattering and
refraction uf light'will be neglected for the purposes of this
calculation). The 1light prqduced at a height h and at Cerenkov
angle & (radians), arriveé at the observation plane at a distance r
fromAthe point of electrnﬁ impact. For small values of a this leads

to the relation

r = ha (2.9)

Now, for small values of «,-

cos(a) = 1 - a2 (2.10)

2

The equation for the maximum Cerenkov angle (2.3) hay be

rearranged to give

- C0S(@man) = 1 (2.11)
n
The fefra;tive index ‘(p) may be written in the form
np = L+N (2.12)
where N = Noe¢=h71> (No = 2.9 10-%, and 1 = 7.1 when h is in km),

17




From equations (2.10)-(2.12) we obtain

Bmax = [2N(1+N).-1]°‘5

L]
—
(2]
~

™ (2N)e-s _ ' (

»

-Substituting (2;13) inte (2.9) gives

r{@max) = h(2N)©O-S

(2No)©-Bhe-h/21) o (2.14)

This- has its maximum  value when h = 21 (= 14.2 kn) which
leads to a maximum value for r of 12éa.

As has been noted previously, however, the effective angular
distribution of the light produced in the EAS is governed more by
.the Coulomb and gedmagnetic scattering of the pérticles. in the
shower. These effects have been taken into account in detailed
computer simulations (Browning and Turver; 1977) the results of
which indicate that the maximum radius of the light pooi produced
by a 1000 GeV gamma ray initiated shower is “ 400-450 m. However,
in practice the effective size of the light pool is much smaller
-than this when the anqular acceptance of the typical gamma ray
- telescope (¥2° FWHH) 1s taken into account; the'calculations above
reférring, in effect, to detectors of 180° angular acceptance. From
the simuiations described in Chapter 4, values for the effective
radius of the light pbul produced by a vertically>injected 1000 GeV
primary gamma ray range from “43 m to “110 m, a typical vaiue being

~100m.
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2.4.4 The Rate of Photon Production.

Nost, of the Cerenkov emission occurs in the wavelength band
330-550 nm, the blue end of the optical spectrunm. Although the
efficiency of production of Cerenkovbl£ght in air is ve?y low, the
energy of an.optical photon is also low (about 3 eV), so the number
of photons produced is high, and it is this which contributes to
the success of .the technique in giving a worthwhile sample Df‘a
penetratiné component of the EAS. At -sea level the rate of
praoduction of light is about 0.3 ph;tpns cm~! of path per electron

(Jelley, 1958).

2.4.5 The Attenuation of Light in the Atmosphere.

Light 1is attenuated in the atmosphere af different rates
“depending on wavelength and altitude. This attenuation is primarily
due to Rayleigh scattering, aerosol scattering and ozone
absorption. Rayleigh ({molecular) scattering of light depends only
cn the molecule number density. Scattering by aerosols (small
particles, 1-10 pm in size) depends on their size distribution and
nunber denéity. It‘is most important neér ground level and 1s a
highly fluctuating effect. Ozone absorption is a major factor only
at wavelengths less than 290 nm passing through high altitudes, and
the effects of other attenuation processes, such as dispersion,

diffracticn and refraction are negligible,

2.3 The Experimenfal Technigue.

In its simplest form, a gamma ray telescope based on the

atmospheric Cerenkov technique consists of a wmirror with a

phutomultfplier tube (PMT) at its focus. The FMT and associated
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electronics must be of fast response (rise time < 3 nsf, in order
to achieve a good ‘'signal to poise (8/N) ratio. For the same reason,
siqce sources of VHE gamma rays are Expecfed to broduce a light
spot “in the sky with angular dimensinns'nf abogt é°, the angular.
ac;eptance of the telescope must be of this order,

The prinéipal_disadvantage of the technique is that there is,
at ﬁresenf, no reliable way of distinquishing between the light
‘producea by photon initiated showerg, and that produéed by £he very
much “mare frequent n;cleon jnduced ones. Uther-techniques applied
to iow energy (100 MeV) éamma'ray astronomy wuse anti-coincidence
sﬂiélds to exclude the lafter.

. The major requirement, therefore, is to optimise the
paramgters for the detection of a discrete gamma ray source against
the vast bacﬁgraund of pulses produced by the primary cosmic ray
fluy. #ortunately, this. background flux is spatially 1satropic,
whereas if is expected that all high energy gamma ray sources will,
4infeffect;‘be poih{'sources. In addition, the periodicity of, for
example, puléar sources aids their detection against the random CR
‘background.

A second requirement is that the collection areas and 'energy'
thresholds of the detectars be known, in order tb determine the
:absdlute value bf any detected flux. Here, detailed computer
~simulatiaons of the detector respanse are~6f great value, giving the

only method of estimating these impoftant quantities.

A2.5.1~0ptimising the Design of a Gamma Ray Telescape.
The ehployment of fast PMTs and a geametrical aperture of “2°

have already been cited as necessary in achieving an acceptable S/N




_ratio_for a gamma ray telescope. To imprave this further, the use
’of two or nmore flux collectors in coincidence is required; a
telescope operating with a threefold coincidence syétem all but
eliminates the possibility of accidental triggering of the systém
and ailuws the use of the lowest energy threshold.

- Since the speed of response of a PMT is sensitive to changes
in gain, caused by varying sky brightness, some form of servo
sysfem is required for stable operation. Usually this 1is achieved
by‘shiqing a light source into the PMT and varying its intensity to
maintain constant anode «current. This +topic will be discussed
?urtﬁer in Chapter 3 (éection 3.9.1) with reference to the

University of Durham facility at Dugway.

2.6 Previous Observations Using the Technigue.

~Work has been carried out in the field of VHE gamma ray
astronomy using the ground-based atmospheric Cerenkov technique for
more than a decade.

The earliest observations were made around 1970 by groups
ﬁperating,. in Malta (from Dublin) and at the Mount Hopkins
Dbservatory (MHO) - ;n Arizona, since renamed the F.L.Whipple
Dbservétory (FWD). Of these two only the latter 1is still in
operation. In i972 qbservétinns commenced at the Crimean
Observatory, U.5.5.R., wHich is still in operation, and at
Marrabri, N.S5.W., Australia, wusing thé Hanbury-Bran stellar
interferometer. Since 1977 measurements have been conducted at the
Ootacamund Observatory (00TY) in India, and in 1981, the year in
which the University of Durham facility ét Dugway, Utah was

established, work began at the lowa State-Jet Propulsion Laboratory
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(JPL) facility at Edwards Air Force Base in California.

The equipment used at these locations is now summarised:

1.FWO: A 10 m reflector and several 1.5 m reflectors have
been used 1in various caoincidence modes.” The work currently being
conducted is a collaboration invelving workers from ¢eix centres

incldding Durham, the details of which are discusséd in Chapter 3.

2.Malta: fi Cerenkov detector consisting of four 1 m
reflectors operating in coincidence was employed by University

College, Dublin until 1975.

[~

3.Crimea: The group here  uses an array of four 1.5 m
réflectqrs. Recently a camera of 19 PMTs has replaced the quadruple
mirror system. In addition, an array of four reflectors, a
duplicate' of the original experiment, was established at a high

altitude station in 1979.

4,Narrabi: Two 7 m reflectors were operated in coincidence,

praviding so far the only VHE gamma ray observations from the

southern hemisphere.

5.00TY: Coincidence systems of 0.9 m and 1.5 m reflectors are

used in array and compact configurations.

-

6.JFL: Two 7 m reflectors separated by 25 m were operated in

caoincidence during short observations in 198G-1981.




-2.4.1 Summary pf thé Main Results.A

The sources detected by 1982';t VHE gamma ray wavelengths are
the Crab and Vela pulsars, Cygnus X-3, and Centaurus A. The results
are summarised in Tables 2.1 to 2.4, taken from a papér by Grindlay
(Grindlay, 1982a) who méde thé pdint>that the energy threshqlds and

fluxes listed in these tables should be regarded as uncertain.

1.The Crab Fulsar.

Detection of this source, summarised in Table 2.1, has been
repaorted by five different groups. The results exhibit some
disagreement, particularly with regard to the time averaged fluxes;
a possible explanation for this is offered later in this thesis.

The first extended observations of the Crab Nebula using the
atmoépheric Cerenkov techniﬁuelwere those bf Chudakov (Chudakov et
al, 1962, 1965) which were carried out in 1960-1961, Using the
drift scan technique they found an upper limit of 5.0 x 10-11
photons cm~2s-! for primary gamma rays of 5 TeV or more. Following
this, ?ruin (Fruin et al, 1964) and Long (Long et al, 1963)
reported observations providing an ubper limit of 1.3 x 10-%1
photons cm~2s-! for a threshold energy of 2.7 TeV. Measurements
were also conduﬁted by Fegan (Fegan et al, 1968) and Tornabene and
Cu;imano (Tornabene and Cusimano, 1968) at this time.

| The discovery, in 1968, D¥-the pulsar NPOS32 revivgd interest
in high energy gamma rays from the nebula . Following the
devglﬁpment of very precise aptical @easurements of the pulsar
(Horoﬁitz et al, 1972) it became possible to align runs f{rom

successive nights in phase resulting in improved statistics.

Possible ﬁositive pericdic effects were reported by Grindlay
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in observations méde in January 1971' (Griqdlay, 1971) and in
November-December 1971 (Grindlay, 1971, Grindléy et al, 1976) using
the 10m reflector at MHO, and employing the drift scan technique.
More significant results were obtained in 1973, but here the peak
ot the emission was displaced from the optical peak by 6.9 ms
(Grindlay et al, 1973, 1974, 1976).

Further-positive periodic effects were reported by Jennings
(Jennings at al, 1974) for observations caried out-in Malta in
February-March i970 uéing the fast annulus fechnique.> Two peaks
were observed, separated by the sanme aﬁount as the nptical main and
in{erpulse, but displaced by 1B ms from their expected positions.
Iﬁ gddition to the phase offset the events.constituting the effé;t
appeared to spread out over a wider angle than that expected from
Rieke’'s theory of the électrnn-photon showers (Rieke, 1969). The.
possibility that this might be due to geomagnetic broadening
(Porter,'1973) léd to an experiment using a wider angle field of
-view carried out at MHO in 1972 and 1973 (Porter et al, 1974,
1976). This resulted in a significant effect for the January 1972
observations Qith a single pulse at the optical interpulse
positiun, but no effect was found in Febuary 1972 or in 1973.

At the end of 1973 énd beginning of 1974 a threefold

" coincidence arrangemenf was employed on the MHb 10m reflector

resulting in a periodic effect being observed (KWeekes and Rieke,

1974, Helnmken et al, 1973, Grindlay et al, 1976}, A single peak was
. found displaced by *2.ms from the‘uptical interpulse.

Dbservatiun; at an energy of 6.4 TeV were recorded by the

"DOTY group which reported the detection of tﬁo pulses &t the

carrect optical main-interpulse .spacing, but the absence of



absolute phase'infnrmation precluded the synchronisation of these
with 6pticé1 measurements (Gupta et al, 1977). Further observations
by this group in 1978-1980 were wunsuccessful, but in 1981 a
significant reguit waé obtained, with detection once again of two
pulsés at the appropriate spacing at uncertain phase.

By and large the results of observat;ons on PSR0O531+20 are
di{ferént, and if all were to be acfepted the pulsar would be
required' to belvariable in both amplitude and phase. However, the
Dugway measurements reported in Chapter 7 may offer some

explanation for the apparent discordancy.

2.Vela Pulsar,

The first.  VHE .ga@ma ray measurements of the Vela pulsar
showing signs of a positive effect were made by Brindlay {(Grindlay
et al, 1975b) using the stellar interferometer at Narrabri. In this
work . a peak was observed 3 ms early with respect to the phase
predicted from radio observations. The apparent flux detected in
1972 was ™~1.,0 x 10-'! photons cm‘?s“'for an energy threshold of
0.3 Tev.

Subsequent meaEQrements by the Indian group at Ootacamund
have yiéided significant results 1in two out of fou? observing
seasons, with a similar flux to that recorded by Grindlay but for
an energy threshold greater by about qne order nf'@agnitude.

The results of VHE gamma ray ubseryationsvnf this source, the
strongest at 100 MeV energies, are summarised in Table 2.2. The
pulées of VHE gamma r&y emission from the pulsar appear to be
narrow and variable, although further confirmation is needed by new

experiments in the southern hemisphere,
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3.Cygnus X-3.

Cygnus X~3 has been the subject of an extensive observing.
programme by the Crimean group since the radio outburst of 1972,
The first observétions, in September 1972, resulted in the first
détection 0f VHE (51000 GeV) gamma rays from this source
(Vladimirski et al, i973). The observed effects were restricted to
the lower energy channel suggesting a steep energy spectrum.

Subsequent .measurements by this grnup,.>and those at a
&ifferent observafory using a duplicate experjment {Mukanav et al,
1979)'showéd the characteristic 4.8 hour periodicity notéd in X-ray
and IR observations.

There has been evidence for peaks in the emission of VHE
gamma rays from Cygnus X-3, occurring at X-ray phases of ~0.1 and
“0.6, with some indication that the relative strengths of the two
peaks  have altered since the first measurements in 1972,
Measurements by Neshpor (Neshpor et al, 198B0) and Danaher (Danaher
et al, 1980) suggest that in 1979;1980 the dominant feature of the
VHE signal was the interpulse at phase “0.6 rather than the main
pulse previously observed at phase “0.1.

Cygnus X-3 has now been detected by four groups, a summary of
the. main results being provided in Table 2.3. The results indicate
.variabie emission of VHE gamma rays at or near phases 0.1 and 0.6
in thé 4,8 hour X-ray péeriod. Interprétations of the data suggest a
fast, vyoung pulsar as the collapsed object of the X-ray binary
system. In this case a pulsed VHE gamma ray signal may be expetted

with a'period shorter than that of the Crab pulsar, but so far this

has not been detected.
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4.Centaurus A.

The detection by Grindlay (Grindléy, 1975a) of the nearby
radiogalaxy, = Centaurus A,A using the Narrabri stellar
_interferometer, provided the first evidence of extragalactic gamma
rays. A flux of 2.0 x i0'1° cm~2s-! was measured and interpreted by
Grindiay as emission from the Compton synchrotron process in the
compact galactic nucleus.

So -far these measurements (Table 2.4), which were made a

decade ago; constitute the only detection of this source.
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CHAPTER 3.

THE UNIVERSITY OF DURHAM GAMMA RAY FACILITY AT DUGHAY.

The University of Durham facility for high energy gamma ray
astronomy waé established at Dugway Proving Grounds, Utah (40.2° N,
112.82°AW), duringvthe Spring and Summer of 1981. This is & . United.
States Aramy base and test area located at a desert site about 80
miles éouth-wegt of Salt Lake City.

The facility comprises an array of four ‘Cerenkov light
defector; arranged at the apices and centre of an equilateral
triangle of side 100 m (Figure 3.1 and Plate 1),

Each detector, or telescope, consists of three paraxial,
paraboli; mirrors mounted on an alt-azimuth platfurm, with a fast
PHMT at tﬁe Cassegrain focus of each mirror (Plate 2). This wuse of
three fluk-collectors, with the requirement for a threefold
coincidence between them for a detéctiun of the lighi flash,
provides an almost accidental-free detection of a local Cerenkov
signal; Eaéh telescope, is equipped with a paraxial low light CCTV
camera capable of detecting sixth wmagnitude stars to provide
.cuntinuous images of the field under study.

A caravan near the centre of the érray houses the supervising
Tektrﬁnix 4051 computer - (TEK 4051) and most of the microprocessors

and electronics emploved to steer the detectors and record the

daté.

3.1 The Choice of Site..

The Dugway site was chosen for & number ot reasons:-

1. The desert climate 1is dry, with moderate rainfall,
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resulfing' in many <clear, cloudless nights especially during the
honths from June to Novenmber.

2.'The site is ideally situated in latitude for the study of
those high energy gamma ray sgurce candidates which were of initial
interest to us, such as the Crab pulsar and Cygnus X-3, which
ﬁulminate at or near the zenith. |

3. The logistic support giveh by the personnel on the Base
was very helpful during thé operation of an_earlier cosmic ray

experiment between 1977 and 1980, and has continded to be so.

3.2 The Site Characteristics.

3.2.1 The Climate.

The Utah desert climate is quite well suited to the purpose
of  the experiment. However, the annual temperature variations,
illustrated in Figure 3.2, are large. The months when problems
arise are November to February, when the extremely low temperatures
(-20°C) make operation of mechanical components difficult, The
facility is not normally operated during this period, which
coincides with periods of substantial clouq cover.

Annual rainfall is moderate, occurring evenly throughout the
yéar, the only signific%nt source of inteference with observation
in the June—Nnvember' period being the thunderstorms which occur
mainly in JulyAand fugust, The long runs of signal cable above
gréund present a prime target for lightning strikes, and strict
m&ésures are taken to ensure the isolation of the electronics in
the event of a 1local storm. Nevertheless there have been two
instances of substantial lightning-induced damage. There are on

average six local thunderstorms during these two months in each



Temperature / °F
3
o

80 |

60

40 .

20 J

Figure 3.2

Annual Temperature Fluctuations at Dugway.




year; in some weather conditions distant lightning is a frequenf

occurrence in the late evening.

3.2.2 S5ky Clarity.

The low humidity, -remote site and high altitude (1.4 km-
a.,s.l.) résult in good sky clarity for much of the year, with stars
of magnitude 6.5 being visible to the naked eye.

The cloud cover throughout the year is shown in Figure 3.3
which compares the cover at Dugway with that at three other
locations, including Durham, These histograms indicate the
proportion of time with less than 2/8 cloud cover throughout the
year.

The disadvantage 6f the site in Utah is that it is subject to
_large fluctuations during.periodé when &luud free conditions may be
expected, being under the competing influences of the Arctic and
Sub-tropical jetstreams. A southerly drift in the Arctic jetstream
brings storms followed by clear weather from the FPacific
north-west; dqminance by the Sub-tropical jetstream leads to hot,

dusty, windy conditions, with much thunderstorm activity’ from the

south.

3.2.3 The Site Survey.

The sitg has been accurately surveyed using a thecdolyte and
chains. The position and distance of each detector was measured
from a 'single datum point, and thg positional wmeasurements
converted to absolute values by a measurement on Polaris with
referénce to an ephemeris. The estimated accuracy of position and

distance measurements is 0.1° and 10 cm respectively, with the
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accepted coordinates being shown inset on Figure 3.1 (these are
given in metres using a right handed Cartesian coordinate system,
with the x and y axes pointing east and north respectively and the

z axis vertically upwards).

