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Abstract.

This thesis describes the observation of a number of astronomical
objects using the University of Durham Atmospheric Cerenkov light
detectors. The array of telescopes was used to study the Very High
Energy (V.H.E.) gamma-radiation from these objects from June 1981
until November 1984,

The general features of Bamma-ray astronomy are briefly discussed,
and a review of the main results of previous gamma-ray observations is
given. The basic theory and general characteristics of Atmospheric
Cerenkov Effect experiments are reviewed., Details of the design,
operation and performance of the University of Durham facility are
presented in addition to details of the improvements achieved in the
development of a new telescope. In particular, the new optical systen
is described.

The m®main analysis procedures are explained. The adaptation of
statistical techniques used to analyse the intensity of the Cerenkov
light +flash is described in some detail. A discussion of the problems
involved in conducting an extensive search for periodicity in the data
collected from Cygnus X-3 is given. A procedure for testing for
transient pulsed gamma-ray emission from the Crab Pulsar is also
described.

The results of the observations +from several objects are
presented., the binary X-ray sources, Cygnus X-3, Hercules X-{ and
4U@115+43, the Crab pulsar and the Galactic Plane. In addition, the
preliminary results from observations of seven radio pulsars and seven
other objects are given.

A review of the main production mechanisms of V.H.E.
gamma-radiation is given with particular emphasis on the models
proposed for the high energy processes in Cygnus X-3, other binary

X-ray sources and pulsars.



Preface.

This work presents the details of the observation and apalysis of
data from the following objects; Cygnus X-3, Hercules X-1, 4UB115+ 43,
the Crab pulsar and the Galactic plane. In addition, seven radio
pulsars and seven miscellaneous objects have been observed.

The author was involved in the operation of the University of
Durham Atmospheric Cerenkov light detector array on four occasions
between October 1982 and November 1984. The author was responsible for
the development and testing of a wmirror system for an improved
detector used 1in this experiment. He was also involved in the design
of a mirror system for a completely new telescope.

The author was part of a team that performed the routine analysis
of the data «collected with the array. In addition he adapted and
developed new analysis techniques in the following areas;

The investigation of the pulse amplitude distributions.

The search for transient pulsed emission from the Crab pulsar.

The search for millisecond, second, and long term periodicity in

the V.H.E. gamma-ray flux from Cygnus X-3.

A preliminary analysis of the data from seven radio pulsars and

seven miscellaneous objects.

The description of these analyses is presented in chapters § and 6
of this work and represents the major contribution of the author. The
other results represent the work of other wmembers of the group as
indicated in the text.

The author has summarised the theoretical basis for V.H.E.
gamma-ray emission in chapter 7. The source mechanisms are reviewed
and compared with the results in the very high and ultra high energy

regions,



Contents.

Page
Chapter 1: - Gamma-ray astronoamy

1.1: Introduction 1
1.2: Observation methods 2
1.2.1: 8.5 MeV - 18 GeV 2
1.2.2: 100 GeV - 20,000 GeV 3
1.2.3: 10'= eV - 1B'¢ eV 4

1.3: Gamma-ray production mechanisms 4
1.3.1: Meson decay 3
1.3.2: The Inverse Compton Effect )
1.3.3: Synchrotron radiation b
1.3.4: Curvature radiation 7

1.4: Gamma-ray absorption mechanisms 8
1.4.1: Absorption by matter 8
1.4.2: Absorption by magnetic fields 8
1.4.3: Absorption by photons 9

1.5 A review of gamma-ray sources 10
1.5.1: Cygnus X-3 10
1.5.2: Hercules X-1 ' 13
1.5.3: 4UBL115+63 13
1.5.4: The Crab pulsar 14
1.5.5: The Vela pulsar 15
1.5.6: Other radio pulsars 15
1.5.7: 2C6065+00 16
1.5.8: Unidentified COS-B sources 16

{.5.9: Gamma-ray emission from Galaxies 17



Chapter

1.5.10: Other objects

2y - The atmospheric Cerenkov Technique

Chapter

Introduction
The nature of Cerenkov radiation

Cerenkov radiation from V.H.E. gamma-rays

: Details of the Cerenkov light pulse

2,4.1: The lateral extent of the Cerenkov flash and
computer simulations

2.4;2: The zenith angle distribution of the
Cerenkov light intensity

Cerenkov light detectors

Gamma-ray observations

3: - The Dugway experiment

3.

1:

3.2

3.

3.

3

4,

Introduction

The choice of array dimension

The Mark I telescope

3.3.1: The optical systen

3.3.2: The steering control

3.3.3: The photomultiplier system

3.3.4: The Automatic Gain Control systenm

3.3.5: The Night-time T.V. cameras

3.3.4: The transfer of data to the control room
The Electronic system

3.4.1: Amplification and discrimination

Page

18

20
21
23

24

23

26
27

29

33

34
35
36
36
37
38

38

39



3.6

3.7

3.8:

3.4.2: The charge-to-time-converters
( LeCroy QT180B's)

3.4,3: The Time-to-Amplitude Converters
(T.A.C."'s)

3.4.4: Data control and recording

3.4.5: The crystal clock

Calibrations of the system

3.95.1: Calibration of the crystal clock

3.5.2: Calibration of the charge-to-tinme
converter units

3.5.3: Calibration of the Time-to-amplitude
converter units

3.5.4: A survey of the array

3.5.9: The measurement of the field of view

The array performance

3.6.1: The array counting rate

3.6.2: The pulse amplitude distributions

3.6.3: Telescope aperture functions

3.6.4: Energy threshold

The Mark Il telescope

3.7.1: The optical systenm

3.7.2: The Mark Il phototubes

3.7.3: Other modifications

3.7.4: Mark Il performance

The Mark III telescope

3.8.1: Mirror development

3.B.2: The Mark IIl mirrors

3.8.3: The method of manufacture

Page

39

40
41
41
42

42

43

44
44

44

45
46
47
48
1]
51
52
52
33
5%
59
57

a8



Chapter 4: - Observation techniques

Introduction

-
[
we

4.2: General features of the site
4.3: Observation techniques

4,3.1: 'Drift scan’ observations

4,3.2: 'Tracking' observations
4.4: The observational database

4,4.1: Cygnus X-3

4,4,2: The Crab pulsar

4,4,3: Hercules X-1

4,4,4: 4URLI5+63

4,4,5: The Galactic plane

4.5: The computer database

4.5.1: The contents of the main files

4,5.2: The DASD database

4.6 The pulse amplitude analysis

Chapter 5: - Data analysis techniques

5.1: Introductiaon

5.2: The analysis of 'Drift scan’ data

9.2.1: The ‘Top-hat’ analysis - likelihood ratio

5.2.2: Cross-correlation analysis of the 'Drift scan’

data

5.2.3: The likelihood ratio analysis of

5.3: The analysis of tracking data

‘Tracking  data

Page

60
60
61
b1
62
63
b4
65
65
b6
66
67
68
69

70

76

77



S.4:

5.5:

5.6:

5.8:

5.3.1: The Barycentring process

5.3.2: The reduction of event times to the focus of
an orbit

5.3.3: The search for periodicity - A known
ephemeris

5.3.4: Epoch folding

5.3.5: The Rayleigh test

5.3.6: A search over a range of periods

9.3.7: 'Degrees of freedom’

5.3.8: Simulated results of the periodicity analysis

5.3.9: SBampling effects

9.3.1@: The relative powers of the two main tests
for periodicity

The search for transient emission

5.4.1: The V-test

9.4.2: The Binomial test

Pulse amplitude analysis procedures

5.5.1: Analysis of a 'Drift scan’ excess

9.9.2: Statistical tests of the bulse
amplitude distribution

5.5.3: The Median test

5.5.4: The Mann-Whitney U-test

5.5.5: Analysis of periodic data

5.9.6: Use of the tests of the pulse amplitude
distributions

The calculation of flux values

The calculation of upper-limits

Source luminosity

Page

77

79

B1

82

B4
B6
86

87

87
89
89
90
91

91

92

94

95

95
96
97

98



Chapter é: The results of the gamma-ray observations

6.2

6.

6.

3:

4:

b.3:

6.

b:

Introduction

Cygnus

6.2.1:

6.2.2:
6.2.3:
b.2.4:
6.2.5:
b.2.6

6.2.7:

6.2.10:

X-3

4.8 hour modulation

The detailed analysis of the @0.63 phase region
The detailed analysis of the 8.13 phase region
The analysis of the {983 data

Longlterm periodicity

Pulse amplitude analysis

Pulsar periodicity - the range of the period
search

The systematic search

Second-Minute periodicity

The Cygnus X-3 V.H.E. gamma-ray spectrunm

The Galactic plane

Hercules X-1

6.4.1: The analysis of the ‘Drift scan’ observations
of Hercules X-1

6.4.2: The analysis of the pulse amplitude values

6.4.3: Further observations of Hercules X-1

4UB115+63

6.9.1: The gamma-ray observations

6.5.2: Periodicity analysis

6.5.3: The V.H.E. gamma-ray flux from 4UB115463

The Crab pulsar

Page

100
180

102

103
104
185
105

107

1e8

113
114

115

t13
11é
117
118
118

118



6.

6.

Chapter

7.

7.

7:

8:

4:

9

6.6.1: A summary of previous analyses

6.6.2: The 1983 observations of the Crab pulsar
6.6.3: Transient pulsed emission from the Crab pulsar
6.6.4: The analysis of the pulse amplitude values
6.6.5: The V.H.E. gamma-ray spectrunm

Other radio pulsars

Miscellaneous observations

7: - A discussion of the results

Introduction

The production of V.H.E. and U.H.E. gamma-rays

V.H.E. gamma-ray emission from radio pulsars

7.3.1: The V.H.E. emission from the Crab pulsar

7.%3.2; Implications for the models proposed for
the Crab pulsar

7.3.3: Other radio pulsars

Cygnus X-3

7.4.1: A summary of the models proposed for
this systenm

7.4.2: Accretion powered mechanisms

7.4.3: Pulsar acceleration models

7.4.4: The implications of the Durham results

7.4.5: The V.H.E. spectrum and the luminosity of
Cygnus X-3

7.4.6: Summary

Hercules X-1

7.5.1: A review of the V.H.E. emission

Page

121
122
123
125
125
126

127

128
128
130

131

135

137

137
138
140

141

144
145
146

144



Page

7.5.2: Models of the V.H.E. emission 147
7.6: 4UB115+43 149
7.7: The ‘Drift scan’ observations 150

7.8: Evidence for a class of V.H.E. gamma-ray

emitting objects 151

Chapter B: - Conclusions and Future work 153

References 157



Chapter 1: Gamma-ray Astronoay.

1.1:1 Introduction.

Over the 1last few decades many advances have been wmade in
observational astronomy, advances which have opened new areas of the
electromagnetic spectrum to investigation. Some of the most striking
results have come from experiments using rocket, balloon and satellite
technology in the study of low energy cosmic gamma-rays. More
recently, with the development of ground based arrays of specialised
detectors, signals at even higher energies have been aeasured.
Observations in the gamma-ray region show that many astronomical
objects are dominated by violent processes releasing huge amounts of
energy. These objects provide important new testing grounds for the
laws of physics.

In addition to the gamma-ray emission, huge numbers of high energy
particles are also expected to be released into the Galaxy by such
objects. Unfortunately, a study of these high energy particles cannot
reveal as much information about the source since even a weak general
magnetic field of 18~% 6 throughout the G6alaxy scrambles particle
directions for all but the most energetic. Gamma-rays are not
deflected, and along with any neutrino emission will represent the
only direct +flux between energies 18° eV and 108'® eV, from these
exotic objects.

Gamma-ray astronomy was first investigated in 1958 by Morrison
{Morrison, 1958). He showed that there should be a significant
gamma-ray flux from celestial objects. Unfortunately, many of the
initial hopes for high fluxes of gamma-rays have not been fulfilled,

and serious underestimates were made of the problems caused by the




background radiation. Despite the relatively low +fluxes at high
energies, recent advances in both satellite and ground based
techniques have established a number of astronomical objects as strong
gamma-ray emitters. This thesis describes some of the interesting
results obtained at VYery High Energies (V.H.E.) i.e. energies between
102 eV and 10*> gV using a number of telescopes specially designed

and operated by a team from Durham University.

1.2, Observation Methods

The full electromagnetic spectrum is shown in fig 1.1 with the
gamma-ray region extending from ™~ 0.5 MeV to the highest photon
energies - easily the widest single region. At the lowest energies
there is an overlap with hard X-rays, the boundary is conveniently
defined to correspond to the e*,e” annhilation line. Such a wide span
in energy necessitates the use of very different methods of detection

and these are briefly reviewed.

1.2.1: 8.5 MeV - 10 GeV

Gamma-rays interact with the atmosphere and so experiments in this
energy range must be conducted at high altitude and are therefore
flown on balloons or satellites. At the lowest energies (8.5 - 5 MeV)
the interaction of gamma-rays via the ‘Inverse Compton Effect’
dominates, and scintillation counters, for instance, those containing
sodium or caesium iodide crystals are used. The scintillations are
then detected using sensitive photomultiplier systems. A nuamber of
such counters can be used in an array to give information on the
arrival direction and the energy of the incident photon. For work
where energy resolution is considered important, solid state detectors

tonsisting of 1lithium drifted silicon or germanium devices are

Page 2
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employed,

At higher energies, pair production within the detector becomes
more probable and experiments consisting of an array of spark chambers
are used to delineate the gamma-ray trajectory.

Much of the information above 38 MeV has come from the two
gamma-ray satellites, S5AS II, operational from 1972-3; and COS-B from
1975-B2. The S5AS Il satellite was subjected to a much lower cosmic ray
induced background than the COS-B experiment, but was switched off
after only six months of observations due to a technical fault. The
European COS-B experiment operated for much 1longer than its design
life, and produced a large amount of data. Together these two probes
have made many of the important discoveries which developed this new
field, Additional improvements are expected from another satellite -
the Gamma-Ray Observatory (G.R.0.) which is designed to investigate
the spectrum > 10 GeV, and is scheduled to begin observations at the
end of the 19B@'s.

The details of the observations in this energy range relevant tao

this work are given in section 1.5,

1,2.2: 108 GeV - 20,000 GeV

The small collecting areas of gamma-ray satellites prevent work
using these techniques above ™ 1@ GeV. This is because the flux from
astronomical objects falls off rapidly - see fig 2.1. Above 18'! eV a
V.H.E. gamma-ray incident at the top of the atmosphere causes a
caécade of particles by a process described in section 2.3. The
particle cascade does not survive to ground level, but the Cerenkov
radiation emitted as it descends through the atmosphere can be
detected using the 'Ground based Cerenkov technique’. Collecting areas
tan be large, typically 10%m2 , and measurable fluxes from

astronomical objects are expected. Since 1960, ™~ 30 experiments have

| o D



been performed using this method. All results presented in this thesis

use this technique.

1.,2.3: 103 eV - {B'%eV

At these Ultra High Energies (U.H.E.) gaema-rays cause an
‘extensive air shower’ with the secondary particles in the cascade
surviving to mountain altitudes for primary energies > 10! eV, At
even higher energies, lower altitude arrays of particle detectors
search for showers with the upusually low muon content expected from
gamma-ray initiated showers. Interest in Gamma-ray astronomy in this
region has increased since the detection of a U.H.E. gamma-ray signal
from the region around Cygnus X-3 by a group from the University of
Kiel (Samorski and Stamm, 1983). As a result, many similar arrays have
turned their attention to a search for more signals from this and
other objects.

It is interesting to compare the angular resolution claimed for
these techniques; satellites such as COS-B can resolve regions
typically | degree across, as can both Cerenkov techniques (limited by

the size of the Cerenkov flash) and extensive air shower arrays.

1.3: Gamma-ray production mechanisms.

Gamma-rays may  .be produced in the decay of radioactive particles
and by a bremsstrahlung process in the gas clouds of interstellar
space (Heitler, 1954)., Although these processes may be important at
the lowest energies, others are likely to dominate in the energy
region that Cerenkov techniques are designed to investigate. The amost
important mechanisms in this region involve the interaction of
cosmic-ray particles with the interstellar matter or radiation fields.

V.H.E. gamma-rays are therefore expected to be produced by the

Page 4
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following processes.

1.3.1: Meson decay.

The collisions between relativistic protons and other protons or
nucleonic matter can give rise to the production of =n and K mesons,
with the subseguent decay of the meson to gamma-rays;

ptp=p+p+{ 7% =hv+hv)

1¥ the spectrum of the injected protons is given by a power law of
index p then the resulting spectrum of gamma-rays from n % decay is of
the form,

I (£} ~ C. E-8/%tp-1/2) - 1.1
where C is a constant.
The production of heavier mesons is also possible and may
contribute to the gamma-ray flux at higher energies.

Pions are also produced in the annhiliation of a nucleon with an
antinucleon, and although this is not important in the Galaxy where
the ratio of antinucleon/nucleon is small, it may be significant in
the production of cosmological gamma-rays.

If the cosmic ray flux detected at the top of the atmosphere |is
typical of that in the inner Galaxy, and if it permeates the clouds in
the inter-stellar medium (ISM), then the diffuse gamma radiation at
energies > 100 MeV can be explained by meson decay. However, there are
indications (Fomin et al, 1977), (Dowthwaite et al, 1985) that the
V.H.E. gamma-ray flux from the Galaxy does not map the hydrogen colunmn
density, which indicates that meson decay is not likely to be the main
production mechanism,

Meson decay gives a characteristic signature to the spectrunm,
peaked at 70 MeV (i.e. 1/2 the rest mass of the pion), and may be

enhanced in the vicinity of certain sources.
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1.3.2: The Inverse Compton effect

This process occurs in regions with a flux of energetic cosmic ray
electrons, for example around pulsars, and can be described as,
e” + hv = g7+ hv'

- a high energy electron scattering off a low energy photon resulting
in the transfer of energy and momentum to the photon. 1In the simple
case of a low energy black body photon spectrum and a power law
distribution of electron energies of index p;, the resultant gamma-ray

spectrum is given by,

I(E) = Cr.E"1/2¢p "1 (AL/(R, =% - 1.2

where A is the average initial photon energy, and C: contains sonme
energy dependent terms.

This process 1is particularly important in sources known to have
high magnetic fields, inferred by the synchrotron signature to the
radioc and optical flux., In these cases, the required relativistic
electrons and low energy synchrotron photons exist. In addition the
2.7 K background photons may also be transformed to gamma-ray energies

by this process.

1.3.3: Synchrotron radiation

Much of the optical and radio emission from highly magnetised
systems results from the interaction of a relativistic electron with a
transverse magnetic field By - the synchrotron process. The spectrum

will be peaked at an energy,

Em = C. Br. E= - 1.3

with C a constant.

Page 6



This peak will normally occur at a much lower energy than the
primary electron energy and so for normal systems this process is a
source of 1low energy photons. However, models are proposed td
accelerate electrons to energies > 10!7eV ( -see chapter 7). Here, the
synchrotron process may produce V.H.E. gamma-rays. For a opower law
distribution of electron energies of index p, the resulting photon

spectrum will be of the form,

I(E) = Ca.By 1/72¢p*1> [E-1/Tip+1) - 1.4

where Ca contains some energy dependent terams.

The lifetime of electrons against synchrotron radiation is short in
many astronomical situations; for instance, a high energy electron
travelling near to the light cylinder of a pulsar the lifetime is <
18-4 s (Manchester and Taylor, 1977), and so a continuous source of
high energy electrons is needed to supply objects radiating with the
synchrotron signature. Probably the best example of such an cbject is
the Crab Nebula, where electrons are accelerated by the rapidly

spinning magnetised neutron star.