3.3 Mechanical Design of the Detectors.

The mechanical design of the detector was developed by Durhanm

University staff during 1980,

3.3.1 The Alt-azimuth Platform.

“An alt-azimuth platform was chosen in preference to an
équaturial one since it offered fewer engineering problems, and
would be less expensive to construct decpite the requirement to be
‘driven an two axes. The weight of the telescope is taken by a large
central thruét bearing aided by four smaller ones acting at the
perimeter of the 30" diameter platform. The steering movement 1is
provided by two cumputet—contrnlled, 24 V d,c. motors, driving the
azimuth and zenith movement through gears. To praotect the bearings
and motors from damage by gusting winds whenithe detector is not in
use, it is steered to a "parked" position, and brass pegs inserted
vto;lock it firmly in place.

All steering is done under the control of four Mostek FB
microprocessors, one for each detector, wusing incremental
cshaft-encoders to sense motion (te * ©.1°) in each plane. This
device is initiallised with the coordinates of the ‘“parked"
position, established by survey, and it then calculates the number

of bits to be incremented at each chaft-encoder to arrive at each

desired new position as specified by the supervising TEK 4031. As
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the target is approached, the speed of slewing is progressively
reduced, under F8 microprocessor cohtrol, to achieve a smooth stop,

in order to prevent the motors and gear-boxes from being

unnecessarily strained.

3.3.2 Covering and Waterproofing.

The .equipﬁent is well—protecfed againsf weather-damage. So
thgt it may remain in situ permanently all the external electronics
are sealéd in QaterproD{, temperature-controlled boxes.

In'additibn, at the end of each night’'s observing, the
following routine is executed:-

.1. The detectors are steered to the parked position and
pegged to prevent any motion in wind.

2, The PHTs are removed tn‘,a cooler, air-conditioned
enviranment to prevent:possible evaporation of the photo-cathode by

high Summertime daytime temperatures.

o ‘

. The mirrors are covered as protection against both rain
and dust.

In the event of a local thunderstorm, =11 connections between
the recording system and the detectors are severed at both ends.

At the end of an observation period, when the equipment may
be unattended far up to several months, extra precautions are taken
to ensure the prntgction and security of the system. The system can

be placed in or removed from preservation-in less. than 24 hours,

3.4 Optical Characteristics.

For reasons to be discussed in the following section, it was

decided to employ a Cassegrain optical system. Parabolic mirrors of




1.5 M«diémetervand 65 cm ¥oca) iength with rhodium plated surfaces
-kere used as the primaries, while the secondaries had éS cm
diaﬁeter and 20 cm focal length. The prim;ries, ex-searchlight
_ mirrors which were available at no cost, were more or less suited
to the bﬁrbose of the experiment apart from their rather short
focal '1éngth, giving considefable light loésés from the outer
regions ofA{he mirrors and a wide field of view. The secondaries
'were mqnufactured in the Physics-Department workshops at Durham

University from aluminium plate by cutting and polishing.

3.4.1 The Cassegrain System.

i ;There wgre‘several reééons for choosing a Cassegrain systenm
as oppbsed‘ to s prime focus system bearing iﬁ mind the equipment
available.

Firstiy, yith a prime focus systen the-angle'of incidenée at
the. PMT would have been as large as 83° for light from the edge of
the mjfrur, resulting in much light being lost. With the Cassegrain
éyStem this is reduced‘tu about 33e.

"~ Becondly, the field of view of a brime focus system would
haQe beeﬁ too big (about 1ie) if the whole face of the available
FMT (13 cm) had been used. A smaller fieid of view could have been
obtained by masking -&own the cathodes, bﬁt this may have }ed to
pfnblems since the sensitivity varies afébss the face of the FPHNT,
and the propogétion ti@e may also vary. The Cassegrain system uses.
the whdfe'PMT tface but with only a 2° field of view, by wusing a
defocussed image as illustrated in Figure 3.4,

The main disadvantage of a Cassegrain system as opposed to a

prime focus systenm is that it involves an extra reflectiony

.
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resulting in greater light loss. In the Dugway system the overall
reflectivity is estimated to be about 407, with a loss of about 35%
occurring at the rhodium plated primary reflector, and a similar

reduction at the aluminium secondary,

3.4.2 The Optical Systea.

- The main features of the optical system are illustrated in
Figure 3.4. |
| A circular aperture of & cm diameter 1igs placed at the
Cassegrain focus, defining i a physical field of view of
approximately 2°. About & cm behind this aperture is placed the-
FMT. A cylindrical baffle around the secondary protects the PMT
from directA illumination by the night sky. ‘The obscuration

presenfed by the secondary and baffle is approximately 4%.

3.4.3 The Geometrical Aperture Functiaon.

The ogeometrical aperture function for each detector was
determined by a raster scan of &° diameter about a second magnitude
star (Folaris). At each 0.5 step the anode current of each PMT was

recorded. The results (Gibson et al, 1982a) are in accordance with

the calculated aperture function, with a FWHM of 1.7-°.

3.5‘The Light Detector (PMT).

The PHT-used Wwas tﬁe RCA 4522, a fast, 12 cm, linear-focussed
tube. These tubes had been employed in, and were availaﬁle from,
previous experiments, and had been tested thoroughly for

suitability (Stubbs, internal report).

fAs noted in section 3.4.1, the optical system chosen uses the
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whole' tace of the PMT. This is important dué to the non-unifornmity
of the résponse of the tube across its face (ibid.). R 2" tube
could have beeﬁ used, placed atAthe Cassegrain focus, but this
would have led to problems whén bright stars appear in the field of
.View. The 1image of fhe star would be focussed onto the
photocathode, resulting in an intensely illuminated region. This
would have the effect of distorting the electron-optics, possibly
affecting the gain and speed of the PMT; by defocussing the image

with a larger tube these problems are reduced.

3.5.1 Dpérating Conditions.

An important fequiremgnt, to be discussed in the next
- gection,  1s that the PﬂT be ‘capable of a fast response to the
Cerenkov signal. ansequently, the voltage applied across each
stage is high., If all stages were used under these conditions,
however, the overall gain would be too great, so only 11 dynodes
are employed. The typical EHT applied between the cathode and
eleven£h dynode is 1800 V, giving & gain of appraximately a0000.
Under these conditibns the sky induces a current of around § pA.

Individual PNT EHT settings are chosen to give rates of
about 10 kHz, at a discrimination level corresponding to an
estimated.photon threshold of S0-100 photons m—2.

Servu-cphtrolled green l.e.d.s are used to stabilise the
anode current in order to maintain the PMT at constant gainy the
time constant for the servo loop is about 10.5. Typically, the
addition of 50% of green light to & dark sky anode current is
sufficient to maintain a steady anode current during the transit of

a second magnitude star through the field of view. The measurement



of the anode current and addition of the desired proportion of
green light is carried out by the TEK 4051, after which 741
opératiunal amplifiérs maintain the light level.

.The FMT is isolated from the effects of the Earth’'s magnetic
field..by a »cylindrical p-metal shield maintained at the cathode

potential té avaoid distortion of the électron—aptics.

3.5.2 The Speed of Response.

A high speed of reéponse is required from the PMT in order to
échieve,a good S/N ratio and effective detection of Cerenkov light
flashes by a voltage-dependent discriminator system. The longer the
tube takes to respond to the flash of Cerenkov light, the more
distributed in time the signal will become. This tlash lasts for
only a few. ns and the PMT response time must be of this order.
" Under the current operating conditions the pulse rise time 1is 2-3

ns, and the FWHM about 5 ns.

3.5.3 ARlignment in Time of the Response of the PMTs.

For a detector to register a threefold coincidence the
signals must arrive simultaneously at the fast coincidence unit,
Although <care had been taken to ensure that equal lengths of cable
were used for each. signal path, small differences were expected. In
ordéﬁ to achieve this accurate alionment of the signals at the
toincidence unit the following _procedure was adopted.

A source in the form of an l.e.d. was positioned about 200 m
from the array. Thi§ was driven by an avalanche pulse generator,
capable of producing very short puises, of the order of 10 ns

duration. Each detector was pointed at the source, and the PHT




- signals. observed on an oscilloscope. One was used as the.trigger,
and the other two were aligned in’time‘ with réspect to this by
insertipg different delays into each signal path. Final checks were
made by arbitrarily placing small additional delays in each channel

and observing the maximum copincidence rate when detecting cosmic

rays.

3.6 System Control.

The TEK 4051 controls the steering of the array and logging
of data by means of a system of seven Mostek FB microprocessors,.
tommunicating with them via the IEEE interface. - The configuration

of this is illustrated in Figure 3.5.

3.6.1 The Microprocessor Units.

Each detector has a dedicated wmicroprocessor unit (MPU)
assigned to it, to sense its pointing direction and control its
steering (MFUs 1 to- 4). The action of these was discussed in
section 3.3.1. |

HPU 5 is the Digital—fu-Analague Converter {DAC) vcodtroller.
This provides the computer interface for 16 channels of pac, of
which 12 aré used to set the reference voltages for the servo

l.e.d. systems.

HEU 6 controls the _printer, which is used to display the
hnusekeéping information; this 1is a summary of the general
performance of the array, the details of which will be discussed
later in section 3.10. The information is updated by the TEK 4031

_every ‘minute, the interval between print-outs being chosen by the

observer.
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MFU ? superviées the logging of data, extracting the relevant
infurhation from an 11.bit data bus, which services the scalers,
ADEs and the microsecond clack, and compiling the data record to be
sent to the ,9;track tape recdrder each time the system 1is
triggered. The information recordéd is summarized in section 3.6.2.

Data is recorded in two modes. In the normal mode, when HPU 7
receives the signal from the master trigger that a signal has been
detected, the data record i1¢ compiled and recorded immédiately; in
this mode the tape recorder 1s permanently waiting to record
everything that appears on the IEEE bus,

| The sécond mode' is when the TEK 4031 is busy steering tﬁe
'érray. When MPU 7 decides that a steer is due the following
procedure is executed:

1. MPU 7 switches the tape deck off and signals the TEK 4051
to commence steering.

2., If the array 1is triggered during this mode, MFU 7
interrupts the TEK 405} and passes the compiled data rgcord to it
{6r staorage uhtil steering is complete.

3. When the TEK 4051 has finished steering it switches the
tape deck on, transmits to it the infurmatién it has stored, and
-theﬁ switches it off agéin.

| 4. The TEK 4051 then signals HPU 7 to resume control, and

this reverts to normal mode and switches the tape deck on once

more.

3.6.2 Information Recorded for Each Detection of the Cerenkov

Signal.

Whenever the array 1is triggered the following data are




recorded on magnetic tape:-

1. - the relative time of the occurrence of the pulse which
triggered the array, with a resnlﬁtion of 1 ps,
2. the relative arrival time of signals from other detectors

occurﬁng within a specified gate time, with a resolution of abaut I

3. the charge in the pulses from all 12 FHTs, in the range
0-230 pC, with a resolution of ! pC per bit,

-4, the ancde currents of all FMTs.

3.7 The Logging Electronics,

A flow diagram (Figure 3.6) is provided to illustrate the

configuration of the recording electraonics.

3.7.1 Selection Logic.

For each detector, the three PMT signals are amplified and
passed through high level discriminators to a fast (7 ns) threefold
coincidence unit_(AND gate(1)). This determineé whether or not a
genuine CerenkoQ light +lash has been detected. The cutput from
tﬁis is'passed to & triple fan-out, from where one signal path
leads to an OR gate, which is common to the array with an input for
each detectur {z,b,c and d in Figure 3.6). fhe output from this

provides the master trigger, informing MPU 7 that a signal has been

detected.

.3.7.2 Charge-to-Time Converters.

After the amplification stage, the signal from each FHT is

also paésed, using fan-outs, to a charge-to-time converter (QTC),
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which calculates the amplitude of the pulse. This information is
stored in 11-bit scalers until it is read out by the computer.

The Qates to all the @TCs within a detectar are. opened . by the
signal leaving AND gate{l). The delays in the signal paths from the

émplifiers are to give this gating signal time to arrive.

3.7.3 Time-to-Amplitude Converters.

The within-field-of-view fast btiming aspect  of the
experiment, discussed in detail in section 3.12.5, relies on
obtaining the relative arrival times of the Cerenkov flash at each
dgtector, with a resolution of about 1 ns., In order to achieve this
a time-to—amblitude converter (TAC) is used {for each detector,
coupled to a fast analogue-to-digital conQérter (ADC).

ALl £he TACs are started simultaneously by the signal leaving
the. Dﬁ gate (e in Figure 3.46). The stop pulse #or each individual
" TAC is provided by that detector’'s low level discrimination channel
as follows.

ARfter amplification, the signals frpm the fhree PMTs are
’édaed together by a mixer, to improve the S/N ratio, and passed
through a low level discriminator to ANDAgate(ﬁ). The other input
to this gate comes from the output from AND gatedi). It is the
output from this second AND gate which stops the TAC. Thus the TACs
are stopped in the order in which the detectors respond -to the
Cerenkov pulse, If a detector fails to do so its TAC is qot stopped
and 1is autbmaticglly reset. The TAC values can then be used to
calculate the relative arrival ﬁimes of the flash at each detector.

The jitter on the start pulse is quite large due to the level of

discrimination ‘uesed, which 1is near the top of the signal pulse.
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This is why the output from a2 low level discrimination channel,
with wmuch reduced jitter, is used to stop the TACs. The effect of -

‘jitter on the start pulse is eliminated since all TACs are started

simultaneously.

X.7.4 The Microsecond Clock.

This provides the time of detection of the Cerenkov signal
and is based on a | MHz oven crystél and 12-bit 30‘ MHz scalersj

timekeeping is discussed in detail in section 3.9,

3.7.5 Housekeeping Infaormation.

The housekeeping 1informatien, which is d@scussed in greater
detail 1in section 3.10 ig recorded once every minute. Slow
analogue-to-diqifal converters (ADC) are wused to translate the
signéls from temperature and pressure sensors and the FMT anode
currents into a form suitable for recording. In addition, the
individual PMT count rates, twofold coincidence rates and threefold

accidental channels are recorded by 11-bit scaler units.

J.8 Calibration Routines.

3.8.1 The Time-to-Amplitude Converters.

Ca}ibratinn of the TAL units was carried out wusing the
arrangement depicted in Figure 3.7. Each TAC was started and
stopped by thg same pulse by using a dual fan-out and a length of
cable providing a known delay. Different lengths of cable were
used, and the TAC reading, in bits, noted for each one. Thus it was
pbssible to obtain a conversion from TAC reading to real time. The

results, . which are plotted in Figure 3.8 (M. Walmsley, private
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communication), indicate good linear responses from all units.

3.8.2 The bharge-tD-Time Converters.,

These were calibrated for each detector by sending a pulse
simulfaneously' to each of its three BTC units (left (L), centre
(C), and fighf (R)} via a triple fan-out. -The numher of bits
registered by each.was noted, the procedure ﬁeing carried cut using
pulses of three different amplitudes. Plotted in Figure 3,9 are the
ratios L/C and R/C for each detector; these are straight line

graphs as would be expected for a correctly operating systen.

3.9 Timekeeping.

Timekeeping is based on a " local, oven-stabilised, 1 MH:z
crystal oscillator. The pulses produced by this are counted by e

scaler unit.

3.9:1 Use of 60 KHz Off-Air Signal.

The timing signal provided by the oven crystal is checked
regularly against a | MH:z standard derived from an off-air, 60 KHz
radio {frequency %tandard, by measuring the frequency difference on
an oscilloscope. Ihusnit isApossible to maintain relative time to

an accuracy af about 1 ps.

3.9.2 Absolute Timing Measurements.

The drift rate of the crystal clock is about 30 ms day~!, and
the reqular measurements of this (section 3.9.1) allow absolute

time to be wmaintained to an accuracy of about 1 ms using the

-off-air WWVEB timing signal.
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The clotk can run for more than 10 days before a reset is
necessary which results in high relative timing accuracy. 1If the
drift rate was high (5100 ms day‘;)’or the measurément of it too
imprecise, it would be necessary to reset the «clock daily to
maintain absolute time to sufficient accuracy, to the detriment of
relative timing accuracy,

The WWVB sigpal consists of a 1 s tick for the first 50 s of
eacﬁ minute, followed by silence until a tone sounds at exactly 0
s. The procedure for resetting the clock is to wait for the pause
in the ticks énd then initiélise the clock; the clock does not
.start immediately, but is triggered by the rising edge of the 0 s

tone, giving a start time which is accurate toc better than 0.9 ms.

3.10 Housekeeping Routines.

The housekeeping routines provide important information on
the general operating copditions and stability of the equipment.
‘This information 1is wused both during an cbservation run, where
regular updates provide confirmation that all is well, and in
conjunction with the data analysis to eliminate syétem malfunction
as a possible snurcé of any observed effect.

The information recorded consists of the temberature, anode
-currenﬁ and caunt rate of each PMT, atmospheric pressure, the
number of coincideﬁces between any twﬁ flux collectors 1in each
felescupe, the ‘accidental threefold rate and the information
recorded by the mains frequency monitor.

During an observation run this information is produced on a
printer at regular intervals; the spacing of these intervals can be

varied by the observers, but usually the print-outs are obtained




evefy time the telescope pointing directions are adjusted

_{typically every two minutes).

3.10.1 femperature.

The effect o{. temperature variations on the performance of
the RCA 4522 FHT has been iﬁvestigated. Measurements were carried
out on 13 PHMTs opérating in ambient temperatures over the range
5-33 °CL, using a.constant intensity light source. The transit times
and EHT yalues were measured as functions of output pulse height at
each temperature. It was found that within experimental error the

PHTs were very stable over this temperature range.

3.10.2 finode Currents.

The a.g.c. system ensures that under normal operating
conditions the anode curreats are constant throughout the
observation. However, distant lightning can sometimes be dete;ted,
resulting in bursts of bogus light pulses. When this happens the
f;ashes are tbo rapid for the a.g.c.'tu respond, causing wide
variations in anode currents; this fact can be used to clearly
identify such bursts_ in the data, and-eliminate them from the

analysis.

3.10.3 Individual PMT Count Rates.

These are monitored to ensure that the FHTs are performing
correctly., Individual FMT count rates are.set as high as possible
for maximum senéitivity, without being so high as to .result in
a;cideﬁtal triggers of the system; typically each FHT counts af a

rate of about 10 kHz;
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- 3.10.4 Atmospheric Fressure.

The atmospheric pressure déta has not yet been used in data
analysis; it is recorded for completeness, and for possible future

reference,

. 3.10.5 Twofold Mirrer Coincidences.

This information is recorded to provide a link between the
present experiment, wusing threefold coincidences, and earlier

experiments which frequently used twofold coincidences.

3.10.6 Accidental Threefold Rate.

In ;ddition to the sténdard recording of threefold wmirror
coincidences, the PMT signals from one detector are used to provide
a measure of ‘the threefold accidéntal rate. This is achieved by
passing the signals to an extra threefold coincidence wunit, but
with a delay of 140 ns in one of the signal paghs; this delay is
long enough to ensure that any coincidences recorded by Athis unit
are not genuine. In pfactise the observed accidental rate is less

than 1 event hour~!, which is suficiently small to be ignored.

3.11 A Typical Data Recaord.

Fresented in Figure 3,10 is a facsimile of a typical sectian
of data. Several different typés of data record are shown,
including signal records, housekeeping .records, and bleocking

information.

3.11.1 Format of the Signal Record.

The +first two integers, n,; and nz, are not data recorded
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Figure 3.10 A Section of Data.
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dufing observations, but are added later as an aid to data
aﬁalysis. Their use wjll be discussed in Chapter &,

The t#elve digit number, ns, is the relative time of arrival,
iq microseconds, of the Cerenkov~pulse at. the first detector. The
character, ¢, which can take values of either ‘A’ or '§° indicates
which data gathering mode the system was in when the information
was recorded; 'S’ represents normal mode, while A’ indicates that
the TEK 4051 was steer;ng the array (section 3.6.1).

The next four groups of numbers are the TAC and BT readings
for each dete;tor; within each group the order is TAC, @T., 8&T¢,

BTr. Finally, the anode currents of all twelve PMTs are recorded.

" 3.11.2 Housekeeping Information.

‘With reference tp Figure 3.10, lines 24559 to 24547 contain a
typical housekeeping record providing the following information:

Line 24559: The target _cﬁordinates in degrees {(zenith and
azimuth) for each of the four detectors.

Line 24360: The ps time at which the hausekeeping
information is delivered.

Line 24561: The PMT anade currents.

Line 24562: The FNT ‘tempgrature information {(not all the

temperature sensors were functioning at the time these data were

recaorded).

Line 24564: The total number of counts recorded by each of

the 12 FMTs since the previous housekeeping record.
Line 24567: f breakdown of array responses intoc the fifteen

possible categories; details of this are contained in section
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©3.12 Modes of Operation.

There are two modes of operation which have found frequent
application, these being the drift scan (DS) mode and the tracking
(TR) mode. Other possibilities exist for the operation of the

flexible system and have been occasidnally used.

- 3.12.1 The Drift Scan Mode.

In the DS mode, all detectors are pointed in the same
direction and the source allowed to drift through the field of
view., The advantage of this 60de is that for the duration of the
scaﬁ there is a constant background against which any excess.from
the source can be referenced. The disadvantage is that for much of
the bbservafion time the source is out of the field of view. This

is thus an inefficient but relizble technigue.

3.12.2 The Tracking Hode.

In the TR.made the detectors are steered as often as once a
minute to Lkeep the source near the centre of the field of view at
all times, For studies of pulsars, where the prime indicator of
activify is a periodicity in the signals, this i1s ideal. However,
there is the drawback that there is no off—sburce data to use as a
reference, and =so only rather large variations (> “10%) in the
signal intensity can be detected. For example, there can be
complications in allawing accurately .for the upward or downward
trend in count-réte due to systematically changing zenith angle.

During the coﬁrse of the wexperiment .tracking has assumed
precedence ovér drift scanning, since the majority of the sources

studied have been pulsar candidates. A further advantage of the TR
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mode wﬁich has come to light since the experiment began, is that
some sources exhibit variability on a time scale of aminutes in
their emissicon. For example, the Crab Pulsar has been found to emit
short bursts of VHE gamma ray radiation at apparenfly random
.'intervals. With the DS technique there is a stroﬁg possibility that
these would cccur during an off-source period and be partially ar

wholly missed.

3.12.3 The Survey.

Another possibility is that of surveying a large area of
space, such as the entire Cygnus regian, by means of a series of
long, overlapping drift-scans. A step has recently been taken in

this direﬁtion with a single 3 hour scan across the galactic plane

thrdugh Cygnus.

3.12.4 Multiple Source Observations.

It is possible to observe two sources simultaneously by
querating the system as two separate ,pairs of detectors. This
technigue has potential when for example observing speculative

sources at the same time as monitoring sporadic emitters,

3.12.5 Fast Inter-Detecter Timing.

When a Cerenkov light flash triggers two or ﬁo?e detectors,
the relative time of arrival of the pulse at each can be used to
'calculate the direction of the:source. The angular resolution of
this technique depends on a number of factars.

Firstly there 1s uncerfainty in the measurement of the

arrival time of the pulse due to the presence of random sky noisej
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clearly, the highgr the S/N ratio is, the more accurately this time
can be measured. Electronic time slewing also increases the error
in measurement, but the | use of dual-level pulse-gated
discrimination has much reduced its effect,

Secnndly, the Cerénkov light originates +from an extended
sourfé, about 1i° acrosé, and this results in a large shower image
in the focal plane. This 1is exacerbated by aberrations of the
opticallsystem and leads to jit£er of the transit time across the
FPHT, and hence timing errors.

Thirdly, there are errors in determining the dipect{on of the
princip#l axis of the shower'owing to the uncertainty in locating
the axis i1mpact point; the relative timing measurements merely
yield a direction normal to the chord of the shower front cut ﬁy
the arfay, which is not nécessarily th; ﬁost likely direction for

the brigin ot the gamma ray. This error amounts to approximately

0.5 minutes of arc m—1t,

3.13 The Choice of Array Spacing.

The spacing of the array was chosen as & compromise, there
being two conflicting requirements. From the point of view of
achieving high count rates for statistical reasons, whether in DS
or TR mode, the detectors should be sufficiently far apart to
operate as independent telescopes; for a gamma ray energy of 2000
BeV, a spacing greater than'abuut 100 m would suffice. On the cher
~hand, & fundamental requiremen£ of the fast timing technique is
that there be multiple detector coincidences, in order to locate
tﬁe direction of origin of the primary gamma ray.

The angular resclution of the array improves with increasing
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detector spacing, up to the threefold limit; beyond this the
detectors becone indepéndent ~and the techniqué is inapplicable,
However, at the same time thé effective collectinqv area 0# the
array for threefold .or fourfold responces 1is reduced. The
-theoretical variatipn of these two quantities with array size is
illustrated in Figures 3.1la and 3.11b (Gibson et al, 1981); the
quantity plotted in Figure 3.11a is the effective threefald area
_relative to the .theoretical maximum, this corresponding to the
-three telescopes being positioned directly adjacent to one another.

The final choice of array spacing (Figure 3.1) represents the
best compromise; ~the angular resolution 1is about 0.2°, the
.threefold collecting area 1is approximately 0.5 of the maximum

possible value, and the . outer detectors are approaching

independence at a spacing of 100 m.

.14 Facility Performance.

In order to illustrate the general performance capabilities
of the array the night of August 23 1982 has been selected for
detailed examination. It was a clear, cloudless night, during which
Cygnus X-S was tracked from the zenith down to 32°. There was no
appérent excess from the source during this run.

In'Figure 3.}2, the rates of onefold, twofold, threefold and
fouffold detector coincidences are plotted as a function of zenith
angle, together with the total count rate. The perhaps unexpected
teatures here are the dips in the responses at the zenith. This is
a feature which also appeared in the 1981 data. Its origin and
fmp[ications will be discussed in Chapter 4.

.13, the relative sensitivities of the four
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telescopes are illustrated, The total number of responses by each
detector 1is plotted aqainst zenith angle. (No account is taken of
which other detectors were also triggered, so these are not
_independent graphs.) Nevertheless, they show that detectors 2 and 3
are of relatively low threshold, detector 4 is relatively high, and
detector 1 is intermediate., This difference in sensitivities was
not a design feature, but reflects the varying quality of mirror
surfaces and PHTs in wuse, It ha;, however, proved use%ul in
estimating the slopes of energy spectra, as discussed in Chapter 7

{(section 7.1.4).

3.14,1 The Energy Threshold and Cullecting frea.

The interelationship between <collecting area and energy
| threshold makes it difficult to pruvfde an accurate measure of
eithér. From examination of the déta in terms of singleband
_multiple—fnld» responses (Figqure 3,12) it is clear that the
collectiﬁg area of a cingle telescope corresponds to a circle of
radius “30 m, fhat is, 1.3 x 104 m2; if it were much larger than
this, the "proportion of multiple-fold responses would be greatly
enhanced at the expense of single detector triggers, much smaller

and tHe converse would be the case.

Based on this it ic possible to estimate the threshold of a
single telescope by noting the count rate when there is no source
of VHE gamma rays in the field of viewj under this cendition the
detector is recording the CR background. By considering the
’estimate& collecting area it is possible to calculate the flux
detected, and since the energy spectrum of the CR background is

well established an estimate of detector threshold is possible,




For the four detectors. in the Dugway array the estimat?d
-energy thresholds vary over the range 1-2 TeV, with an estimated
error of 407 (Kirkman, private communication and forthcoming Ph.D.

thesis).,




CHAPTER 4.

THE SIMULATION OF CERENKOV LIGHT PRODUCED BY 1000 GeV GAMMA RAYS.

Detailed computer simulations have been made of the
produ;tion of Cerenkov light in the cascades produced .by 100-1000
GeV gamma rays, and include tﬁe responses of two detection systems.
The results relating to one of these, the Dugway facility, are
dealt with in the second partbof tﬁis chapter, while those relating
to the cther, the Mount ‘Hopkins Imaging experiment, will be
discussed in Chap£er 3. In the first part of this chapter the

mathematical model employed is examined.

4,1 The Mathematical Model. -

In the next section an overview of the originél program 1is
given. This 1is followed by a description of the modifications and

additions employed in the current simulations.

4.1.1 The Original Program.

The coriginal calculations were developed at Durham between

1971 and 1979 (Smith and Turver, 1973, Browﬁing and Turver, 1977,

FProtherce and Turver, 1979, WeComb and Turver, 1981) in conjunction

wifh the extensiye air shower (EAS) experiments at Haverah FPark,

'and at Dugway; Utah. These calculations were designed to pruduce
prediétinns for Cerenkov light produced by CR prdtons and gamma

rays. The publisheﬁ “data on gamma ray showers were of general

application; ng attempt being made to tailor them to any particular

experiment.

The electron-photon cascade was simulated in three dimensions

o
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using a Monte Carlo calculation. A leftﬁhandedeartesian coordinate
system waé used with the origin defined as the point of injection
of the primary gamma ray. The x direction was defined as magnetic
east, the y. direction as magnetic north, and the z direction
towafds the Eafth's centre,

The:tracks of all electrons and positkﬁhs~ were split into
straight segments approximating to £heir curved trajectories in the
geomagnetic fiel& and the Cerenkov light component calculated as
follows., (The terﬁ ;electrpn‘ will be used genericaliy to 1include
positrons unless otherwise stated;)

- The cone of radiation prodﬁced by each segment of the
electron traék, which was assumed to originate at its midpoint, was
represented by 180 rays of photons terminating in the observation
plane and %orming there an ellipse. These were then binned by core
distance {(using a series of annular rings centred on the coare
impact position), zenith angle, wavelength and time.

The 'prncesses whose effects were incorporated in the model
include Bremsstrahlung, pair-produﬁtiun, Amultiple Coulomb
scattering, Compton scattering, ionisation and direct
pair-production by electrons. The effect of the Earth’s geomagnetic
field was also includéd. The attenuation of light in the atmosphere
was calculated using the sodel of Elpermann {Eltermann, 1968).

The‘results of these original caLculatiops were compared with
those obtained Hy ofher workers using different simulation programs
by Browning and Turver (Browning and Turver, 1977). Extensive
comparison of the results was difficult because of the very
different, more detailed approach to the calculations particularly

with regafd to the inclusion of the effect of the Earth's




geomagnetic field, these being the first calculations to do so.
Nevertheless some general areas of agreement were found, a full

‘discussion of which is given in the above mentioned paper.

4.2 The Simulation of the response of the Dugway System.

Thevaim.of thé current work was to simulate as closely as
pnssiblé the response of the Dugway system to 1000 GeV gamma rays.
Thé simulétions‘were fo be used to assist in the chbice of array
spacing, and the estimation of the telescope threshold energy and

tollecting area,

4.2.1 Hodifications Employed in the Simulations.

Most 6f the woriginal computer code remained unaltered,
inclqdind the parts dealing with cascade development and Cerenkov
light production. The bisning routine, however, was replaced.

Photoh_densities were binned in a rectangular matrix of 1223
(49 x 25) detectors of the type employed at Dugway,-pitched at 15 m
in_ the x-direction (east} and 26 m in the y-direction (nortﬁ).
These dimensions were chosen to accommodate the geometry of the
actual array (Figure 4.1).- The wuse of such a matrix enables a
single shower to be observed by & Dugway-type array from many
different positions relative to the cshower ‘s core.

As in thé actual experiment, each detector in this matrix
consisted of three paraxial flux copllectors, each with geometrical
angular acceptance_laf i1.7°. Details of the geometrical aspects of

the binning are given in the following section,
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4.2.2 Binning Geometry.

Inl order to simulate the acceptance. of a detector as
accurately as possible, the following procedure was adopted.

Each ray of photons was dealt with individually. The existing
program provided the coordinates of Po, the mid-point of the track
segﬁent producing the ray, the coordinates in the observation plane
of Fy, the point of impact of the ray, and the ray’'s photon density
at this point. | '

The first step was to determine to which detector in the
matrix Py was closest, the detectors teing spaced sufficiently far
apart to make the closest detector the only ané capable of
intercepting the ray.

Two conditions must be satisfied for the telescope to be
considered to detect the ray: the path ‘of the ray must be
intercepted by one of the telescope’s three mirrors, and its
direction must fall within the cone of acceptance. For reasons of
computing efficiency, the latter condition is investigated first.

In Figqure 4.2 the technique used 1is 1illustrated. The
telescope is repfesented by three circles of 1.5 m diameter lying
in a plane. It is considered to pivot about the point Px(xy,ys,2s),
the middle of the central mirror. The ray of photons originates at
FolXoyYoyzo) and terminates in the | observation plane at
Falgyvayzad, infersecting the plane of the telescope at
Fzoldz,¥2,22). The angle a&; is that between the line  FoP, and the

normal to the plane; while a2 is that between PoFs and the normal.

In general, the angle (a) between two lines with direction

cosines (ly,my,ny) and (lz,mz,nz} is given by the equation




Plane of Detector

Figure 4.2

lllustration of Technique Used to Determine Whether a Ray Has Been Intercepted.




cos{a) = l,l¢tmymz+nyne (4.1)
For the ray, FoF,, the direction cosines are given by

1, = &x . . ' (4.2)

dy

my = &y ' S (4,3)
dy

ny = 8z C(4.4)
dy

where

6x = (Xo"Xl)

6y = (YO“Yg)

b2 = (2o-21)

and dy, the length of FoP,,is

dy = [&x2 + §y2 + z210-3

For the telescope, pointing in a direction {(#,¢) the

direction cosines are

1z = sin(H)@dS(&) (4.5)
me = sin{@) sin(¢) {4.6)
N, = cosif) (4.7)
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Hence ¢, may be found ﬁsing equation (4.,1). For detection,
_the inequality &, < 0.B5 must hold.

To satisfy the other condition, the point P nust lie within
_ane of the three «circles. Its coordinates are calculated as
follows.

A more general form of equation (4.2) is

1y = (xo-¥)

where x 1s any point on the line FoFy, and d is the distance of

that point from Po. Rearranging this, we obtain
¥ S Xo-1l.d .
we'are interested in x2, so we use
X2 = Xo-lid2 (4.8)

Therefore in order to obtain %z we need to know dz, the length of

‘the line FoFz.

Now, the perpeﬁdicular distance, p, from Po to the plane is

given by,

p = dzcos{ay) (4.9)

and élso

p = dxrosieaz) (4.10)




Since ds (the 1length of the 1line FoPs) and a2 may be
calculated in a similar way to d, and a,, the coordinates of Ps
being known, we may eliminate p from equations (4.9) and (4.10) to

yield,

d2 = dscos(az) ' (4.11)
cosf{ay)

Substituting into equation (4.8) we have

N = Xo'l;dsCQS‘(az) (4.12)
cos ()

Similarly

n

Yo-mydzcos(az) (4.13}
cos{a,)

Y2

Zz = Zo-Nidsctos(az) (4.14)
cosfla;)

Using equations (4.12)-(4.14) the coordinates of Pz may be
‘found. Then the disténce, r, betweenAPz and the centre of each
‘mirror’ can be calculated. If the condition r <= 0.75mis fulfilled
for any of these the ray is considered to have struck that one.

At this point the attenuation of 1light 1n the ray is

determined .in order to calculate the photon density, which is then

stored.




4.2.3 Considerations of Computational Efficiency.

An important consideration regarding the implementation of
tﬁe_modifications was . the efficiency of the code; for example, the
cubroutine containing the binnihg processing is called ™ 103 times
far a:cascade initiated by a 1 TeV gamma ray. In order to maximise
.the efficiency of the code two mgin strategies were adopted.

The first of these iﬁvolved attemﬁting to eliminate as many
‘rays’ of photons as possible simply on the basis of the
information regarding the point of impact on the ground without
reénrting to the compiicated; and therefore expensive, calculations
described - in the previous sectian, Given the physical
characteristics of & telescope, 1including i1ts size and angle of
acceptanée, and applying the constraintAthat it not be nﬁerated at
zenith ahgles greater than 60°, it'is possible to define for each &
catchment area in the ground plane. MWith the chosen telescope
spacing in the matrix this catchment arEa 1s small compared to the
total area of the matrix. |

After the coordinates in the ground plane of the point of
impact of a réy of photaons have been talculated, the next step 1is
to determine to which telescope this point is closest. This is doné
by translating the coordinates into a frame of reference with units
in % and y directions chosen such that the coordinates ot télescope
locations Aare integers, the central telestope being located at
(25,13)3 this is tovfacilitate storage of the detected =signal in
computer memory. It is then a straightforward matter to decide
whether the coordinates of the point of impact .are sufficiently
close to integer values to be within a telescope’'s catchment area,

and if they are not the ray 1is abandoned, thus aveoiding the
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cnmplic;ted calculations cutlined in the previous section.

Tﬁe second strategy involved running the simulaticon praogram
in conjunctiaon with. a supplied system subroutine wﬁqse purposé 1s
to monitor the distribution of <cpu time among the program’s
subroutines and fuﬁctions. This produced ‘a detailed vreport from
which ‘it Was possiblé to identifyvthe most frequently executed
sections of cndE'aﬁd take steps to imprové their efficiency. By
' tﬁis means the average cpu time usea by the program was reduced by

about 30%.

4.3 Checks of {he Simulations.

To minimize the possibility of corrupting the existing
pfugram,j the new sections of code were inserted as eutra, as
oppused.to replacement, and redundant code was sSimply bypassed
rather than deleted altogether. These new sections were thorough{y
fested in isolation from the rest 6f the program btefore use,
particularly those relating to the geometrical <calculations
descfibed in section 4.2.2.