1.3.4: Curvature radiation

With the discovery of pulsars, another possible source of
gamma-rays became apparent. Various methods have been proposed
{Sturruck, 1971) for particles to suffer acceleration in the strong
magnetic field associated with pulsars (“10%= 65. In the particular
case of a particle travelling along a curved flux 1line, photons are
emitted in a fashion analogous to the bremsstrahlung process for
particle deceleration in a electrostatic field. The spectrum is peaked
at an energy,

E=C.10"7-2,E.*.R - 1.5

where R is the radius of curvature in cm.

Page 7



This wmechanism is most important close to the surface of a neutron
star where the gamma-ray energies are comparable to those of the
electrons.

The 1low energy gamma-ray spectrum from the pulsar PSRB833-45
can be- explained by this process (Salvati and Massaro, 1978).

The gamma-rays produced in such processes are likely to be strongly
attenuated by pair production.

The schematic descriptions of these emission processes are given in

fig 1.2,

1.4: Gamma-ray absorption mechanisms

There are three main absorption processes thought to attenuate the

gamma-ray flux significantly;

1.4.1: Absorption by matter

The absorption by pair production in the Coulomb field of hydrogen
atoms and also by Compton scattering may be important in certain
situations. Above | MeV pair production dominates the Compton
scattering in the hydrogen gas and can be described as,

hv, + CF = e* + e~ + CF
where CF represents the Coulomb field. Above 200 MeV the cross section
tends to a constant 64 1.8 . 10724 cm®, but the process is naot

considered important outside regions of high hydrogen atom density.

1.4.2: Absorption in maaqnetic fields.

A magnetic field (MF) may absorb momentum in an analogous fashion
to the Coulomb field absorption described above. A gamma-ray can pair

produce if the magnetic field is sufficiently intense,

Page 8



T =E/ mgc?® . B/ Bg - 1.6
where Bg = 2.me% .c2/ e.h = 4.4 . 10*3 6 , and represents the
measure of the field strength in natural quantum mechanical units.

Pair production 1is possible for E > 2mgc® but the effective
threshold is closer to a value,

T > 2.1
above which the intense magnetic fields provide extremely efficient

pair production. In many pulsars conditions of plasma magnetised to

18'2 B exist and gamma radiation is strongly attenuated.

1.4.3: Absorption by photons.

Absorption of gamma-rays by starlight photons is negligible for all
but the most extreme distances and is not thought to modify the V.H.E.
flux significantly outside regions of high optical photon density.
However, the interaction of U.H,E. gamma-rays with the 2.7 K Big Bang
remnant is important. If an energetic photon collides with a 2.7K
photon (of energy ~ 2, 10~%eV) then the following process can occur,

Vo V= = 87 + e*

The absorption comes into play at gamma-ray energies >* 1034 eV,
and the cross section is sufficiently large to impose a cut-off for
gamma-rays of extragalactic origin (Gould and Schreder, 1966).

It is interesting to note that V.H.E. gamma-rays i.e., E, ¢ 10!'% eV are
not absorbed in this process and will represent the highest energy

radiation detectable from extragalactic objects.
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1.5 A review of gamma-ray sources.

The number of V.H.E. gamma-ray sources has increased in recent
years, with the results from the Durham experiment making an important
contribution. This thesis presents the detail of the observations of
some of these objects, in particular, the binary X-ray pulsars,
4U@115+63 and Hercules X-1, the Crab pulsar and the unusual X-ray
source, Cygnus X-3. 1In this section the extensive record obtained by
other V.H.E. gamma-ray groups is reviewed along with important

features of the emission at other energies.

lnSlll ngnus X'3.

Cygnus X-3 was discovered as an X-ray source (Giacconi et al,
1967), its most notable feature being the prominent low energy cut-off
in the X-ray spectrum. The +first indication that this object was
unusual came in 1972 when a large radio burst was detected (Gregory,
1972). The radio flux rose to levels sufficient to make Cygnus X-3 the
2n® brightest radio source in the sky.

Since the 1972 radio outburst, Cygnus X-3 has been extensively
observed from radio up to ultra-high energies. The detection ot X-rays
from the object stimulated gamma-ray interest in the source.

Observations were made by a Russian group from 1972 to 1976 using
balloon based telescopes (Gal ‘per et al, 1976), They detected a 4.8
hour intensity weodulation (previously seen at X-ray and Infra-red
energies) at E > 48MeV. The gamma-ray flux from Cygnus X-3 dropped
from 2.10 *ce~2s5~! shortly after the radio outburst, to an average
value of, (6.5+4/-2.5).10"%m ~25-* in later observations. Other
balloon measurements (Mckechnie et al, 1976), made during flights in

1972 and 1973 reported upper-limits to the Gamma-ray flux at E > 7@MeV
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well below that suggested by the Russian group.

Gamma-rays were detected by the SAS II telescope, again the high
energy flux was modulated with the 4.8 hour peridd (Lamb et al, 1977).
The reported time averaged flux was, however, lower than that detected
by the Russian observers, viz.

(10.9+4/-3.1),10"¢%cm™25~2 E > 35MeV

(4.4 +/-1.1).10"%cm™ 25" E > 18BMeV

It is important to note that this reported flux was not confirmed
in measurements made by the COS-B satellite (Strong, 1982) even though
the COS5-E X-ray detector did observe a 4.8 hour modulated signal (Van
der Klis and Bonnet-Bidaud, 19B1),

To summarise, observations in the 40-100 MeV energy region seem to
indicate a reduction in the flux at these energies since 1972, though
it should also be noted that the most extensive observations by the
C0S-B satellite which have received considerable new analysis
{Hermsen, 1983} gave a firm null result.

At vhigher energies (E > 0500 6GeV), the atmospheric Cerenkov
technique has been wused by several groups. A team working at the
Crimean Astrophysical Observatory monitored the source from 1972 to
1980 <f{e.g. Neshpor et al, 1979}, They detected emission modulated by
the 4.8 hour periodicity, with peaks in the emission occurring at
phases 0.2 and ©.73, relative to the X-ray minimum in the ‘light
curve’. In addition, a random component to the gamma-ray flux was
reported. A summary of the Russian results is given by Turver and
Weekes (Turver and Weekes, 19B1).

These results were confirmed 1in observations taken with telescopes
at Tien Shan (Mukanov et al, 1980}, and by more recent measurements at
Mount Hopkins (Danaher et al, 198l1), at the JPL (Lamb et al, 1982) and
by the Durham group ({(Dowthwaite et al, 1983).

In particular, the June 1980 Mount Hopkins observations were
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contemporary with satellite measurements, and showed a correlation
between the 1@!= eV emission and the increase in the X-ray flux seen
by the COS-B X-ray detector (Weekes et al, 1981).

The later observations give strong indications that the relative
strengths of the two peaks of periodic emission, have changed, with
that at phase 0.63-8.75 in the 4.8 hour ‘light curve' now
predominating.

Early X-ray observations gave indications of a longer ternm
variability to the high-energy #flux. A period of 17 days has been
suggested (Holt et al, 1976), 34.1 days (Molteni et al, 198@), and *
20 days (Bonnet-Bidaud and Van der Klis, 1981), This latter period is
explained as apsidal motion in the binary systenm.

Recently, Cygnus X-3 has been detected by the University of Kiel
Extensive Air Shower (E.A.S5.) array, at energies in the range 18!° to
{@*¢ eV (Samorski and Stamm, 1983), with confirmation by other arrays,
Haverah Park, (Lloyd-Evans et al, 1983} and Akeno, (Kifune et al,
1986). The U.H.E. flux shows the familiar 4.8 hour modulation, with a
peak in the emission detected by the Kiel group at phase 8.4 ({(defined
using a different ephemeris to that generally used at lower energies
(Van der Klis and Bonnet-Bidaud, 1981},

Recent very interesting results have come from experiments deep
underground designed to detect proton decays (Marshak et al, 1985).v
An analysis of these data shows a modulation over the day peaked as
Cygnus X-3 culminates. These results would seem to indicate a strong
neutrino or particle flux from the object and infer that Cygnus X-3
may be a very unusual source,

Over the last decade an extensive database of observations has
indicated that Cygnus X-3 is a very strange and challenging object,
especially as the implied distance of > 1@ kpc makes it one of the

most energetic objects in the Galaxy.
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1.5.2: Hercules X-1.

The first X-ray source in the constellation of Hercules was
discovered in 1972 (Tannanbaum et al, 1972) and exhibits variations in
the X-ray fiux on three timescales;

A 1.24 s X-ray pulsation

A 1.7 day orbital period

A 35 day modulation

The latter comprises a period of high activity lasting 12 days and
a low state of 23 days, containing an intermediate high state.

The object is believed to be a neutron star accreting matter from a
low mass companion star identified as HI-Herculis in 1972 (Forman et
al, 1972).

The X-ray spectrum shows a strong peak at 58 keV, (Trumper et al,
1978) which has been interpreted as a cyclotron line, i.e. a
transition of electrons from the first excited Landau level to the
ground state. This observation implies a high magnetic field strength
of ™~ 5.8 @' G . This result is important as it indicates that
Hercules X-1 is capable of accelerating particles to high energies,
and may be a source of gamma-rays due to the mechanisms described in
section 1.3, No detections of high energy radiation had been made
until an outburst was detected by the Dugway array in April 1983
(Dowthwaite et al, 1984a). A subsequent low level {flux was also
observed. In July 1983 the 'Flys Eye’ cosmic ray experiment also
detected a burst at energies > 18:** eV (Baltrusaitis et al, 1985).

Details of the Durham observations are presented in section 4.4.

1.5.3: 4U@115 + 63

This binary X-ray pulsar has been reported as a transient X-ray

spurce (Forman et al, 1974} and (Rappaport et al, 1978). The accreting
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collapsed object is contained in an eccentric orbit of period ~ 24.3
days, and shows X-ray pulsation with a period of ~ 3.61 s. The
accuracy of the parameters defining this system were improved in
observations conducted by the Ariel 6 satellite (Rickets et al, 1981).
Interest in this object at V.H.E. stems from similarities in the X-ray
flux from Hercules X-1 in particular the evidence for a cyclotron-line
at 20 keV {Wheaton et al, 1979).

The X-ray pulsations from this object are unusual. The period has
hardly changed over the time of the X-ray observations - see fig 1.3,
but the period derivative has been large and varied. This indicates
that the system may undergo intermittent, enhanced accretion, with the

consequent transient X-ray emission.

1.5.4: The Crab Pulsar.

The existence of two radio pulsars close to the centre of the Crab
Nebula was shown using the Arecibo radio dish (Staelin and
Reifenstein, 1968). A 33 ms period was discovered in the radio
emission from one of them, PSKROS31+421, Later, this same object was
shown to pulsate at optical wavelengths (Cocke et al, 1969), and the
optical star was then identified as the remnant of the Supernova,

Observations at X-ray energies (Fritz et al, 1969) and low eneragy
gamma-rays (Albats et al, 1972) extended the detected pulsed spectrum,
Over the last decade the two gamma-ray satellites SAS II and COS-B
have detected high energy gamma-ray pulsations and given indications
of variations in the emission with both time and energy (Wills et al,
1982).

The situation at V.H.E. has been somewhat confusing but there is
now firm evidence from the Durham group for a continuous low level
flux at energies > 1@!= gV (Dowthwaite et al, 1984b). In addition very
strong bursts of periodic V.H.E. gamma-rays were detected in 1981,

(Gibson et al, 1982a). Some details of these results are presented 1in
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this thesis, with more extensive work described elsewhere (Kirkman,
1985) .

In summary, the Crab Pulsar emits pulsed radiation from radio to
10?2 eV energies with the peak luminosity corresponding to an energy
of several MeV. The light curves over this wide range of energies are
given in fig. 1.4 showing the coincidence in the position of the

mainpulse over the whole range.

1.5.5: The Vela Pulsar

This is the only other radio pulsar detected at high significance
at V.H.E ,{(Bhat et al, 1988) and is also a very fast pulsar (B9 ms
period). Unlike the Crab pulsar there is no strong correlation between
the light curves at different energies, and the luminosity is probably
peaked at higher energies ( > 1 GeV). A Southern hemisphere V.H.E.
experiment presently being developed by the University of Durham will
monitor this object as a priority, especially as  there are
similarities 1in the characteristics of the V,H.E. emission with that

from the Crab pulsar.

1.5.6: Other radio pulsars.

There have been predictions for gamma-ray emission from radio
~pulsars {(Buccheri et al, 1978). The extensive COS-B database was
analysed in a search for those pulsars with parameters sufficiently
well determined to allow folding of the gamma-ray data with the
period. There are indications of pulsation from two pulsars PSRB740-30
and PSR1B22-09 (Mayer-Hasselwander et al, 19B@) though no firm
detection has been claimed. The SAS 11 satellite reported the
detection of PSR1B1B-B4 and PSR1747-46 (Ogelman et al, 1976) though
there is no confirmation in the CO5-B data.

At higher energies a detection of the nearby pulsar PSR@950+BB has
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been <claimed by an Indian group, (Gupta et al, 1978) though more
recent observations by the same group have failed to repeat the
result.

To summarise, there is some tentative evidence for gamma-rays from
radio pulsars, and with this in mind the Dugway array observed a
selection of pulsars, including the two binary pulsars PSR1913+29 and
PSRB&655+64. The preliminary results are discussed in section 6.7, and
a mnore detailed analysis is described elsewhere (Chadwick, Phd thesis

in preparation).

1.5.7: 2CG065 + @@

A systematic search for fast radio pulsars in the error boxes
defined by the wunidentified COS-F sources has resulted in the
association of the gamma-ray object 2C6065+0@ with the & ms binary
radio pulsar PSR1%933+29 (Boriakoff et al, 1983). The only direct
evidence for this association has come from the V.H.E. observations
conducted with the Dugway array, {(Chadwick et al, 1985a). Confirmation
of this result is necessary and has not been made at the time of

writing of this thesis,

1.5.8: Unidentified COS-B sources

Df the 25 objects detected by the COS-B satellite only 5 have been
identified at other wavelengths. There have been various attempts to
interpret the remaining sources as unresolved pulsars c¢.f. the Crab
and Vela pulsars, as molecular clouds c.f. the p- Oph cloud and as
young Supernova remnants, (Lamb , 1978).

No conclusive statement can be made, but in view aof the wide range

of gamma-ray sources identified it is possible that many different
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types of object will be included in the COS-B catalogue of
unidentified sources and will contribute to the diffuse gamma-ray
background.

Two of the strongest 180 MeV sources 2C6195+84 (Geminga) and
2CG135+0t have received considerable attention, for instance,
observations of both objects have been made by the Ariel 5§ X-ray
satellite (Coe et al, 1978). The unusual source, bGeminga was
discovered by the 8AS Il satellite and may have a 39s periodicity,
however a detailed analysis of the COS5-B observations does not give
any clear indication of this period.

The V.H.E. gamma-ray measurements of both of these sources have led
to wupper limits (Porter and Weekes, 197B). An extensive series of
observations of 2C6195+84 have been conducted using the Dugway array
and the detailed analysis is continuing and will be reported élsewhere

{Chadwick, PhD thesis in preparation).

1.5.9: Gamma-ray emission from Galaxies.

The gamma-ray continuum from the Galaxy was first reported, at
energies > 5@ MeV in 1968 (Clark et al, 1968). Subseguent surveys
conducted by the satellites, SAS5 Il and COS-B confirmed that there is
clear enhancement of the gamma-ray flux in the region +/- 1@ degrees
of latitude about the Galactic plane, with a peak in the direction of
the Galactic centre.

Observations conducted at V.H.E. have also shown a broad emission
at the Balactic Plane in the region of longitude 40-80 degrees, with a
‘dip’ in the emission at the equator (Fomin et al, 1977) and (Weekes
et al, 1979)., Confirmation of this signature to the V.H.E. emission
came from a similar observation conducted under very stable conditions

using the Dugway array of telescopes, (Dowthwaite et al, 1985). These
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results are discussed elsewhere {Walmsley, PhD  thesis in
preparation). In addition to the study of our own galaxy several

groups have searched for V.H.E. gamma-rays from extragalactic objects.
Upper limits from the nearest large galaxy, M31, a known X-ray source
have been obtained (Porter and Weekes, 1978). Further work by the
Durham group has shown that this galaxy may also emit V.H.E.
gamma-rays with a luminosity of ™ 18°° ergs~! (Dowthwaite et al,
1984c) in good agreement with the suggested luminosity of our own
galaxy at these energies.

Other observations have concentrated on the wmore unusual
extragalactic objects such as the radio galaxy Centaurus A. BGamma-rays
have been reported at energies > 10 '® eV +from observations at
Narrabri made in 1975 (Grindlay et al, 1973).

This object will be extensively wmonitored by the new Southern

hemisphere observatory.

1.5.10: Other objects

Although the following objects are not considered to be very likely
V.H.E. gamma-ray sources the Dugway detectors did make limited
observations of them to confirm previous wupper limit values. The
details of the observations are summarised in table 4.2.

Perseus X-1 - a cluster of galaxies and an X-ray source.

Cas A - a supernova remnant, again seen at X-ray energies

§5433 - a complex binary X-ray source thought to be powered by
particle acceleration in an accretion disc,

Cygnus X-1 - a black hole candidate interpreted as an accreting
X-ray source.

NGC4151 - a Type I Seyfert Galaxy, seen as a strong X-ray source
but not by the COS-B satellite (Perotti et al, 1979},

3C273 - a quasar, and a strong COS-B source.
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2C6135+84 - an unidentified COS-B source.
Upper 1limits for V.H.E. emission from these objects have been
derived from a number of Cerenkov experiments (Porter and Weekes,

1978).

The results obtained from these gamma-ray objects have served to
firmly establish this field many years after the paper published by
Marrison., The next generation of telescopes is expected to make many
more interesting discoveries., Bamma-ray astronomy is developing into a
complex subject, providing a very useful set of observations against
which theories may be tested. In particular, the V.H.E. work has
developed in its own right, in some cases it has provided results
ahead of the satellite collaborations and has demonstrated the

importance of the Atmospheric Cerenkov light technique.
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Chapter 2: The Atmospheric Cerenkov technigue.

2.1t Introduction

As only very small collecting areas are possible with gamma-ray
satellites, their use is restricted to energies < 18 6eV. Work at
higher energies requires different techniques. The effective
tollecting area of an array of ground-based Cerenkov 1light detectors
is very large, of the order of 18% m= . This is due to the nafure of
the emission of Cerenkov light from a very high energy (V.H.E.)
gamma-ray initiated cascade of relativistic particles. With such a
large area a substantial number of gamma-rays should be detected
despite the much lower incident flux at these very high energies. In
fact, at present, this technique represents the only effective method
for studying fhe intermediate energy range 1@! eV - 18'® eV,

There are serious limitations associated with experiments of this
type, and these are apparent from fig. 2.1, a representation of the
cosmic-ray spectrum at these energies compared to the spectrum of a
typical strong V.H.E. gamma-ray source, Cygnus X-3. The cosmic ray
flux is much higher than than that from the source, and produces a
similar Cerenkov light signal in V.H.E. experiments; i.e. there is a
large, and indistinguishable background. However, with the
optimization of experimental design and the application of various
statistical wmethods, gamma-ray signals have been extracted. The
statistics applicable to this work are described in detail in Chapter
5. This chapter will review the basic features of the Cerenkov light
from particle showers in the atmosphere and will describe some of the

experiments designed to investigate the V.H.E. gamma-ray flux.
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2.2y The Nature of Cerenkov Radiation.