As a {inai check, before any deductive work was carried out
uéing‘ the new simulations, they were tested against previous
calculations using the same basic code (Browning and Turver, 1977,
Protheroe énd Turver, 1979). The aim of these tests was not to
estabiisﬁ the valiﬁity. of the casca&e‘ production part of the
program' siﬁce this had already been achieved (;ection 4,.1,1),
rather to 'check 'that' the new binning routines gave sensible
results, It was not possible to compare the present results with
similar tal;ulafians'made by other waorkers since none exists which

is directly comparable.
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Lateral distributions {for vertically injected showers at
energiésbof 100, 300 and 1000 Bev'were obtained by ayeraging the
appropriate events from the simulatign database, details of which
are given in the next section. The results are shown in Figures 4.3
and 4.4 where they are cnmﬁared with similar plots obtained at 100
and 300 GeV by Browning and Turver (Browning and Turver, 1977),
which-empluyed geometrical apertures o% 1e and 3° (FWHM), compared
t0 the present value of 1.7°, and an.observation alt;tude of 2380 nm
a.s.l. instead of the Dugway'altitude of 1448 m a.s.1. The current
results are ;Dnsistent with previous work, (It should be noted that
fhe current }ateral distributions‘réfer to an origin at fhe centre
of -the detector matrix, the position of core impact, but that the
peak in intensity of the light ﬁoul geherally occurs away from this
povint, as discussed later in section 4.5.1. Consequently Figures
4.3 and 4.4 do not represent the maximum photon densities recorded.
However, since the oprevious results (ibid.) were also centred at
the position of core impact this was the most appropriate way of

calculating laterélldistrihutions for the purpose of comparison).

4.4 The Simulation Database.

_ Preliminary estimates of the threshold energy of the Dugway
detectors yielded a value of the order of 1000 GeV. As this is the
highest: energy which «can be ‘realistically simulated given the
constraints set by considerations of available time ‘Gn the
computer, it is wupon cascades initiated by gamma rays of this
energy that the results are based. However, as mentipned in the
previous ' sect?on, in order to provide a link with earlier

calculations at lower energies based on the same program (Browning
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and Turver, 1977), simulatioen of 100 GeV and 300 Gev gamma ray
initiated showers was also cérried out (Figures 4.3 and 4.4).

'Simulations wefe obtained with primary gamma rays injected at
0, 10 and 35 degrees to the zenith to provide a measure of the
performance of the array over the range of zenith angles employed
in the actual observations. A summary of the calculations made 1is
given in Table 4,.1.

Each simulated shower 1is initiated by é 10 digit random
number. To allow as close a comparison as possible between cascades
initiéted by gamma rays of different injection angles, the numbers
selected randqmly for the vertically injected showers were retained
faor the nun-verfical ones, so that as near as is possible the same
cascadé developments were used. 0f course, the shower development
is different in detail at different injection angles, but the
general charécteristics, such as the depth at which the cascade
max;mises, are similar.

The results of each simulation are observed by the matrix of
1225 detectors seven timeé, that is, with detectors pointiné alang
the line”uf approach of the primary gamma ray, and with them tilted
up to % 3° opff-axis, in 1° increments (no significant signal is
detectable at offset angles greater than 3°). This simulates the
effe;t of  a source passing through the field of view of the

telescopes, and is used to «calculate their effective aperture

functions.,

4,4.1 Basic Output from the Calculated Showers,

The information produced uﬁon,combletion ot a simulated gamma

ray initiated cascade falls broadly into three categories:




Table 4.1

Energy(GeV) Injection No. of

fingle(len) Events
1000 0 : 20
1000 10 20
IObO 35 : 20
300 0 10
306 10 10
300 35 10
100 ] 25
100 10 10
100 35 25

. Table 4.2

Primary gamma ray energy = 1000 beV

0.0°, 10.0°, 35.0°

Injection angle Zenith

90.0°

Azimuth
Injection altitude = 29600 m a.s.l.
Observation altitude = 1448 m a,s5.1. (Dugway)

Enérgy cut-off to ensure emission = 20.0 MeV




1. Firstly there are general details regarding the initial
paramefers selected, including the energy of the primary gamma ray,
its‘inJEﬁtion angle and altifude, the observation altitude, and the
electron‘energy threshold for emiésinn of Cerenkov light.  The
values employed throughout these calculations are given in Table
4.2,

2. Secondly a summary 1is given of the electren number
development and the number and eneréy of electrons and photons
reaching the obsérvation level. The former is particularly useful
in distinguishing between showers which develop normally, and those
d;velﬁping particularly early or late in the atmosphere. Generally,
the deeper the primary .gamma‘ray penetrates into the atmosphere

-befaore the first.interaction occurs, the narrower is the pool of
light produced at the observation level.

3. Thifdly, the response of the large matrix of Dugway-type
détécturs is given in-units af photons m~2, as a fun&tion of offset
angle between the direction of travel of the primary gamma ray and
the orientation of -the telescopes. This forms‘ the principal

database for analysis to assist the Dugway experiment.

4.4.2 Map of Array Responses.

For the main analysis the information 1in the database
undergoes further processing. A map of array responses is produced
by considering the response of a Dugway-type array at each position
in the ground plane covered by the matrix. Examples are provided in
Figures 4.5a,b,c and d, which are maps derived from a cascade
produced by a vertically injected 1 TeV primary gamma ray, observed

"nver_ a range of detector thresholds. The position (0,0) is that of
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the théareticél point of impact of the primary gamma ray, and the
numbers :élong both éies correspond to distance measured in metres.
The numbers in each box indicate which ot the four detectors would
have 'been triggered by the event if the central detector of the
.array had peen in the position indicated by that box (the presence
of fhe number ‘1’ indicates that dete;tor 1 would have heen
triggere&, and so on). Thus, +the presence of all four numbers
represents a fourfold detection of the Cerenkov light flash.

The value chésen for threshold of the defectnrs is variable,
and for this work a range of six values, frem 25 to 100 photons
m-=2, Was Iused. This choice was based on the original estimates of
the expected senéitivity of the detecto%s, (70-100 photons n—2)
which has been supported by experimental results. Very little

signal is detected when observation thresholds greater than 100

phofons m~2 are employed.

4,5 Kesults of the Simulations.

One of the most important aspects of these simulations lies
in their assistance .in understanding the performance of the array
of telescopes at different =zenith angles. For example, previous
workers have éuggested that -the count rate observed by such
detectors should diminish as cos2-S(8), where "8’ is the zenith
angle: it will belshown here that the zenith angle dependence is
very much more complicated and is a strong function of the detector
threshold, a fact for which there 1is significant coroboratery

evidence in the data obtained at Dugway during 19B1 and 198Z.




'4.5.1 General Characteristics of the Vertically Injected 1000

GeV. Simulated Cascades.

The general characteristics of the showers, such as the size
of the light pool, vary with the depth of the maximum of the
electruqrphoton cascade., The histogram in Figure‘4.6 indicates the
range of values -for this parameter for "vertically injected
cascades, with the “unit’' of afmospheric depth being 25.8 gcm—2
(that is, the n*" bin is centred at & depth of 25.8 x (n =~ 0.5)
gcm—2). ?rum this the mést likely dep?h of maximum is “Z70 gcm—2,
with the earliest developing event in the database maximising at a
depth of ~245 gcm~2 and the latest at "530 gom~%,

The number of electrans of energy greater than 20 HeV at the
maximum varies over the range 500-800, the mean value for the 20
vertical 1000 GeV events standing at “670. The average nﬁmber of
“electrons reaching the observation level (1448 @ a.s.l.) is 12, and
that of photons &0, but peak values can be as high as &40 and 300
respectivély for late developing cascades.

The peak 1n the recorded photon density is typically'> ~100
photons m~2 for early and normal shaower development rising to 2
“400 photons m~2 for the latest developing cascades.

The parameter used to define the size of the light pool'is
the distance from the position of the pealk in the recdrded photan
density to that at which this haé fallen to 1/e of its maximunm
value; this distance is measured in eight compass directians and
the mean calculated. Typical radii of light pools for the earliest,
an average and the létést developing showers are 110 m, 100 m and
43 m respectivelyf

Finally, as mentioned previouesly, the peak in the recorded
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photon density 1is displaced by up to 100 m from the position of
core impact. -There is no significant evidence for a preferred

direction for this displacement, and similar effects have been

noted by other workers (Forter, 1973).

4,%.2 General Characteristics of the Non-Vertical Cascades.

For cascades initiated by gamma rays injected at zenith
angles of 10° and 35° the peak in the electron number develnpmént
occurs typically one or two bins earlier than with the vertical
showers (the total. number of electrons produced is approximately
the same). The 'nﬁmbers ‘of electrons and photons -reaching the
observation plane are more or less unchanged for 10° cascades, but
much reduced at 35°, with average values of 1 and 5 respectively.

| The peaké in photon density recOrded for 10° cascades are
similar to thase obtained for vertical uneé, but at 35° these fall
to between 50 and 100 photons m—2 for' eariy and. normal shower
development‘gnd > V130 photoﬁs m~2 for late developers.

Finally, the =size of the light pool increases with zenith
angle‘as expected. At 10° the radii of light pools- for early and
normal developfng ‘showers are typically in the range 120—130 m,
while late developers produce values ~70 m. For 35° schowers the
rgdii are difficult to estimate according to the convention
described in the previoué section siﬁce the typical light pool no
longer has .a well-defined peak, being a fairly wide distribution
with a large number of small peaks and troughs. Only in the case of

" late developing cascades 1is it possibtle to make a reasonable

estimate, and this produces a value of “115 m.
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4.5.3 The Variation of Array Response with Zenith Angle.

To determine the zenith angle dependence of Athe array
.respohse3.thé~number of on-axis counts, é;eraged nver- the 20
showers, hasv been plotted as a funct;oh of zenith angle in Figure
4,7, for each of the six thresholds used.

In all cases except that corresponding to the highest
threshold,> the maximum count rate is observed laway from the
vertical, contrary to conventional expectations. The explanation
otfered here for the form of these plots is that there are two
compéting influénces‘ on the telescope response, the relative
“importance of which depends on the threshold being considered.

-As the injgction angle of the primary gamma ray is increased,
the shower develops at progresgively higher .altitudes and the
-Cerenkov signal consequently suffers greater attenuation, resulting
in lower photqn density iﬁ the ohservation plane.

At the same time, however, the size of the light pool on the
ground 1is ?ncreased, due partly tnta factor of cos~*{(8) arising
from the tilting of the light cone with'respect to the plane of
observation, and moreso due +to the lengthening of-the cone axis

resulting from the development at a greater distance from the

observation level.

vThe. net result is tha£ as the zenith angle is increased the
light pool diminishes in'aensity but increases in size. ‘At high
‘observation thresholds i”lGO photons m-2) the former influence is
expected to dominate, with the latter having increasing effect as
the threshold is reduced. At the lowest thresholds (<50 photons

m~2) it can be seen from Figure 4.7 that the size of the light pool

is the principal influence,
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A comparison with actual date, drawn from three nights’
observation, is provided in Figure 4.8. The selection of the nights
of 22 and 25 August and 14 October 1982 was based upon three

criteria:

‘i, On each "night the source (Cygnus X-3) was {racked
continuausly aver the entire range of zenith angles'pertinent te
A’-the simulations.

2. The sky conditions were excellent throughout.

3. No significant excess count was detected at any phase,
jndicating that there were no sources emitting.

In Figure 4.8 the total number of counts detected by the
array of four telescopes is plotted against zenith.angle; each data
point repesents 30 minutes data, the point being plotted at the
avefagé zenith angle for that period. For two of these plots the
maximum observed count occufs at “~&°, while for the third the
response is fairly +flat out to “20°, According to the simulated
responses of Fiqure 4.7 these correspond to observation thresholds
of between 70 and 100 photons m~2 in agreement with values derived
{fom talibratiuns. It should be noted that in the simulation of the
response of the array the detectors are all assumed to haQe fhe
same threshold, whereas the real telescapes span a range of

-

sensitivities ae noted in Chapter 3 (section 3.14},

4.5.4 Single and Multiple Detector Responses.

The relative contributions of single and wmultiple detector
responses to the total number ot counts are plotted as a function

of zenith angle in Figures 4.92 to 4.9f, for each of the siv
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density thresholds chosen,

In the 1light of the results discussed bin the previous
secfion, these results are not surprising. At the higher thresholds
‘(Figures.4.99 and 4,9%) the variation of the relative responses
wifh zenith angle is more or less what would be expected from-this
previous work; as the injection angle is in&reased ﬁhe light 1is
maore éttenuated_ and ;unsequently the number of onefalds rises at
the expense of wmultiple-fold responses. At lower thresholds,
however, aoance again the increase in size of light pool becomes
prog}essively more significant, leading ultimately, at the lowest
threshold (Figure 4.%9a), to the case wﬁere gnefold and even twofold
responses  diminish, allowing the higher multiplicity responses to
increase in number.

Once again, comparison with experimental results is useful,
these being two graphs (Figures 4.10a and 4.10b), the first based
on 1981 data and the second on that recorded in 1982, in which the
percentgges of single, two, three, and {ourfold responses are
plotted against the zenith angle at which the observations were
made. In 1981 the a}ray cumprised-dne.luw threshold, two medium
threskold and one high threshold detector. In 1982 the sensitivity

'of the " array waé; improved by more rigorous mirror alignment and
Qperatfng at higher PMT gain, the principal benefit being the
increase in sepsitivity of one of the hedium threshaold telescopes
resulting in two low threshold channels.

The effect of this improvement in sensitivity is most wmarked
at :zenith angles greater than ™~20° where the percentage of
multiple-fold responses is maintained tor much longer. Comparison

with the results in Figures 4.9a to 4.9 is encouraging. The 1981
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data is similar in 4nrm_to the plot at 100 pﬁotoﬁs m~2, whereas the
1982 data is more like that at 70 photons m~2. There 1is a slight
discrepancy in-. that .the share of onefold responses is higher and
that of twofold and threefold correspondingly lower for the
simulated cascades that for the real data, but this may be due to

the non-uniform sensitivities of real telescopes at Dugway.

4,5.5 The Response of One or More Detectors as a Function of

Th;eshuld.

The number of responses of one, twa, three or four detectors,
expressed as a percentage of total response, is plotted in Figures
4,11a, 4.11b and 4.11c, as a function pf threshold, for the zenith
angles in use.

The general characteristic is of a steady increase in the
percentage of onefolds at the expense of the higher fold numbers,
This is entirely expected, since the 1light pool 1is effectively
reduced in size as the threshold is increased,

There 1is, however, an unusual feature, namely the behaviour
of thé twofald curve. At 0° injection angle, the percentage of
twofolds .is jusf greater than that of threefolds at the smallest
threshold: thereafter the difference between them increases. At 10°
the percenfage of the latter is marginally greater than that of the
former at lﬁw thresholds, with the <c¢rossover point occurring
between 46 and 55 photons m2, and the effect is even more
pronounced at 35 injection angle. This may be egplained by similar
arguments to those used in the preceeding section, namely that at
sufficiently 1low thresholds the effect of the greater size of the

light pool at increased injection angles outweighs the
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corresponding reduction in photon density in the observation plane.

4,5.6 The Computed Aperture Function.

The cﬁmputed telescope aperture functions were obtained by
calculating the number of respoﬁses of the detector matrix for each
1000 GeV shower (see Figure 4.5) as & function of the offset angle
between the arrival direction aof the primary gamma ray and the
pointing direction of the teiescopes. The results were integrated
over all showers_at each zenith injéction angle and for each of the
selected observation thresholds.

Curves were fitted to the data points using a function of the

form
yi{x) = A exp(-xpr/a) {(4.19)

where y correspaonds to the number of responses at an offset angle
Xy expreésed as a percentage of the tatal number of fesponses. The
values of the parameters A, a and p are fixed by the values
.obtained for v at 0, 1 and 2 degrees offset resbectively: the value
of the FWHW may be obtained by substituting y=A/2 into this
equation. (Aperture functions for which A < y{(l) have a more
caomplicated functional form than that described by -equation 4.13
and were therefore fitted "by eve".) The results are plotted in
Figures 4.12a, 4.12b and 4.12c as single-sided functions (the
responses were found to be symmetrical for negative and positive
values of x, and were combined to give improved statistics). These

functions are seen to be approximately GBaussian, with typical

values of p falling between 2 and 3 ({(equation 4.15 reduces to
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Gaussian form.when p=2).

Thé most important fact is that the geometric aperture (1.7e
FNHH) is‘increased owing to the finite size Df-the light spot to a
valdg in the range 2-3°. The general characteristic is of.an
.aperturelfunction whaose width and shape varies with both threshold
and injection-angle. It will be shown that-fhese two quantities are
closely related, which 1s not unexpected, ‘and that this has
important cbnsequences regarding the interpretation of an
experiﬁental determination of the aperture of a telescope.

In Figure 4,12a the aperture functions obtained‘ for
vertically injected showers are presented. The main characteristic
is that the aperture function narrows as the ocbservation threshold
‘increases. At the lowest threshold considered (25 photéns m~2) it
has the value of “2.9°; which is reduced to “2.5° at a threshold of
Wi phntons' m~2. Thereaftter no appreciable further reduction is
-seen, and in fact at a threshold of 100 photons m~2 there 1is even
aﬁ apparent widening to 2.6°.

~The cnrrespahdingAresults for injection angles of 10° and 35°
are presented 1in Figures 4.12b and 4.12c respectively. At 10° the
width of thé aperture function reaches i1ts minimum value (2.3°) at
a threshold of 40 photons ™2, From 70 photons m~2 upwards the
functinﬁ is widening again, and at 83 phaotons m~2 the peak response
apﬁears at 1° offset. Hoving on to 35°, a similar pattern is seen,
but now the aperture- function is at its narrowest (2.1°) at 25
photons m~2, and the.shift in the peak respanse position occurs at
still lower thresholds.

In addition to considering the total array response in this

- way, the differences between aperturé functions corresponding to




single‘ aﬁd multiple-fold telescope responses were investigated. In
FigureA4.13 the reSulfs deriQed from the 20 vertical 1000 GeV
cascades, and using an observation threshold appropriate to the
actuai array (70 photons m—2), are given. The aperture function is
seen to- narrow as fold-number increases from 2.8° for onefold
respunées to 1.7° for fourfold responses. The changes seen in width
and shape -of these functions are expected from the previous
{indiﬁgs,' since in effect an increase in fold-number is egquivalent
toc an increase in threshold.

Exﬁerimental evidence, using the fast inter-detector timing
technique described in Chapter 3 (section 3.12.5), (Dowthwaite et
aI,'19B4;) has indicated tﬁat the gamma rays from a source have a
spread of‘ only ~t°, whereas the CR protons are, of course,
isotropic. If the aperture functions in Figure 4.13 are. examined
with this in wmind it may be seen that the higher fold-number
responses ought to be richer in gamma rays than the “lower ones,
since a greater percentage of these showers are detected within
0,.3° of the directioﬁ of the source (assumed to be at 0° offset).