If a charged particle moves through a dielectric medium with a
velocity greater than the phase velocity of light in that medium, the
medium itself will emit radiation in a continuous spectrum and at an
angle to the particle trajectory. This effect was discovered
independently by Mallet (Mallet, 1924) and Cerenkov (Cerenkov, 1934},
and is called Cerenkov radiation. The classical physics of the
emission is described in detail elsewhere (Jelley, 1948) and will be
outlined below,

As the fast charged particle moves through the dielectic medium it
causes a local polarisation. The polarisation of atoms in the medium
at some point, 5 close to a small element of the particle trajectory
is shown in fig. 2.2a - the direction of net polarisation resolved
into the radial and axial components is given in fig. 2.2b. Only the
axial component will be detectable at some distance from the axis -
cylinderical symmetry cancels the radial component. The single element
of the particle trajectory then acts essentially as an elementary
dipole. Generally, wavelets emitted from all such small elements will
destructively interfere and there will be no coherent radiation.
However, at veiocities, v, greater than the phase velocity, Von,
constructive interference can occur between wavelets emitted from many
such small elements. The Huygens construction shown in fig. 2.3
represents this effect.

For coherent emission to be produced the particle must travel the
distance XY in the same time, t, that the light travels from X to 1.

If the refractive index of the medium is, n, then the coherent
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Figure 2.2a: The polarisation of atoms in the 'Cerenkov Effect'.
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radiation is emitted at an angle A to the particle trajectory given

by, (see fig.2:3)

Xz
XY

cos A

= Vph
vln

R - 2.1
Bon
with B = v/Vg,n, and forms a cone.

in the case of an ultra-relativistic particle the maximum angle of
emission is reached,

Amax = €OS™! ( 1/n )
which in the case of air at N.T.P. is * 1,3 ©®

Cerenkov radiation will therefore only occur at those frequencies
for which n in the medium is > 1. For air, at N.T.P, this corresponds
to the microwave to ultraviolet region,

The detailed theory was developed from these classical arguments by
Frank and Tamm (Frank and Tamm, 1937). Using this theory the rate of

production of radiation, W ( ergs™! ), for a path length, 1 ( cm 1},

and a particle of charge Ze, is given by,

[ %]
4

a |

dW = Iez (1 - (1/Bn)® ) w.dw -
1 c= Bn >1

where w is the angular frequency ( Hz ).

This result reveals that the spectrum 1is <continuous, and
proportional to w.dw, i.e. more radiation is wemitted at higher
frequencies. For a particle moving through air at N.T.P. the typical
number of photons oproduced in the wavelength range 3588 - 355@0
Angstroms, per unit path length, is ™ 8.3 (photons.cm ). In this
case the corresponding threshold energy (B = 1/n , A = @) for the

electron is ™ 20 MeV. It is important to note that this polarisation
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process results in a wmuch lower energy 1loss ( ™1B8°%) than the
ionisation processes which are also associated with the particle.

A full quantum wmechanical treatment by (Ginzburg, 1940) produces
the same general features. The 'Cerenkov Effect’ 1is essentially a
macroscopic process with 1little radiation reaction, and so there is
negligible quantum mechanical modification to the simple

interpretation described above.

2.3: Cerenkov radiation from V.H.E. gamma-rays.

When a very high energy ( > 10'!'eV ) photon enters the top of the
atmosphere it’s first interaction occurs at an atmospheric depth of *
40 gcm*. This value is determined using Monte Carlo simulations of the
behaviour of a 1000 GeV gamma-ray initiated cascade. On interaction it
generates an electron and positron by pair production in the nuclear
field of an atom. These electrons produce further gamma-rays by the
Bremsstrahlung process and these photons in turn undergo pair
production and so on. An electron - photon cascade develops with the
maximum number of ™ 100@ electrons occurring at an altitude of ™~ 10 knm
and at an atmospheric depth of 250 gcm® . A schematic representation
is given in fig 2.4a. It 1is important to note that cosmic-ray
particles produce similar cascades, these are described schematically
in fig 2.4b. In the case of the energy of the primary particle/photon
being > 1@'% eV the cascade of secondary particles survives to ground
level and is termed an 'Extensive Air Shower’.

The large number of particles produced in these cascades ( “10% for
a primary energy of 18*%eV ), move at the very high velocities
sufficient to produce Cerenkov radiation., For the particular case of a
cascade initiated by a 18'= eV gamma-ray primary, the particle cascade
dies out before reaching ground level, but the Cerenkov light survives

with littlé atmospheric absorption and constitutes a short pulse of
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blue-ultraviolet light.

Blackett indicated that there should be a contribution to the night
sky brightness due to Cerenkov radiation from the cascade of particles
(Blackett, 1948). He concluded that the Cerenkov contribution was as
little as 107 % of the total photon rate of 6.4 187 cm~2s~! sr-!, and
s0 would not be detectable by the wusual techniques. Galbraith and
Jelley showed that the Cerenkov light expected from a cascade arrives
at the Earths surface in a pulse of very short duration, *~ 10°® ¢
(Galbraith and Jelley, 1953). In this short time, the background would
effectively be formed by fluctuations in the brightness of the sky and
not its wmean value. The Cerenkov signal should then be detectable by
simple detectors coupled to fast electronics.

These early, simple detectors consisted of a small f-ratio amirror,
which ctould be of quite poor optical quality, with a fast
photomultiplier at the focus. The electronics coupled to this systenm
included a fast amplifier and discriminator (time constant ™ 18 ns),
with the Cerenkov pulse displayed on a triggered oscilloscope. The
height and duration of the pulse were then directly proportional to
the intensity and duration of the Cerenkov flash., Such a system was
lipited by fluctuations in the sky brightness, but this problem was
reduced by using faster amplifiers, and was removed completely by

operating three such detectors in fast coincidence.

2.4: Details of the Cerenkov light pulse.

Over the last 2@ years considerable effort has been made to measure
and explain the detail of the Cerenkov pulse, and a brief review of
the essential features is presented here.

The typical Cerenkov pulse detected at ground level from a 1000 GeV
gamma-ray primary lasts 1 - {0 ns. This pulse consists of the

continuous spectrum given in tig 2.5 and most of this light originates
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near the cascade maximum (altitude ™ 18 km). The pulse represents a
light spot on the sky about the arrival direction of the primary. The
size and shape of the light spot are determined by many factors,
important among these being multiple Coulomb scattering of the
secondary particles in the atmosphere, and also fluctuations early in
the shower development. As a result the angular spread of the {flash

exceeds the 1.3° suggested by simple Cerenkov theory.

2.4.1: The lateral extent of the Cerenkov flash

and Computer simulations

Early calculations of this measure took multiple Coulomb
scattering, and modifications due to the Earths magnetic field into
account ( Zatsepin and Chudakov , 1962). Fig. 2.6 gives the result.
Clearly, the form of the lateral distribution is peaked within 200 =a
of the detector, but a finite intensity may exist out to distanceg of
1 knm.

The approximate analytical calculations are useful for a general
appreciation of the basic features of the Cerenkov light signature
from high energy particles. However, for the purposes of optimization
in the design of detectors a more detailed shower investigation must
be made using computer simulations. These simulations require a
detailed knowledge of the nuclear physics involved in the cascade
development and the absorption processes in the atmosphere. They are
developed on large mainframe computers using the Monte-Carlo
technique. The detector parameters such as height above sea-level and
field of view are incorporated into the calculations, and so the
simulated shower can be compared with direct measurements. Simulations
have been made (Browning and Turver, 1977}, and (Hartman et al, 197%9)
for both proton and gamma-ray initiated showers. These show good

agreement with observations.,
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The typical lateral distributions for a 100@ b6eV proton and a 1g00
GeV photon are given in fig. 2.7. Perhaps the most significant result
for Gamma-ray astronomy concerns the ratio of Cerenkov light fronm
gamma-ray to that from proton showers of the same energy - see fig
2.8. This ratio is constant at 2 +for energies > 1800 GeV (the
gamma-ray cascade is more efficient at producing Cerenkov photons) but
as the energy falls below 1888 GeV this ratio rises dramatically. For
a proton initiated shower most of the Cerenkov light comes from the
secondary cascade of pions. Two-thirds of the energy goes to charged
pions which may undergo collision or decay to auons. Muons are
relatively poor Cerenkov emitters and the shape of fig. 2.8 can be
explained as the probability of decay is increased at lower energy.
The advantages for Gamma-ray astronomy of thresholds lower than 10002

GeV are obvious.

2.4.2: The Zenith anqle distribution of the Cerenkov

light intensity.

To understand the response of ground based Cerenkov detectors a
knowledge of the variation of the pulse intensity with zenith angle is
needed. This distribution was investigated at an early stage, and was
found to depend markedly on the sensitivity and field of view of the
detector. However, it has been shown that for a system of narrow field

of view {a few ®), the distribution takes the foram,

8]
-+

N (Z) = cos M 1 -

where N = (2.5 +/- B.95) and I is the zenith angle (Galbraith and

Jelley, 1953).

This 1is appreciably +flatter than the known distribution of

particles from an E.A.5. surviving to ground level. This effect has
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important implications for the observation of celestial objects, and
generally restricts useful work to zenith angles ¢ 459,

2.9: Cerenkov light detectors.

A major improvement to the simple detectors used in the first
experiments can be achieved by the use of fast coincidence between the
mirror-phutotube units., The careful application of this technique can
reduce the effect of the fluctuations in the night sky brightness
allowing only the Cerenkov pulses to be detected within the ™ 10 ns
time-gate.

Improvements are also obtained by varying the combination of
detector area, A, quantum efficiency, e, +field of view, F and
integration time, T of the electronic system. It can be shown (Forter
and Weekes, 1978) that the ratio of signal/noise in the detector will
be proportional to,

(A.e / F.T 1172 - 2.3

Detector ceollecting area, A.

The original experiments were conducted using searchlight mirrors
with apertures in the range 2.6 -~ 1.5 m, low f-ratios (f/0.5), and
poor optics. Though very useful work can be done with such systems,
efforts have been made to find an inexpensive method to produce more
suitable mirrors.

The optical quality of the wmirror is not critical but high
reflectivity is important., In particular, the use of polished
aluminium has been investigated, as this 1is more reflective than
silver at the wavelengths where the Cerenkov spectrum peaks - this is

discussed in greater detail in section 3.8.1.
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The largest reflector, purpose built for Atmospheric Cerenkov work
is the 18 m2 Mount Hopkins telescope which operates at an energy

threshold of ™~ 180 GeV.

The field of view of the detector.

There is an optimum field of view for the normal operation in
Gamma-ray astronomy (the search for emission from a point source). A
particular combination of phototube and mirror f-number is needed, and
the resulting field of view is generally chosen to lie in the range
{,1 - 3 °®, In general the field of view for normal operation should be
chosen to be close to the angular spread of the peak of the Cerenkov

flash ( > 1.1% },

The photomultiplier tube and detector electronics.

Most modern experiments use phototubes with cathodes efficient in
the blue and wultravioclet regions i.e., optimising the performance at
the strongest wavelengths in the Cerenkov spectrum.

The width of the Cerenkov pulse is dependent on the primary energy
of the cascade and also the altitude of the observing site, as well as
the field of view o0f the detector. For effective operation the
electronic system should have integration times not much larger than
the width of this pulse.

Details of the system wused in the Durham University gamma-ray
facility are given in the next chapter, including the refinements made

to the design and optics over the last few years.
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2.6: Gamma ray observations.

As it is not possible to directly distinguish gamma-ray and proton
initiated showers, methods have been developed to extract the
gamma-ray signal.

The two standard methods, used in the observations for this work
are the '‘drift-scan’ and ‘tracking’ techniques described in Chapter 4.
However, a number of other technigques have been developed and these

are briefly reviewed below,

is Fast annulus

The Cerenkov emission angle from gamma-ray showers changes within
the first few radiation lengths, effectively focussing the light to an
annulus of ™ 120 s radius about the shower axis. The pulse width |is
very short ™~ 3Ips , and an array of fast, narrow field of view
detectors is expected to be biased in favour of detecting these
showers. This technigque has been used by at Glencullen (Fegan et al,
1968), but unfortunately reduces the effective collecting area of the

array limiting its effectiveness,

ii: Array of detectors sampling the lateral distribution

With detectors spaced ™~ 5@ m apart the lateral distribution of the
Cerenkov pulses can be investigated by studying the pulse height
spectra in the detectors. This system has been developed by a group

working at Maryland College (Tornabene, 1977).
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iii: The double beam technique

14+ two detectors have their optic axes inclined to intersect at the
shower maximum altitude - an increase in the coincidence rate is
expected. This technique has been extended to include a second
intersection at a lower altitude (Grindlay, 1971). A further
enhancement of the coincidence rate is observed at this lower altitude
and is interpreted as being due to the penetrating component of the
nucleon induced showers (muons). With the two systems running 1in
anticoincidence, a rejection of proton showers is possible. There is,
however, a disadvantage, since this technique is only applicable to

energies > 10'> eV when a considerable number of muons are produced.

iv: Fast timing

The standard E.A.S. technique of inter-detector fast timing can be
adapted to V.H.E. Gamma-ray astronomy. It 1is possible to resolve
within the +field of view of an array of detectors by examining the
relative time of arrival of the shower +front at each detector.
0ff-axis showers are then rejected as 1likely background. This
technique has been wused by the University of Maryland group
(Tornabene and Cusimano, 196B) and was demonstrated in observations
of the Crab pulsar by the Dugway array (Walmsley, PhD thesis 1in

preparation).

v: The Whipple Observatory Imaging telescope.

The 18 m2 optical reflector at the Whipple Observatory has been

adapted for use as an imaging instrument. A ‘Camera’ consisting of 37,

Page 30



Scm diameter phototubes is placed at the focus of the reflector. Each
phototube provides a 0.36%® pixel within the overall field of view of
3.9%°, and so allows an image of the Cerenkov flash to be recorded.

An observation consists of i. tracking the region of the sky
containing the object of interest and ii. performing a similar
tracking observation of a region of the sky displaced 3@ minutes in
Right Ascension from the object (same zenith and azimuth range as i.).
In this way a background estimation is possible.

Several Monte-Carlo simulations of the performance of the 'Camera’
have been made, but with differing conclusions (Cawley et al, [9B3a}.
The data analysis involves a software selection of events based on the
results of such simulations. For instance, a selection of narrow
angular width wevents as candidate gamma-ray initiated flashes was
suggested by simulations performed at Leeds University, but other
selections have also been used.

The telescopes effective energy threshold is estimated to be ™ 200

GeV with a gamma-ray collecting area of ™ 1@°% m=.

vi: The Haleakala telescope.

The Universities of Hawaii, Purdue, Athens and Wisconsin operate a
highly sensitive telescope with an energy threshold lower than 300
GeV. The instrument is situated at Haleakala, Maui, Hawaii and began
operations in June 1983, The telescope has a 1@ m® mirror and has an
narrow aperture of B8.5%°. Simultaneous observations are made of the
object and a position displaced 3.4%® in declination to allow a measure
ot the ‘off-source’ background. The essential feature of this
telescope is the software selection of events. Each photoelectron is
counted and chance fluctuations leading to coincidence are removed in

the software analysis. This system allows energy cuts to be made at
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the software stage and is expected to provide important results for

V.H.E. Bamma-ray astronomy, (Resvanis et al, 198é4).

The large numbers of experiments designed to investigate the
Cerenkov effect for use in Gamma-ray astronomy are reviewed in table
2.1, The table indicates the wide interest in this technigque since the
early 1968°s. It 1is wunfortunate that many experiments have not
achieved the significant increase in sensitivity for gamma-rays
expected from the methods described above.

In all Cerenkov work the problem of the high proton background
remains, making the identification of a source of gamma-rays very
difficult. It is therefore essential to establish a database of
observations, +free from systematic effects, and to derive a series of
suitable analysis procedures. Despite the special problems associated
with work in this energy region, there is an increasing number of

V.H.E. gamma-ray sources detected by many groups.
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ATMOSPHERIC CERENKOV EFFECT EXPERIMENTS.

Institution Location Epoch Reflector Field of Energy
(No. x view Threshold
size /m) (172 angle (GeV)

in deg )

A.E.R.E. Pic du 1953 2 x 0.61 2.2 10,000

U.K. Midi 4.9

Lebedev Inst. Crimea 1960-66 |12 x 1.5 1.75 5,000

U.S.S.R

A.E.R.E. Glencullen| 1966-65 2 x 0.9 2.5 5,000

+ U.C.D.

A.E.R.E. Glencullen| 1966-70 4 x 0.9 0.5 2,000

+ U.C.D. + Malta

Woodstock Maryland 1966-67 4 x 0.9 0.5 2,000

College

Smithsonian Mt. 1967-638 2 x 1.5 0.6 2,000

Inst. U.S.A Hopkins

(1.2 km)
Smithsonian Mt. 1968-72 10 0.5 100
Inst. U.S.A Hopkins

(2.3 km)

A.E.R.E. Harwell 1968-69 2 x 0.9 1.5 13,000

U.K.

Tata Inst. Mukurthi 1969-70 2 x 0.9 1.5 10,000

India

Crimean Crimea 1969- 4 x1.5 0.9 2,000

Astrophys.

Cbs., U.S5.S.R

Univ. of Narrabi 1968-69 2 x 6.5 0.6 1,000

Sydney

Australia

Table 2.1: A selection of Gamma-ray experiments using the

the

'‘Cerenkov Effect'.




Institution Location Epoch Reflector Field of Energy
(No. x view Threshold
size /m) (172 angle (GeV)

in deg )

Smithsonian | Mt. 1970-72 | 3 x 1.5 0.5 1,000

Inst. U.S.A Hopkins

(2.3 km)
Smithsonian Mt. 1972-76 {1.5 + 10 0.5 700
Inst. U.S.A Hopkins

(2.3 km)
u.c.D. Mt. 1972-73 2 x1.5 2.5 5,000
Ireland Hopkins

(2.3 km)

Smithsonian

Inst. U.S.A

Univ. of Narrabri 1972-74 2 x 6.5 0.5 200

Sydney

Australia

Smithsonian

Inst. U.S.A

Smithsonian Mt. 19746-75 10 3 x 0.5 1,000

Inst. U.S.A Hopkins 7 x 0.5

(2.3 km)

Iowa State Ames 1975 32x 0.6 1.2 20,000

Coll. U.S.A

Bowie State Maryland 1972-75 |10 x 1.6 7 x3 10,000

Coll. U.S.A

Smithsonian Mt. 1976-77 10 10 x 0.5 200

Inst. U.S.A Hopkins

(2.3 km)

Table 2.1: Continued.



Institution Location Epoch Reflector Field of Energy
(No. x view Threshold
size /m) (1/2 angle (GeV)

in deg )

Tata Inst. ODotacamund]| 1976- 10 x 0.9 0.5 500

India

Lebedev Inst.] Tien Shan 1979- 2 x1.2 - 1000

U.5.5.R

Durham Dugway 1981-85 |12 x 1.5 1.1 1000

Univ., U.K.

Univ. of Haleakela 1986- 6 x1.5 0.25 200

Hawaii, Purdu

+ HWisconsin

Durham Narrabri 1986- 2 x 3.6 0.5 240

UniV.: U.K.

Univ. of Potchefs~ 9 x1.5 1.1 1400

Potchefstroom| troom

Smithsonian .Mt 19346~ 3.0 + 10 0.5 <100

Inst. U.S.A Hopkins

u.c.D., (2.3 km)

Hawaii, Iowa

Univ. of White 1986- I x5 2 5000

Adelaide Cliffs

Table 2.1: Continued.




Chapter 3: The Dugway Experiment.

3.1: Introduction.

The Durham University V.H.E. Gamma-ray astronomy group conducted
observations from May 1981 to October 19B4 using an array of specially
designed telescopes. In addition, this original array was used as a
testing ground for the new generation of V.H.E. instrument discussed
in section 3.8.

This chapter will describe the details of the Mark I detector which
was used throughout the experiment. The Mark Il detector - an improved
telescope which replaced one of the older detectors after July 1983
will also be discussed. The development of a completely new Mark [IlI
system destined for operation in the Southern hemisphere will be
described. In particular, the improvements in the optics of the Mark

IT and IIIl telescopes will be explained.