This is supported by the light curves given in Figures 4.14a
and 4.14b (ibid.), formed from onefold and twofold telescope
responses respectiveiy, usingvdata recorded on the Crab pulsar
during 1982-1983, Qhere an excess in counts is seen at the phase of
the radio main pulse. This excess, while observed at better than
the 3 ¢ level of significance in both datasets, is ~seen to be
‘strnnger Ey a factor of “2 in the data of Figu%e 4,14b than for
those of Figure 4.14a, a 100% improvement in §/N ratioc.

This 1is somewhat larger than the prediction from the'

simulations, which suggests ™ 27% improvement only. This prediction
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was 'obfained by tdnsiderinq the aperture ?unction in three
dimensions and calculating the volume enclosed fqr both onefold and
twofold responses. The total volﬁme enclosed was considered to be
proportional to the noise from the isotropic CR background, while
the volume enflused by the aperture function within- 0.5%° of the
axis corresponds to the gamma ray signal. A caomparison of the two
S/N ratios so obtéined'leads to the prediction above,.

This treatment ﬁakes several ;ssumptions, however. The first
: is that the aperture function for protons will be the same as that
obtained here for gamma rays; clearly.if it were broader it 1is
expecfed that the enhancehent would be greater.

Secondly, only 1000 GeV gamma rays have been considered for
this treatment. In réality, twofold responses will tend to result
from higher energy gamma rays than onefolds, and any difference in
the slopes of ihe spectra for gamma rays and the CR background
would therefore affect this result;

A» third assumption, menticned in an earlier section, is that
the telescopes are all of equal sénsitivity, which is not the case
in feality,'and this too may have an effect.

" Nevertheless the important fact i1s that the prediction from
the simulations of an improvement in the S§/N ratio is borne out by
the observation of an established gamma ray source. It is expected’
from Figure 4.13 that. a further enhancement would be obtained by
considering threefold or fourfold telescope responses alone, but

the number of these in the data recorded in 1982-1983 is too small

to enable the detection of any significant effect.
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4,6 A Single ‘Typical’' Gamma Ray Initiated Cascade

Injected at 20e,

A single 1000 GeV cascade was produced using an injection
~angle of 20° to give an indication of the variation of shower
characteristics between 10° and 35°, the lack of computing time
preéluding the production'of a full set of 20 showers. The cascade
selected was the one tﬁat ‘most closely resembled the ‘average’
shower of the dataset at other injection angles, although it was
not pdssible to find one which was truly representative in all
respects.

i The analyses ‘described in sections 4.5.2 to 4.5.6 were
repeated +tor this individual 20° simulated shower. The results
support the previous ones, displaying similar trends, but their
-usefulnes is limi{ed uwihg to their poor statistical value. Future

.plans include the production of a full set of 20° cascades.

4.7 Conclusions.

The most outstanding feature of the simulation results is the
"insight ’into the dependence of 'the telescope response on
otservation threshold. Figure 4.7 illustrates this, showing that
with a sutficiently low detection threshold, worthwhile
measurements could be made at much greater zenith angles than
previously thought, and, in thg case 64 the lowest thresholds, the
count rate may be expected to actually increase with zenith éngle.

Related to this is the unexpectedly high 1level of
multiple-fold responses (for which fast timing techniques would
gbtain) at low fhresholds, particulariy at the greatest zenith

angle, where they constitute “60% of the signal (Figure 4.11c).




This clearly has important implications for an increased yield of
any fast-timing analysis._

The improvement iﬁ our understanding of the behaviour of
aperture functions is also highly significant. For a system with a
‘geometric aberture af 1.7° and a threshold in the range 70-100

photons m~2 (as seems appropriate for the Dugway telescopes), the
effective aperture has values of 2.9° FQHM for 8=0°, increasing to

2.6° FWHM at 10° zenith angle and developing an off-axis peak
response at  35°. If true, this latter fact would suggest that for
observation at large‘ienith angles (> “40°), a source may appear as
an excess in count rate before and after transit through the centre
of the field of view.

"Ni£ﬁ a much lower observation threshold (40 photons a+2),
the aperture would be expected to reduce in width with increasing
zenith angle (2.6°, 2.3° and 2.1° for zenith angles of 0=, 10° and
38e respectively),;givjng rise to an improvement in the S/N ratio.
Thé evidence %or improvement due to a narrowing of the aperture has
already bgen noted in the analysis of data fecorded on the Crab
‘pulsar, with the observed enhancement of a positive effect when
éonsidering only twofold responses as opposed to broader aperture
onefolds (Dowthwaite et al, 1984a).

Since the energy thresholds of the Dugway telescopes are
above *1060 GeV, simulated cascades at higher energies, say "“3000
Gév, would prﬁve useful, It may prove possible to produce some
showers these energies in the future, and this would enhance the

value of the conclusions based on simulations,
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CHAPTER 5.

CSIMULATION OF THE RESPONSE OF THE WHIPPLE OBSERVATORY CAMERA.

A prujecf has been underway since 1982 to use the 10 m
diameter optical reflector at the Fred Whipple Observatory (FUD),
at HMount Hopkins in Arizona, to‘recnrd two-dimensional Cerenkov
light images from émall EAS, The technigue employed was first
suggested by Weekes and Turver (Weekes and Turver, 1977}, and the
" preliminary design and expected performance of & camera based on
the 10 m reflector wés described by Weekés in 1981 (Weekes, 1981).

The potential use of the imaging " technique lies in the
determination of the arrival direction of the primary gamma ray or
proton from an analysis of the isophotal contours éf the light spot
formed on the camera. The energy of the primary could be estimated
by integrating the totai light in the shower image. The accuracy of
the technique will be limited by fluctuations in EAS development.

This is a collabofation involving workers from six centres.
OGne - of these, the G&Smithsonian Astkaphysical Qbservatory, has
élready been mentioned as the site of the observations. The canmera
electronics is provided by a group at University College, Dublin.
The imaging analyéis is contributed to by groups from the
University of Hawaii, Iowa State University and the University of
AHong kong. The .University of Durham contribution consists of
computer simulations of thevresponse of the camera, WHich are the

v subject of this chapter, To begin with, however, the camera will be

described briefly.
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5.1 The Camera Description.

The camera comprises an array of 2" diameter PMTs mountéd in
the focal plane of a large (10 m diameter) reflector which is
mounted on a computer-controlled alt-azimuth platforam,

The 10 m reflector comprises \248 ‘hexagonal, ground-glass
elements, each 1 cm thick and &0  cm in diameter. These are
front-aluminised with a silicon dioxide overcoating, giving a
collecting area of approximatély 75 m2, The facal-length is 7.3 m.

The camera head consists of 37 pixels (RCA 4518 PMTs)
arranged as indicated in Figure 5.1 (the diagram shows an extra
ring of PMTs as considered in the simulations, making a total of
61), with 0.5° between the centres. The full field of view of the
camera is 3.3°,

The camera employs fast pulse amplifiers and triggers (LeCray
MVL100), with fast coincidence and master trigger generation. The
pque heights are recorded with RTC wunits, based on the Dugway
experiment, with 8 bit resolution. Relative time is kept with a
resolution of 1 ps, and absolute time to * 0.05 ms. Individual

channels are monitored by ratemeter, with rates set at between 0.1

and { kHz.

5.2 Operation of the Camera.

A rénge of selection requirements have been emploved.
Initially the system 1is triggefed when 3 or more of the inner 7
FhTs register a coincidence; when this happens the signals from all
pixels of the camera afe'recorded.

Dﬁring a trial period in 1982-1983, using only ZOQ mirrors on

the reflector, whose average reflectivity was 334, the shower
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Figure 5.1 The FWO Imaging Camera Head, as Used in the Simulations.




detection rate at the zenith was 1-2 Hz. With a full complement of
newly coated mirrors a fivefold improvement on this may be

expected.

9.3 The Simulation Frogranm.

The . program used to simulate the response of the FWO camera
is idenfical to that described in the preceeding chapter- for the
Dugway ;alculationé, with different binning routines employed. The
aim was to provide a guide to the interpretation of experimental
results and to aid the developmént of image analysis routines to-
enhaﬁce ‘the detection of gamma ray initiated Cerenkuv light

flashes.

S.3.1 The Binning Routines.

For these simulations 41 detectors of the FWO type were
included 'in a cruciform pattern, centred on the position of core
impact (0,0} as shown in Figure 5.2. These were positioned at
.intervals of 25 m out to 250 m along north, south, west and east
directions, so that the variation of the size and shape of the
'Cerenkay light image with distance and direction from the origin
could be investigated,

Each detector in this matrix had a camera head comprising 61
pixels; arranged as illustrated in Figure 3.1. The arrangehent is
‘identical to that used in the real camera, with the addition of an

extra ring of FMTs to provide further information to aid the

‘optimum use of simulation results.
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5.4 The Whipple Dbservatory Simulation Database.

Gamma ray initiated <chowers -were simulated for vertically
incideﬁt gamma rays at three energies, these being 100 GeV, 300 GeV
| and 1000 GeV; the estimated threshold of the fully efficient camera
lies within this range. A summary of the calculated cascades 1is
given in Table 5.1. |

As for the Dugway simulations, the information recorded falls
intq three main cateqaries, the first two being common to both sets
of calculations; these were described in Chapter 4 (section 4.4.1).
The 1initial parameters used in the Mount Hopkins calculations are
éummarised‘in Table 5.2.

.The third category here consists of tﬁe camputed responée of
thé FWO camera, in unifs nf.phuto-electrons m-%, as a function qf
displacement and direction from the point (0,0). This forms the
mainldatabaseAfor analysis, |

In additiqn, software was written to perform analyses of the

images of the type described in section 5.5,

'5.4.1 The Response of the Array of Imaging Caméras.
: Since the computer code_ employed for the electron-photon
cascade was essentially identical, the FWO simulated showers share
fhe same general charécteristics.as fhe Dugway ones, as described

in Chapter 4 (section 4.5.1).

An  example of the output from a 1000 GeV shower is given in
Figufes 3.3a,byc,d and e. These show the response of éach pixel 1in
the camera head (in phato-elecfrons m-2) {for cameras positioned at
(G,0) and at distances of 100 m from this point along all f{four

axés. Detailed analysis of these results will not be given here,
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Table 5.1

EnergY(GeV) - lInjection No. of
Angle{len} Events
1000 0 30
300 ' 0 25
100 | 0 25

Table 5.2

Primary gamma ray energy = 1000, 300, 100 GeV

Injection angle Zenith 0.0

0.0e

fzimuth
Injection altitude = 29600 m a.s.l.
Observation altitude = 2134 m a.s.1. (FWD)

Energy cut-off to ensure emission = 20.0 MeV




9l

.ei'8

+6°

"z

1

*4amouys AoLlL pejo|nuwig o) oJewo) Bu)bow] jo asuodsey

8¢°'01

62°'¢ :
8L° 9% [4 9 -1 6y vl
9v°Z 0L 191 [4 241}
.. €0 Ll ’
’ 88°'9
) : €0° 1

. cz'e .

(sbap 29 ~/+ 1D jj0-3no yjim

0 9%

og'G 9unbi gy

(gL

L2

. 8L7@C ’ :

VAN 4

Py bl :

}1oodw; 8402 jo uot}isod 3o vo~ooo_ 10}23}3Q
‘sbap gZ'@ = WHMJ) uD1ssnoY s) adup}dadoy

suousj}daje—ojoyd-ut uaa1b 3ndyng

JYLINID AVHHY HONOMHL ‘SIXV N-S 9NOTV 1NdLNO




*J8MOYS A®)L peIDtnwIg 0} oidwp) buibow] jo asuvodsay qQc'g eanbigy

€812 66°¢C
60°Z YARYS 68°¢
6602 YL ¥S £1'e i . :
: L5791 26°€6 : :
: sz el ve zZii : :
. : 86° 1 650 vo i YA
: L8°2 16°0 £o'¢
61°0 . . 8
@0.— . ’ .

yopdwi 2409 jo uor}isod §o yYjiou weQl uoaouo_ J0}9293)2aQ
(sbap Z2°9 —/+ 10 jjo-Ind> y31m ‘sbop GZ'@ = WHMJ) uP1SSNDH S| 2aduD}daddy
suoJj}osta-ojoyd u) uaaib 3ndyngo

JYINID AVHNY HONOMHL ‘SIXVY N-S ONOIY LNdLNO




‘19MOYS A9Ll payp|nws o) pidwo) buibow] jo esuodsey o¢'¢ ounbiyg

Z6°¢1 6L° 1 66°L6L  £0°L : : :
no.m_, sz 6, Z01 1281
60°22 ST vl AR 80" 1 . o
ey v 0

yoodwt 3105 jo uoiy)sod uo yiynos wg@i Pa}pd0| J03}29}3Q
Awmon Z'9 —/+ 10 jj30-3}nd yjim ‘sbop GZ°'Q = WHMY) upIsSsnb9 s| adupjdadoy
suoJ}ds|a-ojoyd uy co>_o yndynQ

AYINID AVHYVY HONOMHL ‘SIXV N-S 9NOIV LNdLINO




*JeMOoys A9l P2}o|nwiS 0} piswo) bBuibow] jo esuodsay pg'g 94nbig

STy /870

eL-0!l zl'gl L0792 80°9S ) ’ ) ’ ’

£€g 1 2 4 9L | e ’ ’ :

£€S°2 A 4 ’ ’ s :

89°1 S6° 1 : :

yopdwi 5109 jo uoi}isod Jo }sam w@Ql vouooo_ J03983}aQ
(sbap Z'0 l\+ 1D §}Oo—-Ind yiim ‘sbap GZ°0 = WHM4) upiIsSsnoy st aoupjdadoy
suos3da]s-ojoyd Ui uaaib yndyng

JYINID AVHMY HONOYHL ‘SIXV 3-M ONOTV 1NdLNO



‘1emoys A8L| pajo|nuig o) oasdwo) buibow] jo asuodsey ag'c eunbiy

¥ 91 ¥6°¢ ) L Zl '
’ v 0 ’ L8°62 l9°01 ’
’ .eL°0 o6°'81 06°22 vv°o SL'd
99°¢ gz elg 08" L1 8z'0
gr'o - 19°@ S8°LE nN.Nsw [A N JXARIY
ec-clt ‘SL¢ vzl

8L°G: 2L v

. . . oL @
1oodw) 8105 4o uol}isod jo }SDS wWEEL PIIDIO| 10}28}18Q

(sbap.Z2°@ —=/+ 10 Jjo-3nd> yjim.'sbap G20 = WHMJ) uDISSNDY S| 3dup}daddy
’ ) suoJ}daja-ojoyd ul uaalb ndynQ

JYINID AVHHY HONOMHL ‘SIXV 3-M ONOTV LNdino




but it is ﬁoted that, as expected from the calculations for the
Dugway experiment, the peak recorded photon density does not
generally occur at (0,0). Examples of observed responses to real
showers are presented in Figures 5.4a ana b for comparison (Weekes,
1984,‘private communication).

vThe main .difference between ihe images produced by real and
simulated showers-is that the former generally have a broader
angular distribution of light than the latter, with only "“1%
displaying the "tightness” of the calculated cascades. This is
~currently under investigation, but one possible explanation is that
since ovér 99% of the data will be the result of proton initiated
tascades it may be these which are giving rise to the broader

images, the tighter ones being of -gamma ray origin.

5.5 bamma Ray Imaging Analysis.,

Data analysis routines, including that developed by Sténger
at the University of Hawaii (private communication), have been
estgblished at a number of collaborating institutions., It is
impartant to subject the simulated showers to the same analysis as
real data and the Hawaiian approach has been followed here. Porter
(private communication) is also analysing the simulations in the
same HWay aé "data input" using the fitting routines developed at
University College, Duhlin.

To date little success in employing an anelysis of either
simulated or genuiné images to enhance the detection of gamma rays
has been reported. A possible cause for the failure to improve the
§/N ratio, suggested by the computer simulations, is the

urcertainty of * ~0.5° in the difference between the primary gamma
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ray -direction and that of the detecte& Cerenkov light cascade. The
existence of this jitter on any direction derived from an analysis
of the ellipticity of the image limits the S/N ratio impravementA
possible.

vThe prigin of the jitter is at present unknown, bﬁt it seens
likely that it arises near the beginning o©f the cascade
development, For example, it may be due to early deflections of
electrons and positrons by the Earth’s geomagnetic field. Recent
simulations of 300 GevAshowers have been obtained with this field
"ewitched off"; these have produced tighter images of the Cerenkov
. light with less jifter than before. Thié suggests that the effect
of the ogeomagnetic field is but a minor part of the cause of the

predicted jitter.

5.5.1'Iﬁage Reconstruction.

The first step in the image reconstruction process is to
determine the centroid and shower axis from the FMT outputs. In the
following treatment outlined by Stenger (private communication)
equations Xy and Y, are the coordinates in degrees of FMT,, with
the central PMT situated at the origin, and ny is its output in

photo-electrons. The coordinates of the centroid (¥c,Yc) are

Xe. =_1 EngXy (5.1)
T
Yo = 1 IngY¥y | (5.2)
N
where
N = -Eng.
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Having calculated the centroid position, the coordinates are
translated fo a frame of reference with the origin at this position
{Figure 5.5).

Using these new coordinates (x,y}, the principle axis (0OX")

is defined by

8 =1 atan( 21., ) (5.3)
2 R SV P
ﬂhere
Iuw = Engu,2 _ (5.4)
Iyy = Zngys*® ' {5.5)
ley = 3

- InsXgYi. ) (S5.6)

and a further coordinate transformation is made; the axis Ox 1is
rotated so that it lies along 0X". The shower direction can be
either along 0OX", as shown in Figure 5.5, or at right angles to it.
“In 6rder‘to establish which is fhe case, the second moments are.

" calculated:

—
x .
x

L

Ingfxy") = (5.7)

Ingfy,") 2 v (5.8)

I+ Iy, 2 ‘I"“u, the shower axis is taken to be along 0OY".
Finally the shawer cﬁordinate system (x',y’) is defined so that the
positive x’ direction is along the shower axis, in the direction of
the innger téil; thié is determined by choosing the sense of x' 50

that the third moment
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I'wrn = Znglxg')3 (5.9)

is positive,

By this étage a reasonably good recungtruction has been
obtained. Further software exists to improve the reconstructed
image, in the form of least squares fitting routines, if required.

An example of the results of using this image'reconstruction
rouvtine is éiven in Figure 5.6. This shows the image produced by a
simulated 1000 GeV shower, with units of degrees along the axes,

and FMT responses given in photo-electrons.