3.2: The Choice of array dimension.,

The arrangement of the four detectors is shawn in fig. 3.1. They
were placed at the apices and centre of a 188 m equilateral triangle.
This arrangement was based on detailed computer simulations of the
Cerenkov flash expected from a 1000 GeV gamma-ray (Macrae, 1985),
There are conflicting requirements for the inter-detector spacing. The
advantages of operating widely spaced (> 1008m} detectors include
increased overall counting rate, as the detectors count independently.
However, in a system designed for fast inter-detector timing a closer
spacing is appropriate. The variation of the overall sensitivity and

angular resolution with detector spacing is shown in fig. 3.2, (This
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figure is plotted for a simplified array of 3 adjacent detectors).
Small spacing gives a large effective collecting area for the multipie
fold events 1i.e. those triggering more than one detector. A larger
spacing gives increased angular resolution from the inter-detector
timing within the field of view, up to a maximum value after which
the detectors start to operate independently.

A compromise spacing of ~ éOm was chosen for each outer-central
detector combination. This leads to an angular resolution of ™~ 0.2 °,
and a threefold collecting area of ™ 0.5 of the maximun,

The operation of the array was controlled with an electronic systenm
housed in a caravan situated close to the central detector (detector
1). The telescopes were usually operated by two observers using

observing methods described in Chapter 4.

3.3: The Mark I telescope.

Each telescope in the original Dugway array consisted of three 1.3
M diameter paraxial parabolic searchlight nmirrors. Each airror
focussed the Cerenkov light +flash with Cassegrain optics onto a
phototube., The whole telescope, I mirror-phototube systems, was
pperated in 3-fold coincidence and was computer steered on an
alt-azimuth mount. The detector power supplies and the necessary cable
junctions were enclosed in a weather-proof 'mother-box’ placed a few
metres to the side of the telescope. A number of useful features were
built into the box, a telephone link to the control centre, a number
of spot lights and a manual override to the detector steering.

A photograph of the Mark I telescope is given as figure 3.3. Cables
ran from the ‘'mother box’' to the central control room - a caravan
which housed most of the electronics, a Tektronix 48351 computer, the
recording device and the power transformers,

The telescope was supported by a robust concrete plinth, with an
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aluminium framework holding the mirrors., It was steered in azimuth by
a geared DL motor and was supported on three bearings. Movement in
altitude was achieved using another rack mechanism and DC motor. The
mirrors were held to the structure by six aluminium pads and six brass
ball joints - see fig. 3.3. This system was suggested by Grubb Parsons
Ltd. to reduce image distortion for all telescope orientations as the

mirror weight would always act through its centre of gravity.

3.3.1: The Optical system.

The searchlight mirror system was far from ideal for this type of
work, but similar large aperture telescopes with relatively poor
optice had been wused to good effect in the past (Jelley and Porter,
1963)., For reasons of convenience and cost they were chosen for the
Mark 1 facility. The optics are summarised in fig. 3.4.

Each primary mirror had an f-pumber of 0.43 and was made from
electroformed brass, plated with rhodiunm.

A Cassegrain system was used to provide a more appropriate size of
aperture for the 5" phototube chosen for this system, In addition, by
choosing such an arrangement, there was a reduction in reflection off
the photocathode - although losses in intensity at the secondary
~“28% ) worked against this. The secondary mirror was 12" in diameter
\and was made of aluminium.

The whole system defined a physical aperture to a point source of ™
1.75® at Full Width Half Maximum (F.W.H.M.) - see section 3.5.5. The
estimated overall reflectivity of the system was 65% at 500 nn.

The image size was found to be ® 2 cm in diameter for a point
object, and suffered large aberration,_but was adequate for this type
of work, The 3" fast photomultiplier tube was placed ~ 8 cm behind the

focal plane, in a protective plastic tube. This ensured a defotussed
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Figure 3.4: The Mark I telescope optical system.




image with no differential gains arising from stellar images on the
photocathode (these would distort the electron optics), The problenms
caused by stray light from the night sky were reduced by using

tylinderical baffles to surround the secondary mirrors.

3.3.2: Steering control.

Steering accuracy was achieved wusing incremental shaft encoders
attached to the altitude and azimuth gears. The altitude encoder was
used in conjunction with a pendulum attached to the telescope
structure defining the wvertical direction. Computer control of the
telescope pointing was provided by a Tektronix 4@5!1 computer situated
in the control centre, and via four 'MOSTEK FB' microprocessors, one
dedicated to each detector. A steering accuracy of better tharn 0.1°
was expected. Magnetic cut-outs to the DC motors provided protection
against steering past certain points, preventing motor damage if the
telescope steered past altitude = @, and cable damage for continuous
steering in azimuth, As an extra oprecaution against high winds a
number of clamps and pegs were fitted,

35.3.3: The photomultiplier system.

A suitable photomultiplier for the system was the RCA type 4522
(12.9 cm diameter), linear focussed tube which was fast and had a
bialkali photocathode. Among the other characteristics of this
photeotube include a relatively high quantum efficiency of ™ 1574 in the
wavelength range of the Cerenkov flash., The tube was placed in a
weatherproof plastic tube, behind a thin 'MYLAR® sheet, and was
magnetically shielded by a mu-metal <cylinder held at the «cathode
potential. The photomultiplier system was operated at a typical E.H.T.

voltage of |8B0@ V to give the fast performance needed. Adjustment to
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this value was possible at the ‘mother box’ which housed the EHT
units, In the normal operating conditions only 11 dynodes were used,
resulting in a gain of ™ 58,000. The anode currents of the working
system were typically § uA at a telescope rate of ™~ 18 kHz. The
discriminator level was set to correspond to a threshold intensity of
~ 58-100 photons.m~%. The response of the tubes was sufficiently fast
in these operating conditions with the rise time corresponding to ™ 2
ns for a pulse of F.W.H.M. ¥ 5 ns. As the 3 mirror-phototube systenms
operated in 3-fold coincidence, an almost accidental free signal was

provided.

3.3.4: The Automatic Gain Control system.

The A.G.C., or 'Automatic Gain Control' system, consisted of a
green LED placed in the field of view of each mirror - phototube unit
and servoed with a time constant of ™~ 10s to the phototube anode
current. As the photocurrent varies with sky brightness the dynode
voltage varies leading in turn to a varying gain. The A.G.C. systenm
was used to stabilise the photoelectron emission rate (the chance of a
random 3I-fold coincidence increases with the number of photoelectrons
emitted, and a stable rate ensures that a reliable measure of any
accidental counts can be wmade for the observation). For many
observations a stable gain was needed, e.g. observations where the
suspected source drifted through the field of view {(a drift scan) and
so the A.6.C. system was used.

The initial measurement of the anode current and the setting of the
required intensity of the LED emission was conducted by the Tektronix
4051 computer. Subsequent servoing toc this value was carried out by
Fairchild '741° operational amplifiers.

A demonstration of the effective operation of the A.G.C. system is

given as fig. 3.3. In this observation the telescopes scanned the
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Galactic plane, with the 2" magnitude star p -Cygni entering the
field of view. The plot of the rate of photoelectron emission from one
of the phototubes in detector 3 indicates the stability of the systenm

to this changing night sky background.

3.3.9: The Night-time TV Cameras.

Each telescope had a paraxial, highly sensitive night-time TV
camera ('C.C.T.V.' <camera) mounted on the aluminium structure. These
cameras monitored a region of the night sky ™ 5% square about the
source. They were sensitive to 35%" magnitude stars and allowed a
convenient check to be made on the detector steering from the control
centre, In addition, each detector could be viewed in daytime.from the

taravan using less sensitive cameras mounted on nearby posts.

3.3.6: The transfer of data to and from the control roon.

The basic cabling system is outlined in fig. 3.6. Short cables lead
from the telescope to the 'mother box' junctions, and from the box
along elevated cable runs fo the control centre, In addition to supply
cables the cabling system consisted of;

i. 3 heavy coaxial cables carrying the phototube signal to the
tontrol electronics.

ii. 3 medium weight coaxial cables; the EHT control from the
centre.

iii., There were B steering cables, 4 to drive the motors, and 4
from the drive sensors.

iv. A 12-way signal cable including links to the TV cameras, the

A.G.C. cables and various measures of the phototube performance,
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3.4: The electronic system.

3.4.1: Amplification and discrimination.

The electronic pulse from each photomultiplier was 'fed to a LeCroy
'VVIBB' amplifier which gave an amplification by a factor 1@ and fed
the signal to a dual level discriminator system. In Cerenkov work, and
especially in systems aiming to utilise fast inter-detector timing, it
is important to use initial amplifiers and discriminators with short
rise times, with suitable values corresponding to a few ns. The high
level discriminator unit ‘accepted’ pulses of peak voltage > 182 amV,
thereby removing much of the low level noise 1in the individual
phototubes. The output from these three discriminators entered a
coincidence unit. Each phototube needed to record a sufficiently large
pulse for the event to be processed further. By using the three-fold
coincidence within a 1@ ns timegate, the accidental rate could be
reduced to near zero.

The pulses from the three photomultiplier tubes entered the low
level discriminator and were first ‘fed’ through a ‘mixing wunit’ to
improve the signal. The mixing resulted in much less 'jitter’ on the
pulse entering this unit compared with the pulse processed by the high
level discriminator. Because of the relative stability of this pulse

it was used by the inter-detector timing system.

3.4.2: The charge-to-time converters (LeCroy BT108B’'s).

After a 3-fold coincidence, the charge in the pulse was measured.
The measurement was made, after the amplification and high level
discrimination stages, by the LeCroy charge-to-time converters

('GT10@B’'s’'). From the converter the measured charge output was sent
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to an 11-bit scalar, and from there to the data bus - see fig.3.7.
The charge was measured over the range 0-2546 pC with a resolution
of 0.1 pC. The +{full output duration for a charge of 256 pC

corresponded to 5@ microseconds.

3.4.3: The Time to Amplitude converters (T,A.C.'s).

The relative arrival times of pulses detected in other telescopes
within a set time interval were alsop recorded. These measures were
used in the inter-detector timing analysis to provide information on
the arrival direction of the shower., The electronic arrangement is
shown in fig. 3.7. If any detector registered a coincidence, then all
the Time to Amplitude Converter (T.A.C.) units commenced counting and
stopped as their parent detectors registered the same shower. The stop
pulse was developed from the low level discriminator. In this way the
relative time delay across the array could be noted. If a detector did
not record the shower then the T,A.L. wunit was stopped and
automatically reset after a delay of 208 ns. The dual level
discrimination was employed to allow an accurate measure of the
relative timing. The "jitter’ at the start of the measure was large -
as the discrimination was set near the top of the pulse, but this was
unimportant since the T.A.C.s started simultanecusly. The 1low level
discrimination on the stop pulse allowed a much more accurate response
to the Cerenkov pulse. This was all done to an estimated timing

resolution of 1 ns.

In addition to the inter-detector fast timing and pulse charge
measures, the individual photomultiplier tube anode currents and
photoelectron production rates were digitised. The outputs from

temperature and atmospheric pressure sensors were also recorded.
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Each digital output was sent to the 11-bit data bus and sampled by
a MOSTEK F8 microprocesser with each 3-fold trigger.

With each event the time was noted to microsecond accuracy.

3.4.4: Data control and recording,

The schematic description of the control system is shown in +4ig.
3.8. The Tektronix 4051 computer provided the essential control and
monitoring system for the array. The controlling computer and the
MOSTEK FB microprocessors, which acted as controllers to the data
stream, were placed on an IEEE-488 bus along with the recording device
- a 9-track magnetic tape unit, and a printer. The eight MOSTEK F8
processors were dedicated to the following operations;

i. The steering for each detector was controlled by the Tektronix
computer in conjunction with processors Pl - P4 (see fig. 3.B).

-ii. The Automatic Gain Control system was controlled by P3. This
processor gave digital-to-analogue conversion (DAC), with 12 of the 16
channels running the A.G.C.

iii. A separate processor P& was used to control the dot-matrix
printer which provided a summary of the array performance at intervals
of ¥ 2 minutes throughout an observation.

iv. P7 represents the important processor which communicated with
the data bus. 1Its main purpose was to compile the data record to be
passed back along the IEEE - 488 bus to the 9 - track tape via an
eighth processor PB.

3.4.5: The Crystal clock.,

The relative timing system used in the Dugway array was based on an
oven-stabilised | MHz crystal clock. The oscillations were regularly

checked against a standard timing signal from Fort Collins, Colorado,



The <calibrations and checks made on this clock wunit formed an
important part of each months observing program and will be reviewed

in the next section., Each event was recorded to an accuracy 1 us.

3.5: Calibrations of the system.

For an effective analysis of the data produced from this system a
series of preliminary calibrations were needed. These procedures are

described in the next sections.

2,5.1: Calibration of the crystal clock.

The crystal clock was initialised using a standard radio signal
broadcast at 5, 1@ and 15 MHz by the ‘WWVY' radio station at Fort
€ollins in Colorado, over 608 miles from the Dugway array. The timing
signal consisted of 50 second tics for each minute, with 5 cycles of
a 1| kHz modulation broadcast on each minute and synchronised to
Coordinated Universal Time (U.T.C.). The exact synchronisation with
U.T.C. occurred at the front edge of the 5 cycle variation, and this
edge was used to initialise the clock unit.

The time of passage of the radio signal from Fort Collins to Dugway
varies with atmospheric conditions, as does the quality of the radic
signal, and these effects were important in reducing the accuracy of
the clock initiation to 0.25 - 8.5 ms. These uncertainties effectively
set the absolute timing accuracy of the Dugway experiment.

The Dugway clock was set to run faster than true U.T.C., and the
extent of the error was checked regularly against the radio signal.
This was done using an oscilliscope triggered by the clock unit whilst
displaying the ‘WWV' radio signal. The displacment of the radio pulse
on the screen was then proportional to the error in the clock unit.

A typical crystal clock 'drift rate’ was,
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15.94 +/- 0.02 ms.day™?
for the November 1982 observations.

For observations of periodic objects, calibrations should be
performed as often as possible, and at least daily to achieve an
accurate ‘drift rate’'. Unfortunately the weather <conditions did not
always allow a clear radio signal and many months data were taken with
accuracies much less than that quoted above.

In observations of sources with fast periods (e.g. the millisecond
pulsar, 4C21) the clock calibration is most important and ideally only
cne initialisation should be performed for a months observation. This
allows the maximum integration time as the large uncertainties in the
initialiation effectively prevent data from different resets being
related in time. A more detailed investigation of the crystal clock

accuracy is discussed elsewhere (Kirkman, 19835).

J.5.2: Calibrations of the charge-to-time converter units.

Calibration of the charge-to-time units was made through a series
of tests which supplied each LeCroy 'GT1Q@B’ unit with three pulses
of different amplitude, {(the pulses were produced by a Farnell pulse
generator), The results of these tests are given as fig. 3.9 and show
the differing response of each unit, {a) and the relation between the
left centre and right hand channels for each detector, (b}, These
calibrations were sufficient to show that the output from the
charge-to-time converter units was directly proportional to the input
pulse size, though the response of individual detector units varied
for the same pulse.

Further investigation relied on the record of real showers, and
indicated a form of response consistent with the calibrations,
excepting detectors 2 and 4 (fig., 3.9). Detailed werk on the responses

ot the system has been complicated by the use of different E.H.T,
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levels during observations and also by changes in the A.G.C. setting.
The change in conditions in which the phototubes operated meant that
the response to a given light pulse varied from night to night, and

observation to observation - as shown in fig. 3.18.

3.5.3: Calibrations of the Time-to-Amplitude converters,

The relative timing calibration was performed by triggering each
T.A.C. wunit with an input pulse and then stopping the unit with
another pulse separated from the first by a previously determined time
interval. A record of the digitised output was then taken. Such
measurements indicated that the T.A.C. output was directly
proportional to the input delay.

More details of these calibrations are given in the extensive
discussion of the fast inter-detector timing technique (Walmsley, PhD

thesis in preparation).

3.9.4: A survey of the array.

In the fast inter-detector timing analysis of the showers an
acturate knowledge of the relative positions of the detectors was
needed. A reference point was chosen as the centre of the array, close
to detector 1, and the orientation of each detector was then measured
relative to true North. From the survey readings the detector
positions, defined in a cartesian frame were calculated and are shown

in Table 3.1. Each survey position has an estimated accuracy of +/-

2.1 m.

3.5.9: The measurement of the field of view.

Measurements of the Field 0f View (F.0.V.) were conducted at an
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Coordinates(m)
Detector
X Y Z
1 0-00 0-00 0-00
2 30-88 51-45 -1-83
3 2843 -52-66 0-46
A -6013 0-66 1-82

Table 3.1: The relative positions of the four telescopes.
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early stage of the telescopes construction by investigation of the
mirror images using L.E.D.s. The resulting values for the Mark I and
Mark Il telescopes are given (at F.W.H.M.) as 1.753° and 1.3®
respectively.

A different measure was provided from observations using the full
Dugway system. The telescope mirrors were correctly aligned on each
detector with the aid of -a bright L.E.D. placed .a considerable
distance from the array. Once the optics were aligned, the variation
of the anode current in the phototube could be used to plot out the
response o0f the system to a 5° scan in small steps about a suitable
small magnitude star. The star acts as a point object, and Polaris was
used. These measurements were made for eath of the wmirrors on all
detectors and checks were made over the 4 years of operation.

The results of two such scans are given as fig. 3.11a and fig.
3.11b for the Mark I and Mark II systems respectively. The respective
F.0.V.s, at F.W.H.M. were measured as;

1.75°®

Mark I F.D.V.

t.3%

Mark Il F.O0.V.

3.6: The array performance.

3.6.1: The array counting rate.

The basic performance of the array is measured by the counting rate
of the individual detectors. An investigation of the variation of the
rate with zenith angle has been made for all the years of operation.
For the night of 31=* of August 1981 the telescopes were used to
conduct a 'drift scan’ of the Cygnus X-3 region at wvarious zenith
angles. The wvariation of the count rate is given in fig 3.12 for

1981, fig.3.13 for a night in 1982, and the variation for 19B3 is
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shown in fig 3.14 (all measurements were taken with the telescopes
pointing at Cygnus X-3). The distributions can be summarised by a
function of the form;
Count rate = C. cos"( Zenith angle )

The exponent is found to vary from 2,47 for 1981 data, to 3.82 for the
1983 data (both values <corresponding to the overall array rate).
Individual detectors perform differently, with values of n as shown in
fig. 3.14, In fact, because of the poor rates found in 1981, all
detectors other than number 3 required a full realignment of the
mirrors and fine tuning, early in 1982. The improved counting rate of
detector 2 resulted from this adjustment. After July 1983 the improved
Mark Il detector 4 system was installed; the enhanced performance of
this system is evident from fig. 3.14.

The combinations of detector responses also differ greatly in their
zenith angle behaviour. Fig 3.15 shows the rapid fall in the II, III
and IV fold rates with zenith angle for the 4th September 1983
‘tracking’ data. This rapid decline has an unfortunate effect on the

power of the fast inter-detector timing technique.

3.6.2; The Pulse amplitude distributions.

The computer simulations have indicated that the intensity of the
Cerenkov flash is related to the energy in the particle <cascade, and
s0 will have some relation to the primary energy.

A plot of the distribution of the detected pulse amplitudes (the
LeCroy '@T1@@B outputs) is given as figure 3.16, with the various
features of the plot 1indicated. The different contributions to the
distribution of I, II, III and IV fold events should be noted. The
distribution is positively skewed and so for much of the analysis the
median pulse amplitude was taken as the most useful measure of the

central tendency of the distribution. This value is shown to vary
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little over the zenith angle range @ - 58® in 1983 tracking data, see
fig 3.17. This indicates that the basic distribution of the light
intensity in the detected showers remains similar over the full range
of detector pointing directions. The only variation would seem to be
in the numbers of such events.

Direct calibration of each LeCroy 'QT188B° output was not
attempted, analysis of this measure simply compared distributions from
background and potentially enriched gamma-ray samples, see section

5.5.

3.b.3: Telescope aperture functions.

The telescope field of view has been well defined by calibrations
from scans of bright stars - see section 3.5.5, and from the geometric
optics of the mirror system.

The above measures give the response of the system to a point
source, However, the angular extent of the Cerenkov flash is found to
be ~ 12 see section 2.4 , and this extended source must be added to
the estimation of the detector aperture function. Detailed computer
simulations, discussed elsewhere (Macrae, 1985) indicate that the
response function for a Mark | detector is Gaussian in form, 1i.e.
similar to that shown in +fig 3.18. The aperture may be defined at
F.W.H.M. to be;

(2.2 +/- 0.2 )®
- for a shower initiated by a 1008 GeV gamma-ray.

The aperture function of the Mark 1II detector has not been
accurately determined, but should be of the order of ™ 1.8, if it
follows the same relationship between the computed, and point-source

fields of view found above for the Mark I system.
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3.6.4: Enerqy Threshold.

The indirect form of gamma-ray detecfion employed in the
Atmospheric Cerenkov technique makes an accurate determination of the
energy threshold difficult. The procedure used in this work and others
involves approximations to the threshold based on the response of the
detectors to real showers and computer simulations of the shower
development for gamma-ray and proton primaries. Among the many
complicating factors affecting the energy threshold for real
observations 1is the zenith angle, and the collecting area itself is a
function of the primary energy.

To determine the threshold for a detector the following quantities
must be known;

i. The collecting area of the telescope

ii. The field of view of the telescope

iii. The counting rate of the telescope ( at a given zenith angle )

iv. Computer simulations of the relative response of the telescope

toc gamma-ray and proton initiated showers.

i. Collecting area.

This is difficult to measure accurately but a reasonable estimate
is obtained by noting the detailed performance of the array. As an
example, most of the showers that trigger detector 3 are not recorded
by the nearest detector (i.,e. detector 1). It is therefore possible to
estimate that the «collecting radius is less than 6@ m (the detector
separation). A reasonable estimate of the radius would then seem to be

45 +/- 10 m, leading to the collecting area for detector 3 single fold

responses;

( 6362 + 3141 - 2513 ) m=

Pams A



Complications to this simplistic approach arise when multiple fold
responses are added. This is particularly true for detector 4 in
1981/82 where the much higher energy threshold resulted in a larger

proportion of multiple fold events being detected.

ii. Field of view.

The aperture function of a telescope is given by a Gaussian
function of F.W.H.M. (2.2 +/- 8.2)® as discussed in section 3.6.3. An
estiméte of the field of view of a telescope leads to a value of;

( 1.67 + 0.32 - 0.29 ), 10~% str.

This value can be applied to all detectors, apart from the Mark 11

detector 4 used since mid 1983, where a smaller value is appropriate;

v 1,11 . 1873 str.

iii, Counting rate.

The counting rates of the four detectors are summarised in fig.

(2]

.12, fig. 3.13 and fig. 3.14.

iv. Simulations.

The discussion of the relative vyields of Cerenkov photons fronm
proton and gamma-ray initiated showers was given in section 2.4.1. In
general for energies greater than 1008 GeV gamma rays are 1.4 - 2.0

times as efficient.

Example.

For detector 3 in 1982 the counting rate within 1° of the zenith is
estimated as 16.9 min~!, and so the average f{lux seen with the
telescope pointing at the zenith is;

2.69 (+2,62 -1.17) 107% 7% s~ gtrt

The flux at the top of the atmosphere due to protons is estimated
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Year Detector Energy threshold
| (GeV)
1 2617 + 800
2 1800+ 700
1982
3 17422 700
A 4200+ 1300
1 2700+ 900
1800 700
1983 : !
3 1600+ 450
4 1500+ 500

Table 3.2: Approximate telescope energy thresholds from

1982 - 1983,




from figure 2.1 as 1.14 . 1@"* m~= s~ str~! at an energy of 10008
Gev. With the integral spectral slope of -1.6 the energy threshold for
protons is,

2489 (+ 1093 - B&9) GeV
- appropriate for detector 3. Including the results of the detailed
simulations, the threshold for gamma-rays is,

1742 (+ 765 - 608) GeV

For most of the 1982 observations an energy threshold +for
gamma-rays of ™ 1308 GeV has been used. This value is in good
agreement with the value suggested from computer simulations of the
array performance (Macrae, 1985). Table 3.2 summarises the energy

thresholds for all four detectors for the 1982 and 1983 observing

seasons.

3.7: The Mark II telescope.

In the Mark I array, detector 4 carried the lowest quality
searchlight mirrors and its performance was always significantly below
that of the other three, so an improved detector was clearly desirable
and work began on its construction in the autumn of 1982. In addition,
the Mark Il telescope was used as an important stage in the long ternm
development of a purpose built gamma-ray detector.

A new method was used to produce cheap, robust mirrors from
aluminium plate, and some new investigations were made into the
optimum mirror-phototube combination. The Mark Il telescope 1is shown
in fig 3.19, and was operated on the Mark I mount using modified Mark
I electronics.

After a series of tests in Durham the new telescope was deployed in

July 1983 and began to take data later in that month.
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3.7.1: The QOptical System.

The 3 Mark 1 searchlight wmirrors were replaced with 21, 2ft
diameter aluminium mirrors. Aluminium was chosen as its reflectivity
is considerably better ihan rhodium, especially over the wavelengths
at which the Cerenkov spectrum peaks, see fig 3.20. In addition,
aluminium corrodes to form a clear oxide, protecting the mirror
surface from serious deterioration, and providing a more robust
reflective surface than traditional ’'metal-on-glass’ mirrors.

Each mirror was made from 3/4" thick aluminium discs, cut first on
a lathe to the required focal length and then ground and polished to a
mirror finish. This process was lengthy but resulted in an acceptable
mirror quality and excellent control of the mirror parameters.
Twenty-eight mirrors were produced, the seven not wused in the new
detector remaining in Durham for test purposes. The size of the image
produced was adequate, at 4cm diameter (measured at the radius of
curvature) and suffered some aberration. The optics of the Mark 1II
mirrors are summarised as fig. 3.21 and below;

.61 m

Diameter

Focal Length = 2.2]1 m

Image scale B.026%/nmm

The Cassegrain system was not adopted. This in itself, represented
a major improvement in system reflectivity over the Mark I telescope,
as the mirrors focussed Cerenkov flashes directly onto the face of the
phototube.

Each mirror weighed roughly 21 lbs and necessitated the design of a
robust adaptor to fit to the Mark I mount., Despite this extra weight,

and with careful balancing, the steering motors were able to function

satisfactorily.
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2.7.2: The Mark Il Phototubes.

The angular extent of the Cerenkov flash is ¢ 2° as discussed in
section 2.4, and so the large field of view used for the Mark I
telescopes was not at an optimum. The new system used 2" diameter RCA
type 'B575° tubes with a bialkali photocathode of good quantum
efficiency in the Cerenkov light region of the spectrum, and fast
anode pulse rise time at < 2.5 ns.

With this combination of mirror and phototube, the field of view is
estimated as 1.3% and was expected to be closer to the optimum for the
Cerenkov flash than the old combination. 'Raster’ scans of Polaris
were carried out (see section 3.5.5), and indicated that the field of
view to a point source was indeed 1.3° at F.W.H.M. Although no
simulations of the performance of this system were made, we can

ectimate a field of view to real showers as,

= 1.82 at F,W.H.M.

by comparing with the Mark I result.

3.7.3: Other Modifications.

The new telescope was designed to require few modifications to the
existing electronic system, however, some changes were needed, and the

main ones are summarised below;

i. The new 2" phototubes were able to operate at much higher
E.H.T. wvoltages than the RCA type '435322° tubes, without developing an
excessive accidental counting rate. For the 2 years of operation, the
E.H.T, system was set at its maximum voltage to give the maximum

sensitivity to Cerenkov light flashes.
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ii. In addition, the cable 1lengths to the <control centre were
adjusted, again to ensure optimum counting rate, and to minimise

accidentals.

3.7.4: Mark Il Performance.

It is possible to look at the difference in the pulse amplitude
distributions for the Mark I and Il versions of detector 4. Little
quantitative comparison can be made, due to differences in for
instance, the E.H.T. levels. Fig 3.22 represents a plot of the two
distributions showing the different response due to the upgrade.

A considerable increase in detector counting rate was achieved as
indicated in fig. 3.14. The improved telescope parameters lead to a
better ‘Signal to Noise’ ratio by lowering the telescope energy
threshold.

In conclusion, the new, smaller aperture telescope represented the
most sensitive telescope in the array, and allowed some significant
analysis to be performed on this detector alone. Many of the lessons
learnt in building and operating the new telescope were extended to
the programme of design and observation for the Mark 111 Sbuthern

hemisphere telescope.

3.8: The Mark II] telescope.

With the success of the Mark I array and the advances made using a
Mark Il design, it became evident that a purpose-built Atmospheric
Cerenkov telescope would provide the major improvements in sensitivity
necessary to discover more V.H.E. gamma-ray objects,

A new telescope has been developed to operate in three modes;

i. A survey instrument

ii. A telescope capable of tracking an object with high data
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collection rate.

iii. A telescope capable of operation in the conventional 'drift
scan’ mode (see section 4.3).

Each of these considerations require different mirror - phototube
combinations. A system with a large field of view is needed for survey
work, but modes ii. and 1iii. require a smaller opening angle - a
system similar to the Mark Il telescope. These problems are overcome
by wusing four phototubes in a cluster. One central tube is surrounded
by the three arranged in a ring, each phototube viewing a small region
of the sky - near the optimum of 1.3%, but the whole sampling a wide
region suitable for survey work. The area surveyed can be increased by
expanding the number of phototubes in the cluster. The arrangement is
capable of operating as a ‘tracking’ (see section 4.3) instrument with
the central ‘on-axis’ tube viewing the region around the object, the
others providing a background estimation from adjacent regions of the
sky. In the 'drift scan’ mode (see section 4.3), the source may pass
through the field of view of several tubes in the cluster, once again
providing a good estimate of the background. An A.G6.C. system 1is
incorporated into the design.

The system 1is shown in fig. 3.23, with the three amirror-phototube
systems operating in 2-fold coincidence. The whole structure will be
steered by servoed D.C. motors. The steering control is achieved
using a system including absolute encoders in contrast to the Mark |
system which gave a relative positien. The accuracy in steering is
similar to the Mark I system, i.e. * 8.1°, Unlike the Mark I
telescopes, the steering is continuous, and is computer controlled by
a separate system from that collecting the data.

A detailed investigation of the performance of the phototubes
indicated that the old Mark I RCA type '4522' tubes were not suitable
for this type of work. For the new telescope, a 2" tube, the RCA type

‘8575’ has been chosen. These tubes have a stable performance and
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worked well with the Mark Il telescope. Full details of the phototube
tests are given elsewhere (Chadwick, PhD thesis in preparation),

The electronic control and data logging have been extensively
changed +from the Mark I system. The new experiment requires much
larger amounts of data to be recorded quickly and reliably, and so the
data logging 1is operformed by a dedicated Motorola ‘6B000"
microprocessor. The system is specifically designed for the Mark III
experiment and runs on a LeCroy '35@8@BC CAMAC' databus giving a short
‘dead time’ between recording events of ~ 8.3 ms. This facility is
important in the observation of rapidly periedic objects.

The relative timing in the new experiment is achieved wusing a
rubidium clock which 1is capable of a highly stable performance (* 1
part in 1@*), This will allow a further improvement in the relative
timing resolution, though the problem of clock initialisation remains.

A feature of the new control centre will be the extensive use of
BEC microcomputors communicating on an "ECONET’ local area network,
Six computers will be used, one dedicated as the master control of the
experiment, one for the steering control and the other four acting as
a computer monitoring system (Anode currents, Steering position etc).

The recording of the data is achieved using a 3IM cartridge tape
drive, the event parameters (event time, pulse amplitude and anode
currents) and measures of the array conditions are registered., In
addition the recording system incorporates a facility which notes only
the event time for events occurring within the 'dead time’ of the

system - in this way short bursts of gamma-rays may be detected.

J.B.1: Mirror Development.

The requirements for the new optical system are a large collecting

area, with a field of view near the optimum value of ™~ 1.2%, The 2"
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phototubes define a telescope of focal length ™ 2.5 m. The Mark III
mirrors needed to be of adequate optical quality, with weight and
size suited to the new design, and in view of limited funding, they
needed to be cheap to produce,

Mark II mirrors are cheap and simple to produce, but their weight
and time of manufacture mean that they were unsuitable for a systenm
with a large collecting area. Several alternative amethods of
production have been investigated;

i. Pressing thin aluminium sheet between 'male’ and ‘female’
formers figured to the correct mirror dimensions.

The necessary quality control of image size and focal length -
essential for a wuseful telescope was found to be low. However, a
prototype batch of mirrors was produced and compared directly with the
Mark Il mirrors. Images were large ( > 48mm diameter in the focal
plane ) and with large aberration. A comparison of a scan using a
photodiode across the Mark II and Mark III (i) mirror images is given
in fig 3.24 with the Mark II mirror clearly superior.

ii, Mirrors may be produced by thermoforming PERSPEX, a process in
which thin (3-5mm) discs of extruded PERSPEX are heated and either
pressed, '‘blow formed’ or ‘drape formed’ against an accurately figured
mould. The temperature behaviour of the expansion of the PERSFEX
polymer is given in fig. 3.25 and indicates that the shaping process
should be conducted in the narrow temperature range 150 - 1463°C in
order to achieve reproducability. The resulting mirror blanks had to
be supported on a concentric ring of aluminium to maintain the
accurate shape (n,b. aluminium is chosen as it has a similar expansion
coefficient to PERSPEX).

Many different methods of forming the mirror blanks were tried, but
all the results were poor.

The essential requirement for thermoforming PERSPEX is an accurate

control of the temperature of the plastic, allowing the thermoelastic
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flow of the material., After this the controlled cooling of the moulded
disc is necessary. It is important to reduce temperature differences
throughout the procedure fo a minimum thereby preventing differential
+low or cooling which would introduce stress in the plastic and would
ruin the accurate wmirror figuring. To achieve this a computer
controlled oven was developed allowing uniform heating to within +/-
5@ C.

The clear thermofaormed mirror blank is then coated with aluminium,
using either an anodising or a sputtering process. Once again
consideration must be given to the form of the coating, there is a
conflict between front aluminised mirrors with a higher reflectivity,
and back aluminised ones that are more robust.

Image sizes typical of this process were not good; ™~ 5" +for the
drape forming process and ~ 3.3" for blaow forming and pressing (all
measurements of image size were made at the radius of curvature). The
images suffered large aberration, and there was a wide variation in

mirror quality.

Unfortunately, the critical dependence on temperature mitigates
against the wuse of this process. It may be possible to exploit this
method more successfully with an investment in a fully controlled
development rig.

Several other methods were attempted, including spinning aluminium
sheet, and pressing thin glass mirrors, Both of these processes are
derived from commercially available techniques, but were found to be

inadequate for gamma-ray work.

3.8.2: The Mark III mirrors.

The most successful procedure of all was adapted by Tim Currell

from the method used to construct the antennae for the United Kingdonm
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millimetre wavelength telescope. 1[It involves the bonding of thin
(0.5mm) anodised aluminium sheet ( ALANOD 41846°') onto a honeycombed
aluminium support - see fig.3.26. The mirrored aluminium sheet has
excellent reflectivity (> 75%) 1in the wavelength range of interest
(302 - 500nm), and the honeycomb with aluminium plates provides a

satisfactory rigid support.

3.8.3: Method of Manufacture.

The ¢first step in all of these procedures is the manufacture of an
accurately figured mould. 1In this case a steel ‘male’ mould was made.
First the steel blank was cut using a lathe, and then it was more

accurately fiqgured by grinding.

i, The honeycomb used as a support 1in these mirrors is first
crushed against the mould to form the required shape, and it 1is then
bonded to an aluminium plate - see fig 3.26.

ii. The anodised aluminium sheet is stretched ‘across the mould and
clamped in position, the honeycombed support is then glued ontoc the
mirrored sheet. The whole apparatus is heated to 150°C to promote
curing.

The resultant mirrors have excellent reproducibility. The estimated
range of focal 1length is +/-20mm in 2.5 m, the mirrors provide an
‘on-axis’' image size of less than 1@8mm in the focal plane, defining a
spot size of “ @,2°.

The full telescope comprises 138 of these mirrors and provides a
large increase in effective collecting area, once reflectivity and
direct optics are taken into account, over the original array. The
new telescope underwent extensive tests in 19835 and was deployed to
Narrabri, New South Wales in 1986 - a site suitable for Atmospheric

Cerenkov work,
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Further details of the design and operation of this experiment are

given elsewhere (Chadwick, PhD thesis in preparation),
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Chapter 4: Observation techniques.

4,1 Introduction.

This chapter will explain in some detail the observation methods
used in this experiment. It will also give a general outline of the
data preparation prior to analysis.

The experimental techniques were designed to enable the observers
to monitor and to make allowance for the many possible changes in
conditions that affect the smooth running of the equipment.

Details of the analysis procedures are given in the next chapter.
In this chapter an explanation is given of the process of transforming
the data recorded in compact format in Dugway to a form suitable for

analysis by Fortran programs.

4.2: General features of the site.

The Dugway array recorded data for well over 10@8Q hours from ARugust
1981 to October 198B5. 7This extensive observation required the
developmeént of standard methods of operation, both to safeguard the
equipment and to select data for analysis,

The Dugway array was favourably situated for observations of the
two main candidate V.H.E. gamma-ray sources (Cygnus X-3 and the Crab
pulsar) at small zenith angles;.

40.2° N

latitude

longitude 112.825% W

The altitude of the array was 1450 m.
The weather record for the Dugway Proving Grounds was readily

available from U5 government sources, and showed the site to be
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suitable for this type of work, The climate in this part of Utah has a
high percentage of clear skies and in addition, the 'seeing’ is
relatively good as the nearest «city 1lights (S5alt Lake «city) are
situated over 80 miles away. A summary of the weather conditions is
given as figure 4.1 showing the monthly variations,

With the weather constraints evident from fig. 4.1 the observing
season was set to start in July and run to November, with more
observations conducted in March and April as required. This programme
allowed a full coverage of the target sources. Over the 4 years of
operation only 2 months were spoilt due to bad weather - September
1982 (lightning) and March/April 1983, In the next section the two

main modes of operation are reviewed.

4,3: Observation techniques.

4.3.1: 'Dfift scan’' observations.

This simple mode of observation is favoured for the investigation
of sources suspected of <constant emission. The detectors remain
stationary as the object drifts through their field of view with the
Earths rotation. The technique comprises three distinct sections; the
collection of ‘OFF° source data, before the transit, an 'ON’ source
period, with the source in the field of view and another '0FF' source
section after the transit. Each 'OFF" section is chosen to last the
same time as the 'ON’ section.

With the detectors pointing at a constant zenith angle and with the
instrument settings fixed, the background data collected should be
governed by statistical fluctuations - assuming the sky conditions do
not change, However, the inclusion of data taken "OFF " source (before
and after) allows a check to be made for systematic changes in the

experiments performance due to any sky brightness or atmospheric
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changes or instrumental drifts,

The duration of the scan depends on the objects declination and the
field ot view of the detector, but for the Dugway Mark I telescope
with a field of view ™ 2.2° it takes Cygnus X-3 (Declination : 48 53
57) ™~ 12 minutes to drift through, and so a drift scan of 36 minutes
was used.

The correct interpretation of the technique uses the Gaussian farm
of the response of the system to a source, but this is difficult to
determine exactly, and the analysis of drift scans made wusing the
Dugway system involves a different approach.