9.9.2 Image Qnalysis by the University of Hong Kong Group.

P.K._MacKeown of the University of Hong Kong has conducted an
analysis of the simulation results (private communicationl), and a
summary of the important conclusions is presented here. In this
work it was assumed that only the central 19 PHTs weré functioning
in line with the initial state of the camera. In addition, in order
for the camera to‘be considered to have triggered, it was required
that at least 3 ﬁf " the central 7 PHTs each detect >0
photo-electrons,

In Figure 5.7 the variation of the diplacement of the
centroid of the reconstructed image from the centre of the camera
with‘ core distance (Rcore! is plotted and indicates that the most
cen£ra1‘images are ohtained for values of Rcore around 350 m,
Consistent with this is the plot in Figure 5.8 of total recorded

photon density as a function of Reore, which peaks at 100 m,

A measure of the angular spread of the image is obtained by

calculating the ratio of the signal recorded by the central 7 FMTs
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Figure 5.6 Reconstructed Image of Simuialed Shower,

IMAGE PARAMETERS

" MODEL 6
IER "0
CHISQ 0.00
X0 -0.25
YO -0.58
PEAK  88.00
WIDTH 0.71

LENGTH 0.86

AXIS -351.04

POWER 3.00
ENERGY 718.53 .

~ZENITH 0.63
. AZIMUTH 351.03

ASPECT  104.28
IMPACT ~ '0.61
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to'that pf-the outer 12, The dependence of this quantity on Recore
has been plottedvin Figure 5.9, from which if may be seen that in
generél the broadest distributions occur for the smallest values of
;chr,; there is a modulation in this plot owing to the centroid
'mgying out‘at large Qalues 0f Reore resulting in less ligh£ falling
on the inner PﬁTs. |

F;nally Lin Figure 5.10 thé variation of detection efficiency
is plotted against Rcore. The steady reduction uf‘this guantity as
Reore increases shows that t}iggering is not just & function of the
size 'of the. light pool, which maximises at 100 m (Figure 3.8). but

depends on the pattern of light in the camera,

9.6 Conclusions.

There is still much work to be done to understahd fully both
the simulafions and; in turn, the real data. To this end further
simuiatiuns'are being‘produced. Included in these are calculations
emplnyiﬁg the same basic arrangement of the camera head but with
the scale halved, to give PﬁT apertures of 0.2°, in order to obtain
more detailed information on the angular distribution of light.

- One important difference between calculated and real showers
is in the angular spread of the image, with the latter tending to
have 5r0ader images than the former (Weekes, 1584, private
commpunication). One possible explanation based on the different
shoher developments of prﬁtons and gamma rayé was given earlier.
Clearly proton initiated simulated cascades are desirable, since if
they do prove to be broader than thé gamma ray ones it may be a

very useful pérameter to use to distinguish between gamma rays and

CR.
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It has become clear from these simulations that determination
at an accuréte gamdé ray dirgction from the shape and position of
the imagé an the caﬁera would not be expected to be successful. The
peak signal generally is not predicted to occur at the core impact
position, but displaced from it 1in a random difection, and the
‘images themselves'appeér to be offset from the gamma ray direction
by iyp}cgily 0.5°, again in & random manner. Thus any particular
image may be formed from a whole range of combinations of offset
angle and core distance, and this does not seem to be resolvable.
Hnwevef, the wultimate test of the imaging technigque 1is the
detection of a source with an enhanced signal strength after
"cufting" the data according to signal arrival ‘direction data

derived from the image.

g7




CHAPTER 6.

THE ANALYSIS OF VHE GAMMA RAY DATA.

An overview of the analysis routines developed for the data
récorded by the Dugway facility are déscribed in this chapter. As
noted previously, the data are recorded on 9-track magnetic tape.
Before aﬁalysis of the data there are two preliminary operations to

‘beicarried out; The +first is the translation of the stored
information into a standard {format, since, for reasons of
efficiency the data are recorded in a compact format. The second
step gnncerns.the “look-ahead technique® described in the following
section.

Subsequent sections describe the three principal categories
of data analysis, which are count rate analysis, periodicity
searches, and fast timing analysis te give within field of view

selection.

6.1 The Look-Ahead Technigue.

In Chapter 3 {section 3.11) an example of a typical section
of data was given, and reference was made to the first two numbers
in é record, n, and ‘ﬁz (Figure 3.10). These are labels whicﬁ
indicate the type of data stared, ns referring to the record held
in the current line, and nz to that in the f{following line; this
labelling 1is ﬁecessary since different types of record require
differino formats. These numbers are inserted when the data 1is
unpacked .into' the standard format to faciiitate subsequent data

analysis. The code employed is listed cverleaf.
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0 = housekeeping information
1 = record of array response to Cerenkov signal, auto mode

2 = record of array response to Cerenkov signal, SR@ mode

4
|

= unassigned

4 = time at which housekeeping taken
5 = detectnr~po£nting directions

6 = steering errnrs-

7>; start of source record

8 = blocking information

9 = start of source message

10 = start of source target (R.A and DEC.)

{The start of source record indicates which detectors are on
line, the source undér observation, and the AGC ratio implemented.)

Thus when an analysis program reads the data file, these
numbers are used to determgne the format to be used, Generally, on
the first occasion information is read from the file, just these
two integers are extragted. The program then recognises-what types
of record are containgd in the first and second lines, and is able
to backépacé and read the whéle of the first line ﬂith the correct
format. From that point on it always knows what type of data the

next line will contain, and can choose the appropriate format with

which to read it.

6.2 Count Rate Analysis.

This is carried cut routinely on all the data obtained. The

steps involved are listed below.
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1. The Cerenkov pulses recorded each night are binned minute
by minute, |

2. A variable width sliding average of the data binned in (1)
is taken. The usual width chosen is 10 bins (10 minutes).

3; The averaged data produced by (2) is plotted on a 10"
plottér! to be used as a diary for the night’'s observation. This is
annotated later with reference to the notes in the otservers’ log
bﬁuk. |

4. A search fér short (2-10 minute) bursts of activity 1is
made using a maximum likelihood technique.

These processes were combined into a user-friendly package,

described fully in section 4.5 and Appendix A.

6.2.1 Minute by Minute Binning.

A section of the bihned data is presented in Figure 6.1, The
first number ié the time in seconds at which the 60 s bin begins;
this:is thé tine wﬁich has elapsed since the previous reset, and
can be convefted into absolute time. The secénd number 1s the
zenith. pointing direction 6{ the array. The remaining columns
indicate the number of array responses of each type ocurring during
that miﬁute, the type of array response being defined as follows.

Each type of array response is coded with a number, N, which
indicafes which.telescopes were triggered by the Cerenkov pulse. N
tan take values between 1 and 13, there being this many possible

array responses, and is calculated using the formula

N = 1)(D1 +‘2XD2 + 4XD3 + 8xDa

where
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Dy =1, if detector i triggered

0, otherwise.,

Thus the value of N unambiguously indicates which detectars were

friggered.

6.2.2 The Sliding Averégé.

To- 1illustrate the - use of the diary éf the night's
observations a sectidn of the plotter output is presented in Figure
.6.2. The units of the vertical axis are counts while those of the
" horizontal axis are minutes.

There are eight quantities plattedj these beiﬁg the number of
array responses regiétered by each detector in cunjunctiﬁn with any
cther, the number of twofold detector coincidences, the combined
" number of threefold and fourfold coincidences, the number of
responses in which detector 3 alone was triggered and the total

count rate. (The reason for selecting detector 3 alone as one of

the plots is that it 1is the most sensitive detector and is

_therefnreithe most likely to register any effect.)

6.2.3 The Maximum Likelihood Technique.

" The basic idea of the drift scan technique is to search the
data tor an excess ‘in counts during a period when the detector was
pointing. on-source by comparing with data recorded during an
off-source period; the "ON" and "OFF" periods should be recorded as
tlose together in time as possible. ({Where appropriate, data

recorded in the continuous tracking mode may be treated in a

similar wWay as discussed later in this section.) The problem is to
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find a reliable way of measuring any excess and assigning a level
of significance to it,

This problem has been discussed in detail by Hearn (Hearn,
1949) and O0'Mongain (O’Mong;in, 1973), who used a function giving
the rela{ivevlikelihood tA) af an observed fluctuatibn being due to

a source contribution:

A= maxl F(N/S) 1]
P{N/S=0)

where the Fs are conditional probabilities. This function, however,
reqﬁires an exact knowledge uf the background counting rate. When
both the source and background rates are unknown, as they are here,
a reasonable teét statistic to use>(0rfurd, private communication)

is the maximum likelihood ratio, 1, given by

I = Loax (N /7 5=0) (6.1}
Loax (N /7 §)

where L is the likelihood of observing N counts when the source
strength is S. The quantity 1, therefore, corresponds to the
probability that any observed effect is simply a random fluctuation

in the background noise.

For a drift scan eguation (6.1) can be rewritten as

1 = [ (N+B) 1P [ a{N+B) IM {6.2)
N{l+a) B(l+a) ’

where ‘a’ 1is the ratio of off-source to on-source time, N is the




number ‘af counts observed on-source .and B that observed off-source.
ft can be shown that the maximum likelihaod estimate of the
sagurce stréngth § is simply the aobserved excess (Batschelet, 1981,

pp. 303-3035, fbr éxample) giVen by the expression

(6.3)

P,
5]

N

n
=

1
o |m

and the error in <S> is obtained by relaxing the value of 1 ta 5+
and §- which-have L @ dgviations from <8>.
'.The technique may also be applied to tracking data in order
" to segr;ﬁ for short bursts of activity by sliding a variable width
(typﬁcéliy 2-10 minutes) "on-source" time thruﬁgh -the data, and
using the 10 wminutes befofe and after this aé the “aoff-saurce”
“time.
Generally the technigue gives similar results to most current
Ameﬁhods 0? treating:this.problem for small excesses of signal aver
béckgrudnd, but for other cases it 1is more conservative in

" ascribing the significance of detected signals.

‘6.3 Periodicity Analysis.

Data recorded during observations of suspected ar known
pulsars is subjected to searches far periodicity.‘The first step in
" this analysis 1is the translation of the event times from the LAB
frame of reference into that of the parycentre of the solar system.
A brief»outline' of this operation is given in the %ollowing

section.



- 6.3.1 Translation of Event Times to the Barycentre,

The freduency of ;rrival of pulses at a detector'is affected
by theAvélocify of the observatory in the direction of the source,
due to the-Doppler effect. This depepds on both the spin of the
Earth and its orbital motion around the Sun. Therefore before the
méaéuréd event arrival times may be sﬁbjected ‘to searches for
,periudicity. this éffect must be corrected for. The corréction ]

carried out in three stages.

1. The event times are translated to a point at the centre of
the Earth to remove the effect of its spin. This requires accurate

knowledge of the geographical coordinates of the Dhservatory.

2. The second translation is to the Solar System barycentre
which removes the effect of the Earth’'s orbital motion. For this
correction the absolute time of :the measurement must be knawn
precisely in order to deduce the position of the Earth in 1ts orbit

around the Sun (Chapter 3, section 3.9.2).

3. The final correction is to take into account relativistic

effects an Earth-based clocks as the Earth orbits the Sun.

6.3.2 Searches for Periodicity.

The absence of any reliable light curves for observations at
the high energiés at which this experimen§ operates makes it
impossible to search for periodicities in the data by the preferred
method ~of cnrreléting the signal arrival times with such curves.

The procedure followed by other workers at thgse. enérgies is. to
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examine how the'signal arrival times are dfstributed in phase when
unfolded with a trial period; from Poincare’s theorem it 1is
expéctéd “that a unifbfm phase distribution will be cbtained if
theré is no periodicity in ﬁhé data, that is if thé "pulse arrival
times are purely random; this is the null hypothesis,

ANurmally a binned phase distribution, is.used, and this is
tested for uniformity {(that is, lack of periudicity) by searching
for excessés- in one or more bins ﬁsing, for examplé,.Pearsun's Xz
test. This method of testing the wuniformity of }the distribution
.suffers. from the fact that arbitrary choices have to be made with
respect to the binning, which can lééd to inconéistent results. The
test for uniformity used in this experiment is the Rayleigh test
{(Mardia, 1972), which avoids the problems caused by binning, and

this is described in the following section.

6.3.3 The Rayleigh Test for Uniformity of a Fhase

Distribution.

The Rayleigh tesf is well established as a measure of the
uniformity of daté obtained from measurements of éyclic phenomena
(Batschelet, 1981). Its applicat;on in this experiment 1s now
described.

Using & trial period the phase of eéch signal arrival time 1s
caichlated and a vector of unit length is assigned to each (in the
abgence of absolute phase information the phases may be calculated
relative to sonme a;bitrary zero point, such as that of the first
detected pulse in the time series). The resultant vectqr, Ry 1s
ca;culated, normalised to give a valﬁe between © and 1, and tested

for. significance. 1f R differs significantly {rom zero the null
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hypothesis (no periodicity) is rejected.

In general, {or applications bf the technique with.samble
sizes of 200’or less the vector R is tested for significance wusing
standard tables (ibtid. p. 334) but {for larger samples, such as
those obtained in this experiment, the test statistic ZNR® is used,
where N is the sample-siie.

The details of this procedure are as follows.
. The phase of each event time t, is calculated using
6y = 2mft,

where f = 1/T. In the case of periodicity changing with a known

first and second derivative this 'is moditied to

0 = 2m [Ft, + 1 df t42 + 1 d2f t,3]
2 dt & dt=

Q.

2. The resultant vector, R, is calculated using the equation

R = (C2 + §2)0.3
-where
C=12 cos{fdy)
n
and

§=1Z sintd,)

pom}
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3. Fihally, the probability of the obtained value of nR(T)2
occurring by chance is calculated either from the X2 distribution

for 2 degrees of freédom, which is exp(-nR2), or more accurately:

Frob.(nR2:k) = e~% [1 + (2k+k2) - (24k-132k2+76k3-9k%)]
‘ 4n 228n=

6.3.4 Checking the Technique.

This procedure for searching for perodicity in the data has
been tested using a pseudo-random time series (with a randomly
_inje;ted periodic component) corresponding to & detection system
with a count rate of “15 minute~-t; the periodic -;omponent, when
present, was at a level of 8% of the total signal. The results are
presented ;n Figure 6.3 (Bibson et al, 1982a) where the prabability
of no periodicity 1is plotted as a function of trial period
(sweeping arocund the expected periocd in this way is a saféty
measure to check for a periodic signal occurring in. only part of
the data, or for errors in the ephemeris or its application). In
the first case ( [al ) the periodic signal~was present throughout
the sample, and the recovered perindicity is the correct one. In
the second example. { [b] ) the pericdic component is. only present
during the first 10% of the sample, resﬁlting in the recovery of &
"peridd which 1is displaced from that expected by' ~“1 samplfng

interval.

6.4 Fast Timing Analysis,
Follopwing the detection of an event by three or wmore
detectars in the array, the direction of the source may be

caléulated from the relative times of arrival of the pulse at each

97




*iniected_ period

b' B e T
3 8
£ 10} (@ 1
= N
& 1Y : i
° -
N . -
z Sl e S5 R e
o 33.262 33.263 33.264
E
©
a
[
a
‘injected period
T Ll » T
168 [0 N |
) :' . '.'I.
16% Y - .
S T
- s v o -t - '\'—'. ~
- \’ T~ Al 1 ] =
33.262 33.263 33.264
Trial Period (ms)
Figure 6.3 Probability of Uniformity of Phase for

Simulated Results.




as faollows,
Consider three detectors at positions (xo,YoyZo)y (X1,¥Y1,23)
and (Xz2,¥Y2,22) ' receiving a pulse at times to, ty and to

respectively. From simple geometry it can be shown that:
cTy = Z,cos8 + sinf{Y,cos¢ + Xysing)
where

Tg = (tg - to)
X; = (X; - Xo)
Yg =>(Y1 - Yo)

Zg'= (Z‘ - 20)

and 8 and ¢ are zenith and azimuth directions respectively.
Thus it is possible to write down two simultaneous equations,

for the cases i=1 and i=2, which when solved vyield the {following

equations for @ and.d:

cos=248 [(Y;Z:‘Yzl;)z + (Xng"X;Yz)z + ‘.X;Zz'Xzz‘)zl
+Z2ccosé {(XzT‘i"XgTz)‘(ngz_XQZ;) + (YzT;‘Y;Tz)(Y;Zz"YzZ;)]
+ c* [(Y;fz—YzT;)z + (X2T1-X1T2) 2]

-~ (X2Y1_X1Y2)2 = 1] ) (6.8)

cas¢ = C(x:Tg_xsz’) + casé (Xsz‘XzZ;) (6.5)
: Einﬂ(szg-X;Yz)

From equation 6.4 there are two possible values for 8,

corresponding to downward and upward moving showers; clearly only
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the solution referridg to the former is of interest.
Finally, the coordinates (8,¢) may be translated into right

ascension and declination using standard formulae.

6.4.1 Results of the Technigue.

In order for the technique to be used reliaﬁly this procedure
must he Earried out on a large number of threefold events.
Unfortunately, the - rate of such events is too low at present for
thé results to be considered significant.

There are, however, sufficient twofold events recorded for
the technique to bhe used in a mbdified form. Naturally with only
two detector responses it is not. possible to define a specific
direction, but rather a line on the sky, corresponding to the locus
of all points from which the signal could have arrived to produce
the measured time difference between the two detectors. In
practise, this line becomes a strip of width approximately 1° owing
to a cnmbinafion -of experimental errors, and the jitter on the
arrival direéiion of the Cerenkov light relative to that of the
primary gamma ray.

The- resuit of combining a large number of responses from a
particuiar péir of detectors is a seriesvof parallel lines across
the field of view, with the greatest density of lines occuring at
or near to the ;entre; these lines, therefore, map cut a measure of
the apertufg function of the.detector}

It follows that ‘“on-source" data shoufd yield tighter
distributions in angle‘than "off-source"” data, since the presence
of a gamma ray source at the centre of the field of view is

expected to result 1in prdpnrtiunately more twofolds arising froam
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this direction. As .mentioned earlier {sectiaon 4.2.3), these two
typeé of data may be obtained either by directing the telescapes
away %rom‘the saurce for part of fhe observatiaon (the DS technique,
used for study of d.c. sources);'or by tracking a variable source
contindously (the TR’téchnique) and distinguishing between periods
afvstfong and weak emission. | |
‘,The"téchnique 'hag' peen used‘recently in its latter form to
analyse bﬁtsts of emiésion ‘recerded during TR measurements of the
Crab.  Pulsar; the 'results_ {Dowthwaite et al, 1984) 1indicate
sign;ffcantly'smaller anbulaf:spread for data recorded during the
burstsllthah in quiet periods, confirming the usefulness of fast
timing analysis as indépendent corroborgtion of the detection of a

. gamma ray source.