The 'ON° source measurement is taken as the time during the scan
with the object completely inside the field of view, and in the ‘OFF"’
source sections the object is completely outside the field of view -
see fig. 4.2. The response is therefore approximated more closely by a
‘Top-hat’ function, and the data taken with the object on the edge of
the field of view is discarded.

The simplicity of the observation is matched by the
straight-forward and easily interpréted analysis procedure described
in section 5.2, but the inefficiency is apparent since the source

spends most of the time out of the telescopes field of view.

4,3.2: ‘Tracking’ observations.

When it is important to maximise the amount of time that an object
spends in the field of view of the detectors, and in particular, for
the investigation of objects suspected of periodicity, the telescopes
track the object across the sky., The Dugway system tracked an object
by a series of short detector steers and not by a continuous movement.
Between steers the object drifts in the field of view of the
telescope, the interval between steers is set to ensure that the

object remains near the centre of the field.
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There are disadvantages to this method of observation. The need to
steer every few minutes, often in extreme conditions, allows an
increased probability of telescope steering failure. The tracking over
a range of zenith angles results in a changing background counting
rate, which can complicate the interpretation of the results. The
changing background may be eliminated by the use of the servoed AGC
lights (see section 3.3.4),; however there is a consequent increase in
threshold.

With an array of telescopes it is possible to operate pairs of
units independently 1i.e, using the array to simultaneously monitor 2
objects. This form ot observation has not been used extensively at
Dugway as the detection of a source usually requires the maximum
number of events to be detected to extract the small gamma-ray signal
from the background. However, it may be used in the future for survey
work.,

The analysis procedures are described in section 5.4 and basically
search for a periodicity in the data., Other forms of analysis can be
performed on the tracking data, in particular the fast timing between
detectors, and the pulse amplitude distributions have been
investigated in an attempt to enhance the gamma-ray ‘signal-to-noise’

ratio.

4.4: The observational database.

The priority for the gamma-ray experiment in 1981 and 1982 was to
ctollect data from the Crab pulsar and Cygnus X-3, regarded as the two
strongest V.H.E. gamma-ray candidate sources in the Northern
Hemisphere., With the detection at high significance of both of these
objects (Dowthwaite et al, 1984b) ,(Dowthwaite et al, 1983), a more
extensive opbservation of other objects was possible. A brief

description of the observational database is now given.
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Mode of

: 1981 1982 |1983 1984
observation

- Tracking 275 141 43 -
(hours)

Drift scan | 85 9 1-5 -
(hours)

‘Table 4.1: Observations of Cygnus X-3 from 1981 - 1983.




4.4,1: Cygnus X-2

A total of 307 hours of data were taken from this object, the
details are summarised in table 4.1. In 198! data were recorded in the
‘drift scan’ mode (76, 36 minute scans), with the telescopes sampling
the 4.B hour phase range, with the scans centred at 9.125 phase
intervals from phase @.0. In addition, further drift scans were made
at phases offset by @.83 from these values. A full description of the
analysis of these data is given elsewhere (Kirkman, 1985). The 1982
observations were made using the tracking mode, the aim being to
discover the duration of a large excess detected in the 1981 data at
phase ©.63 (GBibson et al, 1982b). There were 28 nights suitable for
analysis yielding 78320 recorded events. As in 1981 the data were
analysed by first separating into distinct sections centred on the

tollowing phases,

phase coveraqge (hours)

e.o b.4
@.125 9.0
@.25 b.b
8.375 2.4
e.3 4.8
0.625 12.0
8.75 18.8
2.875 18.8

note: most nights did not cover the whole phase range.
Observations of Cygnus X-3 were conducted in 1983, but with only
five of the nights suitable for count rate analysis. There were three

drift scans of the object and two long nights of tracking data taken
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in GSeptember covering the full phase range. These two nights included
data taken with the improved Mark II detector 4, discussed in section
3.7,

These data were analysed using a method derived from the drift scan
analysis to wenable comparison with +the earlier results - called a
‘pseudo-drift-scan’. This method is described in greater detail in
section 5.2.3.

Despite the smaller coverage, useful observations were conducted in
September 1983. These were particularly significant due to the
improvements in the array perfofmance made in the first half of the

1983 season. No observations were made in 1984,

4.4.2: The Crab Pulsar,

Observations of this object were made throughout the 1981, 1982 and
1983 observing seasons, with the 19B2 database by far the most
extensive. In total over {37 hours of data were taken. All
pbservations were made using the tracking mode without the servoed AGC
system as maximum sensitivity was required rather than a stable data
rate. The observations of November 1982 (> 70 hours) were particularly
important. In this month the crystal clock timing was determined to
high accuracy as it was based on a single reset (see section 3.5.1).
This accuracy enabled a detailed investigation of the width of the

mainpulse emission to be made (Kirkman, 1985).

4.4.3: Hercules X-1.

Over 32 hours of data were taken from this object, including a
number of drift scans in April 1983, The drift scans were followed by
tracking data recorded during July and August of 1983 and 1984. In

particular the July 1983 data were contemporary with the strong
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Object (Egig)
PSR0531 137
HER X-1 32
4U0115 25
GAL. PLANE| &
M31 5
2CG195 63
2CG065 64
LC21 132
CYG X-1 L
SS433 3
PER X-1 2
2G135 1
30273 13
NGC4151 3
CAS-A 3
~ PSR0950 47
PSR1929 1
PSR1133 | 27
PSR2233 69
PSR0355 36
PSR1508 33
PSR1930 L
PSR1913 15
PSR0655 10

Table 4.2: Observation totals 1981 - 1984,



detection at energies > 18'4 eV by the University of Utah’'s ‘Flys eye’

detector. A full discussion of the results is given in section 4.4,

4.4.4: 4UBILS + 63,

With the detection of V.H.E. gamma-rays from Hercules X-1
{Dowthwaite et al, 19B4a}, a search was made for similar objects as
candidate V.H.E. gamma-ray emitters.,

The properties of binary X-ray pulsars can be summarised in the
relationship (Rappaport and Joss, 1977)

P/F = -3, 18°% . § . (P/ 1s) . (L/ 1037 ergs~! )60 - 4.1
i.e. relating the age of the pulsar, FP/P’' to the period, F and
luminosity, L (f is a dimensionless function ™ 1)

This +function 1is plotted in figf4.3 for a number of binary X-ray
sources. The pulsar with the properties most resembling Hercules X-1
is then A4UB115+63. With the discovery of Hercules X-t at V,H.E.,

4UB115+63 was observed throughout the September/ OQOctober 1984 dark

period. A total of 25 hours of data recorded using the tracking mode.

4.4.5: The Galactic plane.

One long drift scan, lasting 4 Qours was made across the Balactic
plane in the Cygnus region. Three of the detectors were operational,
as detector 4 was being re-fitted with Mark Il mirrors. The whole
system was monitored closely during this observation to ensure
stability. The servoed A.G.C.s were wused and frequent checks on
weather conditions, steering etc, were made.

The Dugway array observed many more objects in the period from 1981
to 1984, and these are summarised in table 4.2. In total, 1088 hours

of useful data were recorded, comprising an extensive database.
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4.5: The Computer database.

Analysis of the data taken at Dugway was conducted on two large
computer facilities., For the initial work (1981) an IEM 4341 computer
running the ‘'Michigan Terminal System’ was used - the Durham
University node of the ‘NUMAC' computer service. But most of the data
reduction, and most of the analysis reported in this work was
performed using a DEC VAX 11/750 nminicomputer running the VMS
operating system - the Durham University Physics department node of
the Science and Engineering Research councils ‘STARLINK’ network for
astronomers. A description is now given of the database established on
this system.

At Dugway, the data was recorded onto a 1608 +ft, @9-track
master-tape in a tompacted form and then ‘un-packed’ into a format
suitable for analysis. The overall procedure is summarised in flow
diagram form in fig 4.4,

The data on the master tape were first converted to a format
compatible with the VAX 11/758, then to a form suitable for analysis
{(see below) - in a separate stage. The data were then separated into
each nights observation. At this stage the ‘un-packed’ data were
edited into ‘source’ +files i.e. separated into observations of each
object and for each night. These source files form the main database
and the ‘unpacked’ files were recorded as an ‘archive’ onto more
9-track tapes.

A source file exists for all objects observed for more than 10
hours, with other observations collected on a ‘miscellaneous source’
tape. In all there are 21 of these tapes, and they were the only tapes

that needed to be accessed regularly,.
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4,5.1: The contents of the main files.

Each ‘source’ file then contains the following information;

i. A record of the start of the file, and a series of comments on
the weather, name of object observed, observing method (i.e. drift
scan or tracking mode), the start time in Mountain Standard Time,
(M.5.7.) and a microsecond clock time along with the projected stop
time. A note was made of the E.H.T. and A.G.C. status.

ii. At the start of an observation the eqguatorial coordinates of
the object were recorded, along with the microsecond start time,
E.H.T. and A.B.C. status.

iii. With every steer of the telescopes each detector’s zenith and
azimuthal angle was written to the 9-track tape, along with the
microsecond time of the steer.

iv. For every event detected by any telescope the following
measures were recorded;

The time of the event, recorded in microseconds.

A note of the mode of operation of the array (i.e. a ‘normal’ mode
detection with the telescopes stationary, or an event recorded as the
telescopes were steering).

The T.A.C. and 3 LeCroy ‘BTi0@@B’' outputs for each detector involved in
the event were also recorded (see section 3.4),

In addition, the anode currents in each phototube were recorded. A
detailed summary of the experimental conditions was noted every
minute, including measurements of the accumulated single-fold
(photoelectron emission) rates, anode currents, phototube temperatures
and pressures, The error in the steering of each detector was recorded

as was the the microsecond time of these measurements.
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4,5.2: The DASD database.

Much of the analysis of the ‘tracking’ data involves a search for
periodicity and so requires only the event arrival times and a note of
the combination of detectors involved. Such a database can be derived
from the 'source’ files and stored permanently on a DASD, the 'COSMOS’
disc attached to the VAX 11/750 computer. The V.H.E. gamma-ray data
has been allocated 18 Mbytes on this device, sufficient to store most
of the event times recorded on all objects except for Cygnus X-3 and
The Crab pulsar. This data is then accessible quickly and speeds the
analysis procedure considerably.

Usually the event arrival times must be reduced to the Solar System
barycentre before any analysis for periodicity 1i1s possible and the
Durham University Barycentre routine wmust be applied to the source
files to establish this database. A description of the Barycentring
process is given in section 3.3.1. The barycentred times are then
converted from Julian ephemeris time to a microsecond time and stored
as mentioned above on the 'COSMOS’ disc,

For objects known to be binary systems it is necessary to further
reduce the event arrival times to the focus of the orbit and the
results of this procedure may also be stored on the 'COSMOS’ disc for
easy periodicity analysis. Details of these focussing procedures are
given in section 5.3.2.

With this database established, the wide range of analysis
programmes, which were developed and stored on another part of the
hard-disc, can be wutilised. For instance 'PERIOD’ 1is a powerful
program written in FORTRAN77 to apply various statistical tests in a
search for periodicity in sections of the data.

The preliminary analysis involves an investigation of the counting

rate for the array. The number of events recorded 1in, for instance,
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each minute is computed for all combinations of telescopes. This
record is then printed to provide a wuseful summary of the array
performance and may be used to search for bursts of gamma-ray events

on the timescale of minutes.

4.6: The Pulse amplitude analysis

For analysis of the intensity of the Cerenkov flash the amplitude
of the pulses registered by the phototubes 1is investigated. The use
of this measure has been found to be limited and so an extensive,
general database was not needed. The investigation is restricted to
sections of data thought to be rich in candidate gamma-ray events as
determined by more powerful analyses. Programs have been developed to
set up small databases extracting the information in the source file
to produce a normalised pulse height value and microsecond time for
each detector, with each event.

For data taken over a relatively short time ™ 1 hour the systematic
effects of changes in zenith angle are small (see section 3.6.1) and a
normalised pulse amplitude value is derived for each detector using a
linear least squares fit for each phototube normalised te the centre
tube. In —cases where an analysis is made ogver a longer period e.g.
several hours in the case of the November 1982 Crab pulsar data, the
normalised pulse amplitude is simply derived by adding all three
detector values (left, centre and right). The database is then stored
on 9-track tape for detailed analysis using programs written to search
for differences in the pulse amplitude distributions by applying the
statistical tests described in section 5.5.

The detailed investigation of the inter-detector fast timing also
requires a large magnetic tape database of the event time, but this

database is not discussed here (see Walmsley, PhD thesis in
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preparation).
The full analysis procedure is summarised in schematic form in fig,
4.4, The detailed discussion of some of these procedures is given in

the next chapter.
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Chapter 5: Data Analysis Techniques.

9. 1l:Introduction:

The ingerpretation of data taken with ground-based Cerenkov
telescopes is not straightforward. This is due to the very high
background or ‘noise-level’ from cosmic ray protons. Efforts have been
made to identify a difference in the signatures of the flashes caused
by protons and gamma-rays, but with little success. Recently, results
have indicated that the showers may differ slightly in intensity
(Cawley et al, 19835b), (Stepanian et al, 19B83) and see section 6.2.6,
but present knowledge does not allow a significant direct increase in
the signal-to-noise ratiao.

Despite these difficulties it 1s possible to enrich the gamma-ray
sample by the use of the fast inter-detector timing technigque. This
does not directly distinguish gamma-ray showers, but rejects off-axis
ones within a large field of view system as likely background. The
technigue has been employed with success in the analysis of the data
taken at Dugway from the Crab pulsar (Dowthwaite et al, 1984b), and
fraom Hercules X-1 (Dowthwaite et al, 1984a).

In general, the approach adopted must be based on the temporal or
spatial anisotropy in the data, as the proton initiated showers are
randomly distributed. The data recorded with the telescopes tracking a
periodic source can be analysed using statistical techniques designed
toc extract the periodic content from the data - see section 3.3. The
simple observing technigue known as the ‘drift scan’, and described in
section 4.3.1 lends itself to the form of analysis outlined in the
next two sections. The tests look for an increase in count rate when

the object is in the field of view of the telescope.
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S5.2: The analysis of ‘drift scan’ data.

S5.2.1: The 'Top Hat' analysis - likelihpood ratio.

A suitable analysis of ‘drift scan’ data can be made, the method is
due to K.J. Orford and is also described elsewhere (Dowthwaite et al,
1983).

1§ ‘0" counts are recorded with the suspected source in the field

’ .

of view and ‘b’ counts are recorded before and 'a’ counts after this,
then the maximum likelihpod estimate of the signal from the object is

given by;

g =0~ { a+b )/2 - 9.1

The simple case used in the analysis presented 1in this thesis
assigns data taken with the source fully in the field of view as the
‘ON source’ data, and takes events recorded with the source completely
outside of the field of view as the 'OFF source’ data. The data
recorded with the source on the edge of the field of view are ignored.
This type of analysis can be termed a ‘Top hat’' procedure. The
aperture function of a Mark I telescope is a Gaussian function of full
width half maximum = 2,29, and a suitable procedure for making more
efficient use of the data is described in section 5.2.2.

Investigations of the counting rate of the array show that the
temporal distribution of these events is essentially Poissonian and it
is therefore possible to use the statistical approach outlined below.

[f a signal from the source S and a background rate B are suspected

from a prior knowledge of the exact situation, then the Neyman-Pearson

Lemma can be used to select the most powerful test for distinguishing

between the two hypotheses,
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H, (8 some value §' )

He ( § = 8 )

A suitable test statistic to use is,

1 (N,S] 5 ) >= C - 5.2

[}
iy

where it 1is assumed the background is known exactly, N counts are
recorded during the ON source time, the signal detected is represented
by 5 counts, and C is some confidence level.

In the case of ground-based ‘'Cerenkov Effect’ astronomy the
backgrﬁund is not known and there is no most powerful test. However an
estimate of the true background rate can be made from a probability
distribution of the observed background. One way to proceed, 1is to

identify the maximum likelihood ratio;

as a suitable test statistic for He.
In this analysis the following assumptions are made.
i. N counts are recorded during the ON source part of the scan.
ii. B counts are recorded in the OFF source part of the scan which
lasts R times as long as the ON source period.
iii. The signal detected is S5 and the true background is T.

n.b., these are both unknown.

Now suppose that the signal § = @, in which case N and B are simple
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statistical fluctuations from 7., The probability is given by;

Le(T) = L (NB| S=08,T)
= e"‘(l "’R)-T. T(N"B) . RE _5_4
N' . B!

14 there is a signal, S detected by the equipment, and therefore N

is not a statistical fluctuation then the probability is given by;

L ( NyB S, T)

Ls(5,T)

= e (A rRL.Tee (T4 SN, (RT)E - 5.5
N' . B!

Biven the two expressions the maximum likelihood ratio M can be
reduced from equations 5.4 and 5.5 by setting dle(T)/dT = @ to find
max {Le(T)), and trom d*Le (5,T)/dSdT = @ to find max(Ls(5,T)) The

resultant ratio is then,

M = N+ B N R. (N + B) \» - 5.6
(1 + R) . N (1 +R) . B

For the oparticular case of the drift scan observations conducted

using the Dugway array the ratio, R = 2, and so,

M = N+B N 2. (N + B) B - 9.7
3N 3B

This last expression gives the relative likelihood of N, the nunmber
of ON source counts being a statistical fluctuation from T, the “true’

background rate, i.e. of He being true to H, being true. Note that the
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most likely source strength is 5;, where,

8 = 8" =N-T" =N - B/R - 5.8

this is taken as the best estimate of the source strength available
from this analysis., The limits on S, are obtained by relaxing the
value of M to S+ and 65-, which correspond to the éB% confidence
regions for S,. This analysis is considered to give a ‘'conservative’
likelihood estimate of source strength,.

The use of this method has been discussed in recent papers (Li and
Ma, 1983}, (Protheroe, 1984). It has been shown to be preferable to
earlier estimates of a source strength {(Hearn, 1969), (0'Mongain,

1973) and (Cherry et al, 1980).

5.2.2: Cross-correlation analysis of 'drift scan’' data.

This method is due to Hermsen and its application to the Durham
data is described elsewhere (Kirkman, 1983). The basic feature of this
procedure is a correlation of the signal over and above the background
which is consistent with the 'point spread function® of the telescope.
It is therefore a more refined analysis than the simple 'Top hat’
approach outlined in the previous section, and used in this thesis.
The «cross correlation technique was used in the analysis of the
gamma-ray data taken with the COSB satellite (Hermsen, 1980). It
should be adapted for the analysis of ‘drift scan’ observations fronm

future generations of ground-based arrays,

5.2.3: The likelihood ratio analysis of ‘tracking’ data.

In 1982 the data from Cygnus X-3 were taken with the detectors in

the ‘tracking’ mode i.e. the source of gamma-rays was never out of the
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field of view. The data were analysed by analogy with the ‘drift scan’
methods. This procedure was used to investigate the 1982 Cygnus X-3
data, taking 1@ minutes centred on the required phase and comparing
this to 18 minutes of data taken before and after this using an
adaptation of the maximum likelihood technique described above.

The problem with this procedure concerns the evaluation of the
background counts. In the ‘tracking’ mode the zenith angle of the
object is constantly changing, as is the background counting rate (see
fig.3.13), and so one of the basic requirements of the maximum
likelihood technique, i.e. a constant background is not met. However,
it can be shown that the decrease in counting rate with zenith angle
is 1.5% around a zenith angle of 10%®, 5% around 38°% and 9% at 45° for
say 29 minutes and so the method outlined in section 9.2.1 may be
used, as the non-linearity in the count-rate change with zenith angle

is small ( < @.15% ).

9.3t The analysis of the tracking data:

In the majority of the observations taken with the Dugway array the
telescopes followed the object across the sky. This form of
observation allows a more efficient use of the recording time than the
drift scan technique and the tracking method is more suited to the
detection of periodic sources, such as X-ray and radioc pulsars. The

analysis procedure adopted is summarised below,

S5.3.1t The Barycentring process

The phase errors caused by both the spin of the Earth on its axis

and its orbit around the Sun mean that the period of any object e.g.
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the Crab pulsar, as measured in the laboratory frame, change in a
predictable manner modulated with the periods of these rotations. In
practise, the time of arrival of each event should be corrected to the
time at which the event would have arrived at the Solar Systenm
Barycentre (the suitable inertial reference frame). This is important
as ephemerides usually refer to the Barycentre.

There are five main stages to the barycentring process;

i. The event arrival time must be- corrected for changes in the
system clock rate. This is achieved by making regular spot
measurements of the drift - see section 3.5.1.

ii. A correction must be made for the delay in the propagation of
the WWV radio signal used to calibrate the system clock.

After these two corrections have been made the event times are in
Coordinated Universal time (UTJC), absolutely accurate to  @.5 ms and
to a resolution of ™~ 1 us.

iii. Correction to the centre of the Earth.

Refering to fig. 5.1,
The site coordinates are taken as,
R.sinL and R.cosl
where R is the radius of the earth at the particular site, and L is
the site latitude.

It is usual to continue in a coordinate system, x,y,z defined as
follows; with x pointing to A, the First Point of Aries, z to the
pole, and y at right angles to these. We can then evaluate the vector
from the centre of the Earth to the site at the time of the event. The
right ascension and declination of the object are usually known to
high accuracy from measurements made at other (lower)! energies, and
since the site coordinates are in the same frame of reference the
scalar product can be performed to give the distance h in terms of R,
The value h/c gives the correction time which is added to the event

arrival time to give its arrival at the centre of the Earth,
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n.b. h is evaluated for each event,

iv. Correction to the Barycentre.

Refer to fig. 3.2.

Accurate ephemerides such as that derived by the Massechusetts
Institute of Technology, MIT have been used (Ash et al, 1967). This
ephemeris provides the coordinates of the centre of the Earth relative
to the Barycentre {(X,Y,1 and i,?,i values) tabulated every 2 hours. In
order to deduce the accturate position of the Earth a polynomial fit
was made to the sgparate X,Y and I coordinates ( 13 in the case of MIT
) for a day about the event arrival time at the geocentre. 'Knowledge
of this resultant vector and the position of the observed object
allows the required correction to be made. This correction is
converted to seconds and added to the event arrival time.

v. A small relativistic correction must be made to the times due to
the orbital motion of the Earth.

The event arrival times are then recorded in 'Barycentred Julian
Ephemeris Time'. A check on the accuracy of the correction was made by
comparison with the routine used to barycentre data from the
Anglo-Australian telescope (Kirkman, 1985). The maximum difference in
the values from the two procedures was found to be 200 us in 500 s -

adequate for all the analysis presented in this work.

95.3.2: The reduction of event times to the focus of an orbit.

Many of the objects observed by this experiment are binary systenms
e.g. Hercules X-1 and 4UB115 + 43. For analysis of data taken over a
substantial part of the binary orbit it is essential to remove the
orbital doppler shift of the period. This is only possible if accurate

orbital elements are known. The basic parameters that are needed to
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completely specify a binary orbit are (see Fig. 5.3);
a ! semi-major axis
e 1 eccentricity
Pe : Orbital period
i ¢ inclination of the orbital plane to the line of sight
Q : position angle of the node
W : longitude of periastron
TP ; time of periastron passage
For the X-ray binary pulsars no complete set of values are available
but it is possible to focus the event times given Fn, € and a from an
estimate of the 'mass function’, f,

fM, M2) = Mz T . sin7i
(M, + M2 )2

where M, and M: are the component masses.
The methods used to focus the arrival times for one of the binary
pulsars PSR1913+16, are explained elsewhere (Blandford and Teukolsky,

1976) and (Taylor et al, 1979) and will not be explained in great

detail here.

The expression giving the phase at time t, A(t) is;

Alt) = Aa + vo (t - TPa) +1 D(t - TPg)®

2

+ Vg @ (27.R.5.Po=1- 1) - 0.0 (t - TPo) - 5.9

where,
v = pulsar frequency
@ = fg + h.sinE
R = -g.sinE + h.cost

S = {1 - e.cosE) !
f = cosk - e
g = a.sini.sinW

{{ - e2)1’2 a,sini.cosK

e g
il

and the values of P,, e, and W = Wo + W (t - TPg) are initial



estimates of the binary period, eccentricity, and the longitude of
periastron. E is the eccentric anomaly defined by,
2 _(t - TPg) = E - e.sink
P
TPe is a reference time of periastron passage. The pulsar freguency ve
and a reference longitude We are also defined at this epoch.
Corrections to the terms are obtained by a least squares fit to the

residuals.

The Durham data for binary sources have been focussed using

procedures developed by Pat Wallace {(Rutherford-Appleton laboratory).

9.3.3: The search for periodicity -~ A known ephemeris.

An exact ephemeris has not been usual in the analysis of the
Dugway data. Indeed, only for the Crab pulsar has an accurate
ephemeris been available derived from radio measurements at Jodrell
Bank contempory with the gamma-ray observations. Such measurements
provide the following quantities;

te ¢ the Epoch of the observations

Pe ! the period at teo

P : the rate of change of Fg with time

p'’t the second derivative of Peo

Az : the phase of the mainpulse in the 'duty cycle’ at Py
A summary of the 1982 Crab pulsar ephemeris provided by Jodrell
Bank is given in Table 5.1,

The period at time t is then given by;

Pit) = Po + P' (t-te) + P~ . (t-tg) 2 e - 5.10
2
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P (us/day)

Month Arrival time (days Period (ms) error error .
from 2460000-0 ) |
JUNE 5135-500000202839 332720301004 1559 | 0-036426060 11185
JULY 51655 " 076191 " 31229251 "1 " 6667 "2
AUGUST 51965 " 264996 " 42521549 " "T1312 "2
SEPTEMBER 52265 " 217493 53449776 "4 " 7882 "115
OCTOBER  [52575 091210 " 64741818 " b " 7886 "
NOVEMBER (52885 " 120274 " 77603410 "3 " bLLL " 57
DECEMBER |53185 " 269889 " 86961934 "2 " 5918 " 28




In cases where the value of the phase of emission in the duty cycle
is important it is easier to convert the ephemeris into a frequency

form;

-
L]
t

-

Po®  Po"

with the frequency of emission at time t given by,

flt) = fo + §'(t-te) + £'', (t-to) * + other terms
2

The absolute phase of emission is then simply the integral of the

frequency,

Alt) = Ao + folt-te ) + ' . {t-tg) = + £ ', (t-tgy) = - 3.11
2 b

Errors in the original ephemeris (relevant to te) ~cause an
increasing uncertainty in the value of the period, and more seriously
the phase with time t. For instance, the ephemeris for November 1982
for the Crab pulsar is adequate for almost one year in the case of the
progressive error in the period. However, if the phase information
needs to be retained to a tolerance of one tenth of the period then
the ephemeris above can only be relied on for about one month after to.
In the case of the Crab pulsar an update to the ephemeris was provided
for each month in 1982. The phase of each event can then be determined
accurately., Each dataset «can then be tested for non-uniformity of

phase using one of the statistical tests described below.

9.3.4: Epoch folding

The phase of each event is calculated using equation 5.1! above,




the distribution of phases is then binned. The binned distribution is
then tested for non-uniformity using Pearsons X = test (Leahy et al,
1983). The Epoch folding technique is most effective if the width and
phase of the pulsed emission are known. In this case the bin width can
be chosen accordingly and a very powerful Binomial test can be made on
the favoured bin in comparison to the others. A discussion of the
relative power of this technique when applied to the general case of

unknown pulse phase and duration is given in section 5.3.18.

5.3.5: The Rayleigh test.

The events are assigned a phase in just the same way as for the
Epoch folding technigque, but instead of binning, each event 1is
interpreted as a wunit vector with a particular direction in a
phasogram. The resultant of the N vectors in the datasample is then
taken as a measure of the non-uniformity in phase, and evidence of a
periodic content to the data.

In general, for the analysis of the Dugway data the Rayleigh test
has been used. The procedure adopted is as follows;

i. Each Aevent is assigned a phase, A using equation 5.11 and the

accurate ephemeris.

[dy]
——
(0]

Ay, =2 n f,t, (mod 2 m ) -

where f, the frequency = 1/period
ii. The resultant of the phases for the N events is recorded, If C

and S are taken as the orthogonal components of the resultant vector

then,

C = E cos Ay
N

§ = E sin A,
N
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and the length of the resultant, R is simply,
R = /C= + §= - 5.13
n.b. the resultant, R represents the % pulsed content in the sample.
The quantity 2NR*= is asymptotically distributed as a X 2

statistic with two degrees of freedom, and it can be shown (Mardia,

1972) that the probability of NR® exceeding some value K is given by,

Prob. (NR= > K) = e‘K.[l+(2K-K2) - (24K-132K2+76K3-9K“)] - 9.14
4N 22BN2
with a useful approximation given by the first ternm, g-nr? .
The HRayleigh test can be understood as a correlation of a sine wave
at the ephemeris period with the phased event distribution, and has
some advantages over other X = tests in that there is no regquirement

to set wup arbitrary bins. There are also disadvantages, and a

discussion of the power of the technique is given in section 5.3.10.

S5.3.6: A Search over a range of periods.

Some searching about an inaccurate period was necessary to extract
any periodic content in the data taken from objects for which an
accurate ephemeris was not available. This is more complicated than
the simple case outlined in the previous sections because it
introduces 'degrees of freedom’ into the analysis.

Among the reasons for the search are;

i. Uncertainties in quoted Epoch, period and period derivatives.

ii. Uncertainties in the orbital parameters, and so inaccuracies in

the focussing technigue.

In this form of analysis each independent period in the search
range must be tested. The separation of independent periods is termed
a 'fourier’ or ‘harmonic’ interval. |

I the duration of the observation 1is T seconds and the trial



period is P,, then the phase of the last event relative to the first

is,

A, = T - 5.15

Pa

as P, 1is increased to P,+p’ the phase slips relative to that defined
by P., and at a period P> the phase slippage is equal to a whole
period i.e. the phase coherence is totally destroyed. P> is then the
next independent period, and P=-F, the harmonic interval.

The number of independent periods that need to be tested as above
in a period search between Px and Py is given by,

No = T_- _T (approx.) - 516
P x Py

where T is the ¢time interval of the observation. The size of the

harmonic interval is then given by;

- 5.17

- assuming Fx v Py

It is evident that for a given observation the size of the interval
depends on the period tested. As an example we can investigate a wide
search in period, say from | ms to 1| second in a datasample taken over
18 minutes, The number of independent periods is then;

No = 6 x 10°

with 5.4 » 10° periods between ims and 1@ms, only 6 x 1B% between 1@ms
and | second.

The detailed analysis of a range of periods invalves the
application of the Rayleigh test as described in section 5.3.5 to each

independent period.
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9.3.7: ‘Deqrees of freedom’.

In a search for periodicity it is important to note the number of
‘degrees of freedom’ expended in the repeated use of the statistical
test. For instance in a search from 18ms to 1s in 6B@ s of data, i.e.
6 x 18% independent periods, only probabilities considerably less than
ig-= should be considered to be indications of significant
periodicity. Figure 5.4 represents a plot of the performance of the
Fortran program searching for periodicity in random data using the
Rayleigh test. In addition, it has been usual to perform the above
test a number of times within the harmonic interval, introducing
further ‘degrees of freedom’. In all probabilities of no periodicity
quoted in this work the ‘degrees of freedom’ have been noted and

allowed for.

9.3.8: Simulated results of the periodicity analysis.

The probability function wused 1in the above analysis has been
extensively checked by;

i. Performing the periodicity analysis on a time series simulated
by a 14-digit pseudo-random number generator,

ii. Investigating the performance of the above algorithm to real
data analysed within a range of randomly chosen periods.

An example of this analysis 1is given as fig 5.4, a plot of the
probability distribution for 100000 periods between 10ms and | s.

In both cases the probability distribution agrees well with
expectation for probabilities as small as 1@0-%, For probabilities
greater than 18-7 the expression is thought to be valid for reasonable

values of K, but for values less than this no information is given,
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5.3.9: Sampling effects.

Extensive simulations have been performed to investigate the effect
of injecting an B% pulsed content to a random time series (average
tounting rate of ™ 15 min~!). The results of a scan about the injected
period are given in fig 5.5. Here, the pulsed events are uniformly
distributed through the data. By comparison, it is important to note
(see fig 5.6) the effect of injecting the pulsed events over only
the first 180% of the data. The above algorithm recovers the injected
period at the adjacent sampling interval ™ one ‘harmonic interval’
from the True period. So, it is important to note that displacements
in the detected period can occur in cases where the periodic content
is localised to a short interval in the data sample.

In addition, the varied counting rate with zenith angle results in

a need for some extra spreading of the sampling range for periodicity.
These considerations must be noted in the analysis of periodic
data, and allow periodicity to be recovered close, but not coincident’

with the barycentred ephemeris value,

9.3.108: The relative powers of the two main tests for periodicity.

In a recent paper (Leahy et al, 1983} the use of the Rayleigh test
and the method of Epoch folding in the analysis of a time series for
periodicity hés been investigated. The relative power is seen to
depend on two factors;

i. The 'duty cycle’ of the pulse. The Rayleigh test is more
powerful for broad ‘duty <cycles’ (square waves and sine waves).
However, Epoch folding is definitely more powerful for narrower

pulses,

ii. The number of periods tested. In searches over 1088 independent
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periods, the Rayleigh test is more sensitive for sine waves and for
broad duty cycles, but the relative sensitivity (Epoch
folding/Rayleigh test) 1increases regardless of pulse shape as the
number of periods tested increases. Once again Epoch folding is more
sensitive to short duration pulses with the sensitivity increasing as
the number of bins increases.

Other statistics have been suggested for testing for a known period
in data (Protheroe, 198B3), If the width and phase of the pulsed events
are known {from an ephemeris or from theory) then a specific test can
be developed which will be very powerful. Such a test is the Epoch
folding technique in the case of the Durham analysis of the November
1982 Crab pulsar data - see section 6.6.1. If the width of the pulse
is known, or expected from theory, but the phase is unknown, then a
suitable powerful test <can be applied (Hillas, 1975). In the more
general case, where neither phase nor width of the pulse of periodic
events are known, there are a number of tests that can be used. For
broad pulses, the Rayleigh test and the 'Hodges and Ajnes test’ are
powerful. These tests are not suitable for detecting very narrow
pulses and various other statistics have been proposed, (Bucherri and
Sacco, 1984), (kKuiper, 19608), (Watson, 1941) and (Frotheroe, 19B3).

In general, the Rayleigh test has been wused in this work,
especially for X-ray sources thought to be undergoing accretion. These
objects may well have a relatively large 'duty cycle' as the particle
beam producing the gamma-rays may be deflected and ‘spread’ by
interactions.with infalling matter. The Epoch folding method has been
used for vradic pulsars where +the emission beam may be expected to

remain more collimated and the pulsations may be narrower.
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5.4: The search for transient emission.

The techniques described above work best if there is a continuous
pulsed content in the data. If the periodic events are restricted to a
time wmuch shorter than the observation time T, the periodic effect as
deduced by tests such as the Rayleigh test is diluted. In addition
simulations of the perfomance of the programs written to implement the
Rayleigh test indicate that a concentration of pulsed events can cause
a significant shift in the detected period from an injected period. It
is therefore necessary to look for procedures sensitive to transient
pulsed emissiaon.

A choice exists between analysing sections of data split into equal
numbers of events, or equal time durations. In this thesis the latter
procedure is investigated. The search through the data on the Crab
pulsar in sections of equal numbers of events is discussed elsewhere
(Kirkman, 1985), and will not be covered here.

Two main statistical tests were used, the V-test which 1is
sensitive to bursts with a broad duty cycle, and a binomial test of
the mainpulse bin, sensitive to single bin {(narrow) bursts,

5.4.1: The V-Test.

The V-test is wused if a particular direction or phase 0 is

predicted theoretically in a sample of n angular values
Al,. . A7

The procedure performs a Rayleigh test on the data producing a
resultant m of length r and polar angle P resolved onto the preferred
direction. The null hypothesis to be tested is a random distribution,
the alternative hypothesis tests for a significant resultant vector,
information would be lost if knowledge of the preferred direction were

ignored. If v is the projection of m onto the preferred direction,



then,
v =r.cos (A-0) - 5.18
The test statistic used is,
u = {2p)t/=2, v - 5.19
Tables, (e.g. Batschelet, 1981) provide the critical values ul(o ),
of the test statistic u for various significance levels o .
The mainpulse phase {as derived +from radio measurements) is
specified as the preferred direction. This test resolves the phase of
each event onto this predicted vector. Summing over all events the

resultant gives a measure of the periodicity at the radio mainpulse.

5.4.2: The Binomial test.

In the case of a periodic source with an accurate ephemeris an even
more effective test 1ic a Binomial test of the number of events in a
bin centred on the mainpulse, compared with the number predicted from

other parts of the light curve.

The Vtest has the advantage of being sensitive to broad peaked duty
cycles such as those observed in the 1981 bursts of gamma-rays from
the Crab pulsar (Gibson et al, 19B2a). In addition, any interpulse
burst may be detected as a large negative effect {(provided such
emission did not coincide with a mainpulse effect, the two tending to

cancell.

So the V-test looks for broad peaked bursts at the mainpulse OR at
the interpulse and will prébably give a better indication of burst
activity at an unknown phase. The binomial procedure is a specific
test for bursts confined to a single bin at the mainpulse phase - and

in this case is expected to be more powerful than the Vtest.
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S5.5:Pulse amplitude analysis procedures.

The intensity of the light pulse constituting an event is measured
by the LeCroy 'GT1@@B° wunits, as described in section 3.4.2. As
indicated in the 1introduction to this chapter there may be some
difference in the light pulse characteristics of proton and gamma-ray
initiated showers, but any effect is likely to be small, and so to
develop the analysis procedures only data known to be rich in
candidate gamma-ray showers have been investigated. 5Buch data is
chosen using more powerful and established methods such as the
likelihood analysis of ‘drift scan’ data or strong indications of
periodicity. The basic test of a rich sample involves finding the
number of events with pulse amplitudes { a median value predicted from
a background dataset, If a difference is found then there is a choice
of statistical tests to assign significance to the result - the choice

is made depending on the number of events in the sample.

5.5.1: Analysis of a drift Scan excess.

The pulse amplitude analysis is conducted by analogy to the
procedure for ‘drift scans’ themselves, outlined in section 5.2.

i, The observation 1is separated into three distinct sections; X
minutes before, X minutes about, and X minutes after the time of
interest.

ii. The mean, median and standard deviation for each of these three
pulse amplitude distributions are computed.

iii. A check is made to ensure that there is no systematic variation
over the 3X minute period by requiring the median, before and after to
be consistent (i.e within 1 standard error on the median value of each
other - section 3.5.2.).

iv. The two OFF samples (before and after) are added, and a median



for this combined OFF distribution is computed - MEDoff. The median of
the ON sample (about the time of interest) is also computed - MEDon.

The null hypothesis vregquires proton initiated #flashes to be
indistinguishable'from the gamma-ray initiated flashes 1i.e. the two
distributions are from the same population.

v. The number of event pulse amplitudes in the ON sample ¢ the
predicted median (MEDoff) = N-, and the number > the predicted median
= N+ are then calculated.

There should be an equal chance of a light-pulse falling either
side of the predicted median, assuming the intensity of the flashes is
uniformly distributed over this time.