6.5 The Package for Routine Data Handling.

This..pgckage' was designed to provide an effective means of
‘producing the large qyantities of paper output involved in the
routine data scrutiny; the scaope of the package does not extend to
'periodicity. anaiysis or fast timing analysis. A principal
reqhireménf was that the package be acceésiblé tﬁ people lacking
intimate knowledge of the computer system. The camputer used
initiaily for this Qork is ﬁUHAC {Northumbrian Universities

Multiple.ﬁccess Coﬁpqter), an IBM 370/148 using the Michigan Time
Sharing fNTS) operatiﬁg sy;tem. All datea analyéis routines are now.
in the p}ocess of being transferred to the Starlink nodé at Durham,
which uses ‘a VAX 11/750. Starlinkluffers several advantages aver
NUMAC, includiﬁg a ﬁore flexible operating system, a mare modern

FORTRAN compiler (FDRTRAN 77, as opposed to FORTRAN 46), and
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greater user convenience regarding tape handling, since the tapes

and tape-drives are all at Durham rather than Newcastle.

6.35.,1 Overview of the Package.

A detailed desfriptian of the program with flow diagrams is
given in Appendix A. Briefly, it is a ‘menu-driven’ package with
eight main aptions available. These range from simple items, such
as_viewing a tape file at the terminal, to more complicated ones,
like scanning a night’'s data for bursts of activiiy. The fuil list

is presented below.

1. Disﬁlaying a tape file on the VDU,

2. Dumping a tape file to the printer.

3. Dumping a tape file to a disc file,

4, Binninq data from a tape file, minute by minuté.

5. Binning data from a disc file, minute by minute.

4, Taking a variable width sliding average of data binned by
{4) or {5).

7. Plotting data averaged by (4).

B. Scanning the data for bursts using the méximum likelihood

technique.

- The program is highly "user-friendly”. Having selected one of
fhe supplied options the wuser is proapted for all further
information require& to carry out thé processing, such as names of
tapes énd files and other option parameters; all system commands
are generated by the program to prevent corruptien of the database
owing to errors.on the part of tﬁe user. For the benéfit of the

0 RU
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mare experienced user the program incorporates a command structure

to speed the analysis process without camprumiéing any of the

safety measures.

With regard to -the future, provision has been made for the

extension of the range of coptiens if required.
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CHAFTER 7.

RESULTS OF OBSERVATIONS OF TWO GAMMA RAY SOURCES.

The observiﬂg schedule for 1981 and 19é2 was dominated by two
sQurces. Qne of these (PSR 0531; the Crab Pulsar) was known to be a
strongly emitiing pulsar at lower energies with a well-defined
period, bpt although measurements had been made at VHE gamma ray
energies previugsly, none were of high statistical significance.
The other source (Cygnus X-3) was, and remains, something of an
enigma. If is a variable source.ubserved over a vefy wide range of
wavelengths, with at least one periodic component. It is the only
'source of its kind so far recorded, and is the subject of much
theoretical discussion. As the experiment has progressed the
catalugue of observed sources has expanded, to include about 12
objects including Hercules X-1 and PSR1937, the millisecond pulsar,

In th?s chapter results based oﬁ data collected over two
seasons of observation are presented. The first section deals with
meaéuremenfs Sf Cygnus X-3, which has already been detected at
radioc, optical, 'infra—rea and X-ray.wavelenqths'(Gregory, 1972;
Weekes and Geary, 1982; Mason et al, 1%76; Elsner et al,1980) in
addition to the gamma ray region. Thoge cbservations at infra-red
and X-ray uaveiengths have clearly shown the characteristic 4.8
hour periodicity first reported in 1972, Observations at low gamma
ray energies (“100 MeV) have been -somekhat cgntraaictnry. High
fluxes were repaorted by Galper f{ollowing balloon measurements
between 1972 and 1976 (Galper et al, 1974). The SA5-2 observations

made during this periecd, in 1973, showed a signal at & lower flux
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valug than the balldnn measurements, apparently modulated with a
4.8 hour period (Lamb et al, 1977), but the later observations by
the CO5 B =atellite (Sirong, 198%) failed to reproduce this result.
Dbservatioﬁs at high energies, close to those detectable by the
Duguay telescopes (31000 GeV), have been made previously at three
chservatories, all suggesting the existaﬁte of a 4.8 hour operiodic
siénal, with the marximum coinciding with the X-ray ﬁaximum (Neshpor
’ .

. et al, 1979; Danaher et.al, 1981; Lamb et al, 1?81).

The results presented here,bbased on by far the largest data
set, confirm the exisfence of & 4.8 hour periodic signal at gamma
ray energies {(x1000 BeV), and go ¥urther tﬁ provide details of the
temparal form_qf the bursts of emission and give some indication of
a lang term (34 déy) variatinn aof -the emission.

In the second section results of observations of FSR0OS31 (the
Crab Pulsar) &re presented. Most previous observations of this
object in the VHE gamma ray region have recorded pulsed emission
with the expecied pericdicity, but there has been disagreemenf in
the values obtained for the time averaged fluxes (Grindlay et al,
1976, Jennings et‘al, 1974, Erickseon et al, 1976, Gupta et al,
1978} 4and 'there have been suggestions of long term variability of
the emission at these energies over pericds of days or amonths.
Strong evidence for bursts of VHE pulsed gamma ray emission on a
mﬁch shorter time sca}E’(*lﬁlmihutes) hias been found in the data
recorded by the Dugway system. This short duration may be an

explahafion of the previcus apparently discordant results for the

fime averaged fluwes.
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7.1 Cygnus X-3.

The results presented here are based on 263 hours of
observatian in 1981 and 1982. The data were reéorded in both DS
{(July-October 1981} and TR (July;November 1982) mode, and 56 the
methodé émployed tonanaiyse them differ slightly, although the
basic. techhique, discussed in the preceeding chapter, remains the

same.

7.1.1 4.8 Hour Periodicity.

(A) DS Data.

It proved.conVenient to use a DS duration of 36 minutes since
:this enaﬁled observations to be made at eight equally spaced phases
‘in the established 4.8 hour X-ray period, while ensﬁring that data
were- taken over a sufficiently long interval to allow applicaticn
of the DS technique (see belaw) taking into account the time
required for steerjng the array at .the beginning of each scan
(several minutes){

The technique empldyed to ana}yse DS data followed the
establiéhéd procedure uf‘ splitting the data int6 three 10 minute
. sections, ane centred about the time of transit of the object
through  the centre ot bthe fieid of view and the others
symmetrically placed on either side of this. The central section
- Was therefore designated as ON source data, and the two outer
sectiaons as OFF source, these being averaged ‘fo take"account of
possible variations in thé background count rate.

Dnly.‘DS "data taken under clear sky conditions were used in
this analysis, since the presence of 'cloud could le;d to

unpredictable variations 1in the'background count rate. A total of
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76 DS recorded ‘in 1981 were wused (containing 43921 recorded
Cerenkov pulses) 48 of which had phases chosen to include the 0.625
X-ray phése, the remaining 28 (recorded in October 1981} having
phases displaced -by'+0.03 from the earlier observations. This was
done'gs the final step of A programme to cover -those phases at
wHich initially no data was taken, that is, those occurring when
the telescopes wére off source.

The scans were combined according to their phases in the 4.8
hour X—ray' periad, énd the ratio ON/OFF calculated for each phase
{Figure 7.1, Dowthwaite et al, 1983). An excess ia the count rate
is observed around X-~ray phase 0,625/0,635, for whicﬁ the ratio
ON/OFF was 1.076 + 0.031., Following the pracédure outlined 1in
Chapter & (section 6.2.3) tée maximum likelihood estimate of the
source strength is 124.% counts with wupper and lower limits of
175.5 and 73.9. The same calculation for 198! data integrated over
all phases produces a value for the ratio of 1.00 % 0.01,
indicating that most of‘ the emission from the object occurs at
phase 0.425/0.655,

This result is significant at the 2.4 stgndard deviation (6l
level, and assuming that the emission occurs throughout the ON
period it indicates that the peak oamma ray flux has a'lower limit
of 7.6% of the backg}ound flux; given the‘threshold at which the
sysiem operates this corresponds to an integral peak flux of at
least 2.6 »x i0"1°' cm~2s-* at this phase. The absence of any
evidence fur EXCESS emissioﬁ at the phases either side of
0.625/0.655 would seem to indicate that the'.duration of the

emission is no longer than 3é minutes, This result does not

conflict with those of previous experiments having similar fields
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of view; Neshpor réported a 9% signal "lasting for about 10-1§
minutes (Neshpor et al, 1979), Danaher one of 20% lasting for less
than 30 minutes {Danaher et al, 1981), and Lamb one of 6% 1lasting
for about 60 minutes (Lamb et al, 1981), all of these occurring at
similar X-ray phases,

During the 1981 observing season, one of the telescopes had a
significantly lower threshold than the others, and this has been
found to contribute most of the observed effect. In Figure 7.2 the
ratio ON/OFF at all phases is plotted again for this telescope
aloné‘ {(Dowthwaite et él, 1963); the excess obtained is 14%, a
result whitﬁ is‘significant at the 3.35 ¢ level, This supports the
suggestion by Viadimirsky (Vladimirsky et al, 1973) that the gamma
ray energy spectrum may be steeper than the cosmic ray spectrum at

these energies.

(B} TR Data.

The tracking observations made in 1982 resulted 1in the
detection of 78320 Cerenkov pulses. To enable the TR déta to be
compared‘ {and combined) with the DS data recorded in 1981 similar
analysis téchniques were employed; the 10 minute section around
each of eight equally spaced phases in turn was used as ON source
data, and tﬁe cqrreéponding 10 minute sections before and atter as
O0FF source data.‘ Since the source is always in the field of view
this treatmént relies on the assumption, based on the 1981 results,
that the.activityvis confined to & 10-15 minute pericd. The choice
ot phases ‘was made to include X-ray phase 0.425, the region ot
éctivity in the 1981 measurements.

A potential additicnal problem with the application of DS
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analysis techniques tovTR data is the variation in backgraound count
rate Dvér the period of a "scan" due to changing zenith angle, but
careful study of this variation over the range of zenith angles
employed has  eliminated the possibility of this having a
significant effect on the results (Dowthwaite et al, 1983).

As expected following the 1981 result, the ratio ON/OFF f{or
all data integrated over all phases was found to be 1.00 % 0,01, As
mentioned earlier in this thesis the number of telescopes with low
energy thresholds was increased to two at the star§ of the 1982
Dbserving season, and analysis of the data .recorded by these two
alone yields a positive effect at phase 0.623 similar to that
obtained in 1981, with VHE gamma ray emission measured at 6.8% of
thé background count rate, a result significant at the 2.7 ¢ level
{Figure 7.3). With hindsight, this pseudo DS technigue probably
only gives a lower limit to the flux, owing to fhe possible absence
of a true OFF source measurement.

Finally, combinihg the data recorded by low energy threshold
detectors over both seasons yields an excess at phase 0.623 at the
4.05 ¢ level; this corresponds to a flux of about 3 x 10-%° cp~2s-t

at an enerqgy threshold of 1000 GeV.

7.1.2 34 Day Feriodicity.

Following X-ray measurements of Cygnus X-3 Holteni has
sugqestéd- a long term variability of emission of 34 days (Molteni
et al, 1980), An investigation has been made to determine whether
this 1is maﬁifested at VHE gamma ray wavelengths., In Figure 7.4 the
percentaﬁe excess at all phase 0.625 Dbsefvations are plotted

accarding to their phases in the 34,1 day period, and there is some
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indication of 'such a long term variability, although the maximum is
offset from that obtained for X-rays by “7 days; the X-ray and
gamma ray light curves would coincide if a period of 33.91 days was

thosen, and this would not conflict with the X-ray data recorded in

1977-1978,

7.1.3 Structure 6f the Hursts of Emission.

It has already been stated that the emission appears toc be
confined to a period of about 10 minutes around phase 0.625. It is
ot iﬁterest to i1nvestigate the uniformity of the emission over this
period, and to this end the data from the 'five observatians
displaying the most significant excesses at phase 0.625 in 1982
were summed (Figure 7.5); the diagram shows the minute centred upon
‘phase 0;625. The activity appears to be concentrated in two 3-4
-minute bursts, separated by 3 minuteg; during these bursts the

gamma ray flux is 304 of the CK background.

7.1.4 Energy Spectrdm of Gamma Rays.

As mentibned previousiy, the varying sensitivities of the
telescopes allows an estimate to be made of the slope of the
spectrum:around 1060—2500 GeV (the data used for this purpose were
those .recorded at X-ray phase 0.625). The result suggests a slope
for VHE gamma rays which is steeper than the proton spectrum at

=4

these energies (1.60) by 0.8 % 0.3,

7.2 Crab Fulsar PSROS31.

The data upon which these results are based was collected

during 34 hours of observation of PSR0531 between 235 September and
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2 November 1981, They were fecorded in the TR mode, and without the
use of stabilising procedures described in Chapter 3 (section
3.9.1), whjch haye the disadvantage of raising the detection
threshold energy, in order to achieve as high a rate of shower
detection as possible. (Subsequent experience has ;ndicated that
the édvantage of “low threshold when observing jn this way is
outweighed by the -disadvantages from loss of stability, and ail the

TR data taken in 1982 were obtained using the stabilising

procedures,)

7.2.1 Preliminary Analysis.

Following the procedure outlined in Chapter &6 .(section
6.3.1), the times of arrival of the Cerenkov flashes recorded in
198; were reduced to the Solar System barycentre, and then unfalded
using an ephemeris derived from contemporary radio observations

{R.B.Lyne, private communication):

period = 0,0332638330746 s
derivative = 34.416 ns day~?

epoch = 2444910.5 .

Initially, each night's observation was taken as & complete
data-set, and the data were searched, without success for evidence

of periodicity using the Rayleigh test (Chapter 6, section 6.3.3),

7.2.2 The Effecté of 23 and 3t October 1981.

In view of the possibility that any periodic component may

eccur .in only part of the data, the procedure of sweeping around
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the expected-perind_(as discussed in Chapter &, section 6.3.4) was
adopted. This resulted in the detection of a strong ‘effect on 23
October 1981 Aat a period displaced by one Fourier harmonic from
that of the ephemeris.

In drdef to place this effect in the same Fourier harmonic as -
the eﬁhgheris period the data was divided into 15 wminute sections
and the procedure employed to search for non—qniformity in the
earlier, larger dataset repeated. One of these sections yielded an
effect Qitﬁ' a prnbébiiityiof chance occurrence of <10-%, despite
the in&rease in thenumbe} of Aegrees of freedaom from i, in the case
of the whole 34 hours being treated as ane data sét, to 130. In
addition, the same treatment of dats 'recorded an .31 Qctober
?eQeéled a similar but less significant effect in one section, with
a chance prabability of “10-9,

The diagrams in Figﬁre 7.7 (Gibsaon et al, 1982a) were derived
fby sliding a_section of fixed length (13 minutes) through the data
in 2 minute increments and calculating the probability of no
periodicity for each 15 minute dataset, foliowing the oprocedure
above. This alluwéd the times of the two outbursts to be specified
mdre accur#tely. The péak on 23 Qctober has a chance prabability of
4 x 10-%, with 34 t 5 % of the recorded responses being periodic;
‘this corresponds to aé integral flux of (2 % 0.3} x 10°'° cm~23s5-%2
for the»lﬁ.minute burst. The_tﬁreshald energy depends on the zenitﬁ
anéle at which the data are taken and for this ubservafion was 3000

GeV.

7.2.3 The Light Curve.

The light curves derived from the bursts of 23 and 31 October
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are presented in Figqure 7.7 (Gibson et al, 1982h). In both, a
single pulse is seen, with similar shape and long duration of 6 nms
FWHM. This contrast; .with the characteristic signature of main
pulse and interpulse observed at radio, optical and X-ray
wavelengths, - but tﬁere is no reason to suppose that this light
curve shnuld_be repeated at the much higher energies at which our
measurements were made. The absence of contemporaneous absolute
phase information made it impossible to determine the absolute

phase at which the peak in VHE gamma ray emission occurs.

7.3 Recent Developments in the Analysis of Data from

FSR 0531,

7.3.1 The 1981 Outbursts,

A more precise contemporary radio ephemeris incorporating
absolute phase information was made available in late 1982 (A.G.
Lyne, private communication) and this has been used to re-examine
the two ocutbursts recorded in 1981. The result;, to be published in
the near future, indicafe that the largest (Dctober 23) occurred at
the same phasé»as the radid main pulse; There is a slight change in
shape of the light curve compared with that obtained previously
(Figure 7.7&) which results from the use of a more appropriate
ephemeris, and there is now & possible peak at the expected
position of the interpulse.

The burst o% 31 October 1981 had a light curve with a single

peak of “10 ms width (Figure 7.7b), which apparently occurred about

13 ms before the radio main pulse.
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7.3.2 Observations in 1982 and 1983.

Further observations of PSR 0531 were made between September
1982 and November 1983, The sensitivity of the array had been
improved as mentioned in Chapter 4 (section 4.5.3), and these
measurements were taken using the stabilising procedures ‘omitted
during the 1981 observations of this source. Data on 156342 events
were recorded in the TR mode over a total of about 103 hours.

Following the same analysis procedure as before, no further
evidence for sporadic activity on a timescale of minutes has been
found which was as strogg as the 1981 effects, There does, however,
appear to be evidence for emission pccurring' thfoughout the 103

hours of data taken in 1982-1983 {(Dowthwaite et al, 1984a).




CHAPTER 8.

DISCUSSION OF RESULTS.

In this chapter the resﬁlts described in_ Chapter 7 are
discussed. In the case of Cygnus X-3 the various models which have
been  proposed ‘to incorporate the results of observatiéns at all
waveleﬁgths are reviewed in the light of the steep VHE gamma ray
spectum indicated by' the present work. Measurements of the Crab
pulsar have detected periods of transient pulsed enission (in 1981)
and also steady, ldw-level, pulsed emission (in 1982—t983),. the
latter giving rise to a light curve with a narrow peak at the same
phase as the radio main pulse. The implications of these results
are discussed, and evidence is presented which indicates that the

energy spectrum for gamma rays for this object steepeﬁs above 100

GeV.

8.1 Cygnus X-3.

The results reported in the preceding ° chapter are in general
ggreement with those of other workers regarding the variations in
emission - from Cygnus X-3 over pericds of 4.8 hours and 34 days.
With respect to the former, the phase of the peak coincides
approximately with those of earlier measurements, but its duration
is much shorter. X-ray emissions from this source have a light
curve which is approximately sinuscidal, but sincg it is unlikely
that the same mechénisms are }espnnsible for the two emissions,
similar light~curves would not necessarily be expected. However,
the 1light curves derived for VHE gamma rays in other experiments

have aléo indicated & longer duration for the emiésion. than that

114




measured here, with Lamb reporting emission lasting for about an
hour during contemporaneous observations (Lamb et al, 1981).

The peak in the 3§ day light curve is displaced by *~7 days
from that derived from the X-fay results of Molteni (Molteniet al,
1980),Abut when the uncertainties involved in bringing the X-ray
}esult' forward over 5 vyears are taken.into consideration; the
result is quite close.

The energy spectrum of radiation from Cygnus X-3 is shown in
Figure 8.1, with the result from the present experiment included.
fhe vélue plotted is the time averaged VHE gammé ray flux above
1300 GeV, with the peak fluxes for this and earlier measurements
being shown inset on this diagrém. This result 1s 1in accordance
with earlier gamma ray results and the recent air shower result
{Samorski and Stamm, 1983) confirming the importance of the energy

carried by gamma rays emitted by Cygnus X-3.

é.l.l Models for Cygnus X-3.

An  attempt fo incorporate previous results, at X-ray and
infraredlwayelengths, in a amodel for Cygnus X-3 was made by
Nilgrom; with‘ limited success {Milgrom, 1976}, in which it was
suggestéd that the source consisted of the wusual X-ray binary
system surrounded by a spherical shell of gas. Following the
detection of gamma rays above 35 MeV with a 4.8 hour periodicity by
the SA5-2 observations (Lamb et al, 1977), Hilgrom and Fines
{#Milgrom -and Pines, 1978) proposed a model which introduced a
rapidly rotating (period “fé ms) pulsar into the cocooned binary
model, but this did not explain the enission of VHE gamma rays.

More recently, Vestrand and Eichler have considered a pulsar
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model incorporating direct oparticle interaction, in which CR
accelerated from the pulsar strike the atmosphere of the stellar
companion resulting in ;he emission of gamma rays (Vestrand and
Eithier, 1982). Th;s would explain the production of the twin peaks
reported by some observers (Neshpor et al, 1986), but thg short
outbursts repnrteﬁ here are not expécted from the pulsar-driven
model because, owing to Alfven scattering; the beaﬁ is not expected
to be so well collimated as to produce gamma ray bu;sts on such a
short timescale.

This short termv variability has lead Grindlay to propose a

non-aligned rotator model for Cygnus X-3 (Grindlay, 1982b), which
follows from models suggested for 55433 (which is apparently
;imilar in that it exhibits twin peaks of emission within a period
of 13 days, modulated by a long term variability of about 160
days), and offers an alternative to the pulsar-driven models with
" an accretion—driveﬁ model.
In this model, the source is a Einary system, with a compact
“star in orbit around .a mﬁch more massive companion, which s
surrounded by a cocoon of gas: owing to its spin, the companion and
its cocoon take the form of an oblate spheroid. The compact object
is surrounded by an accretion disc of matter drawn from its
companion, which powers the jets of electrons emitted along the
magnetic field lines at its poles. These electrons, which may be
accelerated wup to relativistic energies, are then scattered by the
inverse.Comptun process off starlight emitted by the companion,
producing gamma rays.

The observed pericdicities are explained as follows. The spin

axis- of the companibn is misaligned with the orbital angular
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momentum vector  of the compact object, which leads to enhanced
accretion ano the disc occurring twice per orbit owing to the
doubly-periodic modulation of the Roche lahbe radius of the
;ompanioh.'This, it is suggested, may account for the peaks in the
emission of Cygnus X-3 at phéses 0.123 and 0,625, (although in our
data only the peak at phase 0.625 was observed with significance).
In additien, the quadrupole moment of the companion sgar feels a
torque from the disk, owing to its misalignment, which causes its
spin .axis to précess, further mudulatiné the supply of gas to the
accretion disc and hence the emission of VHE gamma rays; this  may
account for the established long term modulation of 55433 {(period
“164 qays) and similarly the suggested 34 day periodicity of Cygnus
X-3. |

In Eonclusinn, the possible detection of a 34 day wmodulation
of the peak gamma ray flux, in addition to the 4.8 hour period, is
cansistent with an = accretion-driven model incorporating a
misaligned binary system, similar to the one proposed for 55433. On
the other hand, a firm indication of emission in the form of two
short . bursts may favour a pulsar-driven model although the

definitive test for such models remains the detection of pulsed VHE

gamma rays.

8.2 Crab Pulsar (FSR0OS331).

Extensive measurements ot gamma ravys from FSRbSSl have been
made at laﬂer energies (100-1000 MeV) wusing the COS-B satellite
_(Wills et al, 1982). These provided evidence for a narrow main
pulse, a broader interpulse of variable strength and weak emission

in the intérmediate region. At higher enerqies {(100-1000 GeV) the
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atmospheric Lerenkov technique has been employed by a number of
workers, reviewed b9 Porter and Weekes (Porter and Weekes, 1978)..
There has been no agreement about the shape of the light curve, nor
have'the reported features borne any consistent phase relationship
with emission at other wavelengths,

An important aspect of the present results of observations of
the Crab pulsar lies 1in the detection of pulsed emission of VHE
gamma.rays occurring in short (15 ainutes duration) bursts, To
determine whether shnuers occurring during the burst had different
properties fraom those detected at ather times, thé records have
beeﬁ examined in detail.

Taking the burst of 23 October 1981, and dividing the showers
into' two groups, that 1is, those occurring during a 204 phase
interval at the peak of the light curve and the rest, it was found
that the latter were similar in all respects to showers occurring
immediately after the burst, whereas the former was rich in double
telescope responses: the X2 chance probability was 1%4. The number
of three and four telescope responses recorded was foo-small for a
similar enhancement to be found with any statistical significance,
and for the same reasom, the strength of the burst on -31 October
1981 was insufficien#»tq permit similar analysisf

A different approach was used to analyse the 1982 data: The
simulation resultg in Chapter 4 {(section 4.5.6) iﬁdicate that 1in
general, at obgervatiun thresholds appropriaté to the Dugway array,
aperture functions for twofold responses are narrower than those
for single-folds. The arguments presented in that chahter indicate
that 'this narrowihg of the aperture function should be beneficial

to the detection of gamma rays fram the source against the CR
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background, and the experimental evidence in support of this using
1982 data Qés given there (Figure 4.14). This 1is also consistent

with the above analysis of the 1981 outbursts.

8.2.1 The Light Curve.

As mentioned in the preceding.> chapter, the light curves
obtained for the 1981 outbusts from the Crab pulsar at VHE gamma
ra? wavelengths are différent from the gétablished curves measured
at radio, optical andbxiray wavelengths in having a single long
pulse. At ‘much lower gamma vray energies (< 1 GeV) the Caravane
collaboration reported a light curve with a main and an interpulse
nf a few milliseconqs duration based on early observations, but in
later measurements the interpulseAwgs seen to>decrea5e in amplitude
(Wills, 1981).

dn the other hand, the light «curves obtained for data in
1982~-1983 are similar to those dbseryationg at lower energies,
dispfaying tﬁe characteristic narrow pulse at the. phase of the
radio main 'pulsg. fhis would seem to suggest a difference between

the mechanism for continuous emission and that for the 1981

outbursts.

§.2.2 Summary of Observations of FSRO531.

The data obtained on PSRO531 over three seasons of
obéervatiohs hag §i§en eQidence for two wmodes of emission. The
autbursts .in 19E1 demonétrate the existence of a sporadic
component, while the data in 1982-1983 has clearly indicated the
presente of steady, lﬁw—level, perigdic emissiap.

The 1light curves obtained for the latter show a narrow peak
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at‘the phase of the radio main pulse, with same evidence for
emission at the same other phases as those suggested by lower
energy measurements. As noted by Grindlay (Grindlay, 1982b) this
squests that there is close coupling between the  VHE gamma ray and
radio émission. In addition, because of the large absorption
cross-section for TeV photons to pair produce, either on the pulsar
'magﬂeticAfield or in photon—photun scéttering, they must arise trom
regions near the pulsar lightvcylinder, and this +fact, together
with the preéent results, indicates that the radio emission should
also arise from this région. The broader pulees obtained for the
transient: emission indicate perhaps a ditferent production
mechgnism, It is suggested that the existence of strong sporadic
bursts of transient emission- may account +for the previous

apparently discordant results.




CHAPTER 9.

FUTURE WORK.

The pérformancg of the University of Durham facility at
Dugway'ﬁas imprbvéd continuously from its establishment 1in the
. SpringA and Summer bf 1981 until its closure in lat: 1984; at that
time its sensitivity was arguably as great as thatl of any other
>experiment ~in the field. In exceﬁs of 1000 hours of data were
obtained covering ten possible sources; the results from the two
discqssed in this thesis have been publis@ed along with results
from Hercules X-1 (Dowthwaite et él, 1984b) and M31 (Dowthwaite et
al, 1984c), while analysis~of the others continues,

The ultimate performance of this observatory, however, was
limited by the equipment  available, in particular the
reflectivities and foci of the mirrors. As discussed in Chapter 3,
the focal length of these'ek—searchlight mirrors is unsuitable for
the requirements of this experiment, which made necessary their
deployment in a Cassegrain formation. Ihe extra reflection this
involves, together with  the often. poor quality of the mirror
surfaces and focué, résuiis in logs of light.

“ Clearly what is . required is a purpose built VHE gamma ray
telescope, the only one to date being the 40 n? dish at the
;Smithsonian Astrophysical Observatory at HMount Hopkins, The
development of a further such. telescope is underway, and is

described briefly in the fellawing section.

9.1 The Sectond Generation VHE Gamma Ray Telescope.

The ﬁew‘telescope will have two flux collectors, each made up




of 49 sméll (60. cm diameter) circular mirrors, giving an effective
area of ~18 m2. The focal lerngth of the composite mirrors will be
2.9 m, an~apprppfiate value for efficient detection of gamma rays
'against the proton ba;kgrohnd. |

" The light detector will consist initially of a group of seven
3" PMTs mounted at the prime focus of each colle&tor; it is hoped
'to increase this to nineteen'PMTs per caliectur in the future. Each
FHMT has é_field diameter of “1.8°, giving a total +field area of
12.6 squake degrees for thé initial afrangement, rising to “50
square degrees for the full compiement of nineteen PHTs,

The flux collectors are to be supported on an alt-azimuth
mnunt_,similarAta fhat used . in the current experiment. The steering
and pointing system, and data recording electronics will be of
broadly scimilar specification to those in the current experiment,
but using cummercigl instead of bhome-built electronics (LeCroy

Instruments CAMAC modules) for improved serviceability.

9.1.1 The Improved Performance of the New Telescope.

kThe energy threshold of the new telescope is expected to be
luwer;than'the present ones (%300 GeV as opposed to 21000 GeV)
- owlng to; the ten-fold incréage in collector area. The. count rate
per paif of FMTs (one_in each reflector) in colncidence is expected
to rise to “200 counts minute~!.

The new component mirrors have been test;d both in the
laboratory and at Dugway, and have better imaging_properties than
the seérthlight reflectors, in additicn to their more appropriate
mfo;él length as mentiuned earlier. The wnrst‘of the four detectors

in Dugway wWas re-mirrored using ‘three- matrices of these new
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mirrors, with the result that the threshold dropped to “800 GeV,
and the 5/N ratio was improved by almest 1007 owing to the

appropriate choice of aperture,

'9.1.2 Hodes of Operation.

There are at present two main modes of operation planned for
the new teleéscope.

.The first of these combines the best features'of both DS and
) TR modes in the current experiment, The pofential source will be
tracked, and the on-axis FMTs will register the ON-source counts,
while the surrounding off-axis FPMTs will respond to off-source
counts. Thus the background is measured without any time being
spent o#f—source.

The second mode is as a survey instrument. In this case each
pair‘of PMTs, one from each collector, monitoring the same part of
sky acts as a separate telescope operating in the DS mode. With the
full complement of nineteen PMTs, this has the effect of nineteen
separate 2° aperture detectors viewing adiacent parts of the sky,
giving simultaneous coverage of an area of “30 square degrees.

9.1.3 Proposed Deployment.

The initial commissioning of the new instrument is currently
being carried out at Durham; final deployment 1is planned for

Narrabri, Rustralia in 1984.

9.2 Computer Simulaticons.

The computer simulations-have praved very useful to both the

Dugway experiment and that at Mount-Hopkins. The following sections
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give details of new work curreﬁtly underway and plans for future
calcu}ations'in connection with these experiments, and with the new

telescope described in section 9.1.

9.2.1 The Dugway hrray.

Siﬁce the gamma ray observétory at Dugway was shut down
towards the end of 1984, priority for further calculations of the
response of this type of detector has shifted to the new
instrument. There are, however, some calculations remaining which
wuuldAprove useful.

The first is the product;on of a f{full set (20) of 20°
cascades.to determine more reliably the behaviour of the array
between 10° and 35° than was possible from the one average event so
far obtained.

ln_ addition, some higher energy cascades would be extremely
valuable; a suitable energy would be 3000 GeV. It will -only be
possiblev ta produce a small number of these owing to the
limitations of available compﬁter time mentioned earlier.

1t may also prove useful to reanalyse the current database
taking into afcnuht»the differing sensitivities of the detectors in
thé. real array; This will have a bearing on the performance of the

array in terms of one, two, three and fourfold events,

.2.2 The FWO Imaging Camera.

The simulations of the response of the FHO 'imaging camera
have been useful in developing the analysis programmes for use on
real data, and alsoc in the mode of operation of the instrument.

Initially the idea was to determine the direction of an incoming




gamma vray from fhe shape and density distribution of the recorded
image.A The simulations, if correct, indicate that since a
particular -image could be obtained from a whole range of different
combinations of direction and disténce .ot core impact from the
telescope, this is unlikely to work in its'proposed form.

thure wérk, already underway, includes the éxtension of the
data set to include cascades at non-vertical injection angles, and
repeafing the work completed so far using a réduced PMT acceptance

of 0.25° for greater resolution.

9.2.3 The New Instrument.

One important area for future work is the modification of the
Dugway binning routines to simulate the response of the new
instrument, particularly with regard to deciding precisely what
aperture would be most effective, since this parameter is more
readily adjustable than Qas the case previously, and'a final value
has not been selected. Given the lower threshold energy at which
the new instrument is expected to operate, a greater number of

relevant calculations should be possible since less computer tinme

is required.

9.3 The Future of VHE Gamma Ray Astronomy Using the

. Atmospheric Cerenkov Technigue.

The' field of VHE gamma ray astronomy has expanded rapidly
during the last five years, and observations are currently being
made at some fifteen centres; these include the Fred Whipple
Dbéervato?y in Arizona, the Crinmean Ubservatuky, the TIFR at

fotacamund, the University of MWisconsin, the observatory at
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Pofchefstroom, SbutﬁlAfrica and the observatory in Hawaii. As the
majority of - tﬁese are in the Northern Hemisphere, the planned
Southern Hemisphere deployment of the new Durham instrument will
proQide . data on soﬁrces suchvas the Vela pulsar and Centaurus A

which have had relatively little coverage so far.




APPENDIX A.

THE PACKAGE FOR ROUTINE DATA ANALYSIS.

A set of flow diagrams 1is provided in Figures A.1-A.3 to
illustrate the logic of the program.. The general overview is

provided in Fiqure A.2 which.is supplemented by Figures A.2a and

A.2b.

A.1 Tape Handling.

The NUMAC system for tape handling 1is operated by systenm
commands entered at the terminal. In this package all the necessary -
commands ';re furmﬂlated by the program; the user is expected tao
supply na ﬁore than the name of the tape, and the file number, and
the program does the ;est. This ensures that the correct tape
cantrol commands are issued and that there is no possibility of‘the
‘stored data being corrupted; it is not possiblé to write to a tape
mounted by the package even when the program has been terminated.

Figure A.2b illustrates this aspect of the program.

.2 Output File Handling.

In.order fu eliminate user errors, all output files .are
created by the program., To make this possible; a conventiaon for
naming files was élearly necessary.

The first stage in the routine data handling, the minute by
minute binning, uces the‘data'tape as source;_ttheafter‘disc files
are used. The 6utput from the minute by minute binning routine is
stored on disc using names of the form 01.13; the first pair of

digits vrefers to theAtape from which the data was taken, in this.
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case - it'would be tape DUGOO!, while the second pair corresponds to
the file number on that tape uged for the analysis, in this example
130,

Successive.analysis routines, using file 01.13 as input,
wuulﬂ have names such as Sloglng, the prefix 510 indicating that
the filé»contained sliding average data wusing a 10-minute width.
Prefixes of similar form are used for the other options.

When the program has finished writing to such & file it sends
the .appropriate HTS command to set its access type to READ ONLY
(RO); this prevents the file be?ng inadvertantly overwritten. -

Once the program has generated the appropriate file name for
output, bé+ore attempting to create the fiig 1t first checks to see
if a +file of that name already exists. I% it does, and if its
access type is Rb, a warning is sent to the user to the effect that
the analysis about to be embarked upon has probably already been
done. The user may then look at the file in question and decide if
he wishes‘tu overwrite it. If the file exists but is not restricted
to RD access, it means that the program was interrupted while
writing to it on a previous occasion, and the analysis was
therefore not completed, so no actien 1is taken to prevent
overwriting. The f{ow diagram provided in Figure A.2a illustrates

ttie action of this section of the program. .

A.S‘The'Facilitxifor Extra Commands.

To.make the package more versatile, a command structure was
incorporated. The commande provided are CANCEL, MTS, QUIT, HELF,
MENU, COMMANDS, WOUNT and DISMOUNT, which are explained below with

the aid of flow diagrams (Figures A.4a and A.4b), These can be used
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whenever the praogram is expecting input, signified in' the {flow
diagrams by the ones-lébelled (2) in Figure A.1. The sequence of
operations carried out to process all such entries to the terminal

is illustrated in Figure A.3.

1. CANCEL

This cdmmand is wused to terminate a particular course of
action and return to the menu. It may be used, for example, if the
user, having sel?ctgd a particular option, decides that one of the
pgrameters the program has prompted for has bheen entered
incorfectly. |

2. MTS

This allows the wuser to leave the program temporarily (it
remains loaded) and enter MTS mode (normal terminal mode), where
normal commands may be issued. Entering RESTART returns control to
the progranm.

Also, single MTS commands may 5e issued without leaving the
prugra@ by prefixing them Qith $. As can be seen from Figure A,3
the program initially reads any entry to the terminal as & single
character string and checks the first character before any other
action is taken; if it is '§° the entire string is passed to the
system a&s an MT5 command. Control 1s then immediately returned to
‘the pruQrah un{ess'fhe action of the MTS command does not permit
. this;

.3. QuUIT

This command is issued to terminate the progranm. Befnﬁe this

happens;.however, a check is made to see if the user currently has

a tape mounted. If this is the case, a reminder is issued, and the
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program offers to dismaunt the'tape.

4, HELF

As the name implies, this provides assistgnce to the user who
is qnfamiliar with the program.

‘S;'NENU .

The action of this is similar to that of CANCEL in that the
program is routed to the menu. It may be useﬁ when theA prﬁgram is
initiated, for example, 1in order to circumvent the introductory
section.

6. COMMANDS

This produces a list of the available commands, with
explanation.

7. MOURT

fhis_allows tﬁe user to mount a tape without selecting one of
the menu options. The tape is still mounted in such a way as to
prevent the user from writing to it. | |

a. DISHDUN#

This is-used to dismount tapes which have been mounted either

by, or using, the program; tapes mounted independantly are ignored.
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