Obviously 1if there were no difference in the distributions we would
observe

N- = N«
but for cases where there is a difference, the significance can be

determined as outlined in the following sections,

9.59.21 Statistical tests of the pulse amplitude distribution.

The significance of the result is not easy to determine using the
usual techniques of errcr analysis as the pulse amplitude
distributions are not normal - see fig 3.16. However, a consistent
statistical approach may adopted.

It is, difficult to relate the errors on the median for
distributions of differing shape (i.e.skewness). O0f the several
possible measures of dispersion of data of this type, inter-quartile
range, and the standard error on the median Smed, are the most
commonly used. The pulse amplitude distributions are not too highly
skewed and so the standard error on the median Smed,

Smed = 11,2533 Sdev

Damms OO0



may be computed, where Sdev = standard deviation on the mean. It is
this value that has been wused in this work to ensure that there is no
systematic variation over the period analysed -see section 5.5.1.

It is possible to combine the errors on the distributions to assign
significance levels, but there are non-parametric tests well suited to
this analysis - The Median Test, and The Mann-Whitney U-test have been

used.

5.5.3: The Median Test.

The Median Test is a procedure for testing whether two independent
samples differ in their central tendencies, or more precisely, whether
the two independent groups have been drawn from populations with the
same median. The null hypothesis requires the two groups to come from
populations with the same median; the alternative hypothesis could be
that the medians differ {(two-tailed test) or that the median of one
population is higher or lower than the other (one~-tailed test).

To perform the Median test, a ‘Grand median’ for the combined
group, f(containing the candidate gamma-rays, Group I and the assumed
background, Group II) is evaluated. Both groups are then dichotomized

at this Grand median.

6roup I 6roup Il
»= Brand median A B

{ Grand median C D

It can be shawn (Mood, 1935@8) that the sampling distribution of I
and Il under the null hypothesis, Hp (i.e. that A = n,/2 and B =
n./2) is a hypergeometric distribution, and the validity of He can be
tested by calculating the appropriate X = statistic for 1 degree of

freedom as,
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X< = N(JAD - BCI - N/2)2 - 5.20

{A+B) (C+D) (A+C) (B+D)

where, n, is the number of events in Group I
n- is the number of events in Group Il
N = n; + nz, which should be > 20
The significance can then be determined by reference to statistical

tables.

5.9.4: The Mann-Whitney U-test.

This test determines if two subsets of events (one containing the
candidate gamma-rays the other containing the background events), say
I and Il are drawn from the same population by using the ranks of the
pulse amplitudes. The null hypothesis He is generally thosen as the
case where groups A and B are from the same population. The
alternative hypothesis H, «could be that one group is stochastically
larger than the other.

The procedure used is well established (Siegel, 1934) and involves
ranking each events pulse amplitude value (with tied values taking the
average of the tied ranks). The candidate gamma-ray events are tested
for predominantly low or high ranks. For a large enough sample of
candidate’ gamma-ray events {i.e, > 20 , and always the case in the
application of this test in this work), the value of a suitable normal
deviate can be found, zyu

Zu = ] - N . n;-/2
({n,){nz J{n:s + Nz + 1)/12)27%

where,
M: is the number of events in the time of interest i.e. group I,
n= is the number of outside the time of interest i.e. group II,

R. is the sum of the ranks of the pulse amplitudes in group I,
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U, is the U - test statistic calculated from;

Ui = nionz + nyin L+ 1) - R, - 5.22
2

2y 1s ‘almost normally distributed’ and has a mean value of zero and
unit variance. Tables (Siegel, 1936) can be wused to assign a

probability to the value zy under the hypothesis, He mentioned above.

5.5.5: Analysis of periodic data.

The detection of periodicity in data allows an examination of the
"light curve", of the periodic emission and opens up the possibility
of extracting the periodic events (e.g. candidate gamma-ray events in
the main pulse of the Crab pulsar). These events can then be compared
to the assumed background events making up the rest of the "light .
curve’', The simplest method and the one used in this thesis involves
performing the Median test to compare the two pulse amplitude
distributions, main-pulse and other phases. The median test |is
particularly suited to this form of analysis, as the large numbers of

events involved can be easily manipulated,

9.9.6: Use of the tests of the pulse amplitude distributions.

The Mann-Whitney U-test is about 93% as powerful as the equivalent
parametric tests, t, and the anmalysis of variance (Siegel, 1954}, The
Median test is not very powerful in that it takes no account of the
magnitude of the difference of an event pulse amplitude value from the
Grand median value merely the number values above and below it. The
median test is equivalent in power to the ‘rank’ tests for very small
samples, but 1its vrelative power declines to about 64% as the sample

size increases. It does have the distinct advantage that the test 1is
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easy to calculate for large numbers of events,

The performance of the pulse amplitude tests has been investigated
by analysing assumed background data i.e. data taken in the ‘drift
scan’ mode with the object outside the field of view of the telescope.
The results are consistent with there being no difference in the pulse
amplitude distributions for this backgound data (section b4.2.6).

In this work these techniques have been applied to the objects
detected at large signal strengths i.e. Hercules X-1 and Cygnus X-3,
with an additional analysis performed on the periodic emission fronm
the Crab pulsar by comparing mainpulse events with events recorded at

different phases.

S.b: The calculation of flux values,

The likelihood ratio analysis (section 5.2.1) yields a percentage
excess of events over the cosmic ray background. To convert this raw
measure into a flux value several factors must be determined;

i. The threshold of the detectors for cosmic rays and for
gamma-rays (see section 3.6.4). The calculation of thresholds requires
a knowledge of the spectral index of the integral cosmic ray spectrunm.

ii. The integral cosmic ray flux at threshold. This can be found
from the known spectrum of cosmic rays.

iii. The field of view of the telescopes to real showers;

Hark T = (2.2 +/- 0.2)®

Mark II ™~ 1.B°

An example of the «calculation is given below for the particular
case of the overall 1983 excess of counts (I-folds telescopes 2,3,4)
taken with the telescopes peinting at Cygnus X-3.

The total number of events detected in @ minutes about @.625 phase

™o o 7




was 1860, the number detected in adjacent 1@ minute intervals was
1957, The maximum likelihood number of excess counts gives B1.5, 1i.e.
B.33 % of the cosmic ray background.

From fig.2.1. the integral <cosmic ray +flux at a threshold of
20006eV (equivalent to a gamma-ray threshold of ™~ 1400 G6GeV) is 7I.8
107 cm™2 5™ str-t,

The field of view of the Mark I telescopes is,

Y 1.67 183 str
and for the Mark II telescaope,
* 1,12 18°° str

S50 the cosmic ray flux at this threshold is calculated as 6.34
18~ cm™% s~! , and the gamma ray flux corresponding to B8.33 % of this
background is thus 5.3 107'® c¢m~2 s~' (calculated for the Mark I
field of view).

For calculations at other thresholds, the integral cosmic ray
spectral index can be taken as -1.6 1in the energy region of this

experiment (Craig, 1984).

The calculation of flux for a pulsar.

The special case of a pulsar with the emission limited to a main
and occasionally an interpulse the duty cycle of the pulsed emission
must be taken into account i.e an allowance is made for the
percentage of the period over which the excess gamma-rays are

detected.

5.7: The calculation of upper limits.

There are several objects which have been observed for a limited
time using the 'drift scan’ technigque, and they show no significant
enhancement of the count rate with the source in the field of view of

the telescopes. However, the flux which would have given a 3 standard



deviation detection for the particular length of observation can be
calculated., This is illustrated below, for the example of the Dugway
cbservation of the strong COSB source, 2CG613S.

There were 2803 counts ON source, and 4072 counts OFF source. So
the signal from the suspected source is -33 counts f/- 45.3 ,or 0.984
+/- ~ @0.02 % of the cosmic ray flux,

The 3 o0 1limit therefore corresponds to a flux of 6.67 % and a
knowledge of the integral cosmic ray flux at the energy threshold of
the array of telescopes ( ™~ B8 ., 107'® ca = s-!') enables the flu:
limit corresponding to a 3o detection to be calculated as,

5.3 10°! ¢ g
n.b, the energy threshold for gamma-rays is considerably lower than

that for oprotons, with a value of 1300 GeV suggested by computer

simulations (Macrae, 1983).

5.8: Source luminosity

The flux,F and luminosity, L are related by the formula,

o4

where d, is the distance to the source {in cm) and Ee is the average
photon energy detected from the object. This last facter, Eo is
unknown, but may be calculated as follows,

The differential cosmic ray spectrum is assumed to be of the form,

C(E) = constant(A)., E~* - 5.24
where,
C(E)dE = the number of gamma-rays of energy between E and E
+ dE
E = the gamma-ray energy
X = the spectral index

from these values the integral spectrum «can be calculated as the
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number of gamma-rays above threshold energy E.

. (1-x)
N{*Ee) = (A.E.) - 5.25
(1 - X}

and the total energy above the threshold is then given by,

E(}EL) E(E)dE = C(E)EdE

= lla.Ecr-x0dE

(2 -x)
= (A.Ee) f(2-X)

E(>Ee) N{?Ee) . Ee. 1 = X)

{2 - X)

Eo = Eeo (1 - X - 5.26
{2 - X)

and so the luminosity given above as equation 5.23 becomes;
g q ;

(4]
-

[ ]
~J

L = 47 . F .d3. Ee. {1 - X) -
{2 - X

The analysis procedures outlined above have been used to test for
gamma-ray emission from the observations listed 1in chapter 4., The

results are given in the next chapter.
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Chapter 6: The results of the gamma-ray observations.

6.1: Introduction,

The vresults of the analysis of observations conducted with the
Dugway experiment are presented in this chapter.

An attempt has been wmade to find similarities in any V.H.E.
gamma~ray flux detected from Cygnus X-3, Hercules X-1 and 4UQ115+563.
In particular, strong positive detections have been investigated for
evidence of a difference in the pulse amplitude characteristics of the
candidate gamma-ray events. A new search for transient emission from
the Crab Pulsar is also described. In addition, upper limits to the
gamma-ray emission #from 7 vradio pulsars and 7 other miscellaneous
sources have been derived.

A discussion of the implications of these results is presented in

chapter 7.

6.2: Cyanus X-3.

This source was extensively observed over the 1981-1983 observing
seasons. The acceptable data - see section 4.4.1, have been analysed
in a search for periodic modulation on several timescales.

In the analysis of Cygnus X-3 some note of the ephemeris used must
be made. The Dugway observations were interpreted using an ephemeris

derived from X-ray data (Van der Klis and Bonnet-Bidaud, 1981), listed

below
Te = JD.2448949.8986 +/- 0.0830
Pa = 0.1996830 +/- 0.0000084 days
pdot = ( 1,18 +/- @.14 ) x 10-°

It is important to establish the accuracy of this ephemeris,
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Figure 6.1: The progressive uncertainty in 4.8 hour phase due to the
errors quoted in the Van der Klis and Bonnet-Bidaud

ephemeris.



particularly for observations spanning a number of years such as those
made at Dugway (Ramana Murthy, 1983).
The accuracy can be determined by calculating the progressive

uncertainty in phase with time from Te. The phase at tise t is given

by,

Alt) = Re + _(t - Tg) - Pt - Tgl2 4+ ..sces - 6.1
P p=

Using the values of the Van der Klis ephemeris it is then possible
to calculate the phase uncertainty throughout the Dugway observation
for this object i.e. August 1981 until November 1983. A plot of the
progressive phase error over this time is given as fig.6.1.

The results indicate that there is a relative uncertainty of as
much as 12 minutes over the full observation (* 2 years). This means
that data from different years may not be reliably combined in phase
even if they are split into relatively wide 18 ainute (phase width =
0.03) sections, any 3-minute by 3-minute superposition (-see section
6.2.2) is restricted to data taken over < 3 months.

An additional uncertainty may be introduced if the ~ 20 day
periodicity of the emission at X and gamma-ray wavelengths is assumed
to be due to the systems apsidal motion. In this case a further
modulation in phase of +/- 0.81 over the 20 days is introduced. Care
has been taken to ensure that the results presented here keep within
these restrictions.

The Durham data taken in 1981 and 1982 have been analysed at all
phases in the 4.8 hour light curve for signs of an enhancement of the
count rate above the cosmic ray background. The results are reported
elsewhere (Kirkman, 1985) and will be summarised in the next two
sections. Most of the 1981 observations were made in the 'drift scan’
mode, comprising 76, 34 minute scans taken under acceptable
conditions.

The results of the analysis of these/%abta (see section 5.2) show a
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strong excess of events at the orbital phase = B.625/8.,6355,
significant at the 2.4 o level. The vresults are suamarised in
fig.6.2. An additional analysis of the data taken with the low energy
threshold telescope (telescope 3 in 198B1) is summarised in fig.6.3,
and shows a stronger enhancement at phase 8.625/8.5655 corresponding to
~ 14% , {or 3.35 ¢ ) of the cosmic ray background with some additional

evidence of emission at phase ™~ 8.13.

6.2.1: 4.8 hour modulation.

With the significant detection of V.H.E. gamma-ray emission in the
198f ‘drift scan’ data, a different approach was adopted for the 1982
observations. The object was tracked and a ‘'pseudo drift scan’
analysis wWas performed as outlined in section S5.3. In 1982,
telescopes 2 and 3 were found to operate at a lower energy threshold
than the others and the data from these two detectors were
investigated in the light of the 1981 excess. The results of the
‘pseudo drift scan’ analysis are given in figure 6.4, and show once
again an excess at phase ™ 0.63, in this case significant at the 2.7

o level, 4.8 % of the cosmic ray background.

The detailed investigation of the nightly contribution to the 6.8 1
excess at phase “ 8.63 reveals that there are four nights contributing
strongly i.e. the 14th of July, 18th of July, fé6th of August and the
24th of August. These nights have an excess above the cosmic ray
background of between 28% and 35%, and they form a very useful
enriched dataset on which to perform more detailed analyses.,

The combined minute by sinute count rate for these four nights in
the ten minutes about phase = 0.625 is given as fig. 6.5. This
analysis indicates that there 1is some evidence to suggest that the
significant excess about phase = 8.463 is restricted to intervals of 4

and 3 minutes duration centred on phases B.61 and B.643.
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Figure 6.6: A plot of the I-fold data taken in 1982 for 51 minutes

about phase = 0.625.
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Figure 6.7: A plot of the low-energy I-fold data taken in 1982 for

51 minutes about phase = 0.625 (telescopes 2 and 3).




6.2.2: The detailed analysis of the @.63 phase region,

The I-fold data.

The data taken about the @.63 orbital phase have been analysed
further. The I-fold responses have been added (bin width of 3 minutes)
for 51 wminutes about the significant excess. The combined results are
given as fig. 6.6 showing that there is no significant evidence of
enission in this phase range on the 3 minute timescale.

Since the ‘drift scan’ excess arises in the main in the data from
the two lowest energy threshold telescopes (detectors 2 and 3), it is
important to investigate this low energy cut in the data - the results
are summarised as fig. 6.7. The vreported structure from the four
nights showing the strong drift scan excess around phase = 0.63 is
evident, but no significant peaks occur at other phases. It seems that
the double peaked emission appears only for the four nights showing

the strongest excesses and is restricted to the 18 minutes about the

.63 phase region.

The I1I1-Fold data.

The 1I-fold sample was given the same extended coverage over the
.63 phase region as for the I-fold dataset above, the results are
presented as-fig.b.B.

There is no evidence for an excese at any phase in this range.
There is no evidence to suggest an enhancement of the signal/noise
ratio in the II-fold sasple and since II-fold events correspond to a
subset of the data due.to higher energy primaries (see section 3.6.1),
this is consistent with a steep sﬁectrum for gamma-ray emission from

this object (Dowthwaite et al, 1983),
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Figure 6.8: A plot of the II-fold data taken in 1982 for 51 minutes

about phase = 0.625.
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Figure 6.9: A plot of the 4.8 hour phase distribution of the U.H.E.
results obtained at Haverah Park from 1979 until 1983
(The size of the dot indicates the magnitude of the

excess) - Watson, A.A., private communication.
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Figure 6.10: A plot of the I-fold data taken in 1982 for 51 minutes

about phase = 0.125.



b,2.3: The detailed analysis of the @.13 phase region.

In view of the binary nature of this source and the recent U.H.E.
gamma-ray measurements, {(Lloyd-Evans et al, 1983) - see fig.6.9, it is
important to scrutinise the 0.0-0.3 phase region. There were B nights
suitable for analysis in the 1982 dataset. The Dugway observing
progras was planned to give maximum coverage to the favoured .63
phase region at small zenith angles and so the 0.13 phase transit
occurred at larger angles, with correspondingly fewer events in the

dataset.

The I-fold data.

The =single telescope responses for detectors 2 and 3 are presented
for 51 minutes about phase 8.13 (3 wminute bin size), in fig.é6.10.
There are no significant peaks, and an analysis of I-folds from all

the detectors gives a similar result,

The I1I1-fold data.

The II-fold data taken over the same phase range as above (3 minute
bin size) are shown in fig.é.11.

There are very few events in this subset, and no significant peaks
can be seen.

It is therefore not possible to confirm the U.H.E. result for
emission in the 0-8.3 phase range. However, the fluxes that nmight be
expected from an extrapolation of the U.H.E. result are probably below
the 1limits of detection for the Dugway array operating at these count
rates. It is possible, even with this limited observation to rule out

any substantial emission of the type seen around phase = 8.63,
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Figure 6.11: A plot of the II-fold data taken in 1982 for 51 minutes
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Figure 6.12: The 4.8 hour modulation in the low energy data (I-fold

responses from telescopes 2,3 and 4) taken in 1983.
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' 6.2.4: The analysis of the 1983 data

The analysis of the 1983 data was performed using the techniques
outlined in section 5.2 and those wused for the 1981 and 1982
observations, The data from the ‘drift scans’ were analysed and added
to the results of the ‘pseudo-drift scan’' output from the ‘tracking’
observations, The results for the I-fold, low energy data (detectors
2,3 and 4) are shown in fig. 6.12,

The 1-fold data show excesses at phases 0.0, 8.625 and @.75,
significant at ~ 2.0 standard deviations. The result for the ~ 0,63
phase region confirms the similar effect seen in the 1981 and 1982
data. The excess at phase = 08.75 has not been observed in previous
years. There was some evidence of an excess at phase = 8.2 in the
1982 data ({see fig.b.4). Along with the previously noted effects at
phase = 0.13 (see fig.4.3) the 1983 results give some confiraation to
the results from U.H.E. produced by the Haverah Park array (see
fig.6.9).

A more detailed analysis of the 1983 excess at phase 0.63 indicates
that the night of the 12th of September gave a 18 % enhancement above
the proton background around phase = 0.63 in the I-fold data. A minute
by minute investigation of this phase region indicates that the excess
comprises two peaks of 2-3 minute duration about the 8.625 transit -
see fig.6.13. This is in agreement with the double peak to the

emission noted in the large 1982 excesses,

6,2.9: Long term periodicity.

In the 1981 and 1982 observing seasons the Dugway array monitored
the 0.43 phase region on 2B occasions see Table 6.1 <(here the excess
is expressed as a percentage of the cesmic ray background). There have

been several reports of a long term ( > 10 day ) periodicity in the



Date % of the cosmic-ray background
04-08-81 221115
27-08-81 0-8210-6
-31-08-81 142483
010981 57 +131
- 02-09-81 143125
25:09-81 409+205
26:09-81 574186
270981 162+208
2110-81 170£11-0
14:07-82 3514201
16-07-82 121%182
17-07-82 654197
168:07-82 301168
200782 82217
16-08-82 20129-6
24:08-82 301*16:8
250882 352162
1311-82 99+7-9
14:11-82 16479
1611-82 21272
1911-82 01+6°5

Table 6.1: The 'drift scan' excesses detected at phase = 0.625

in the 1981 and 1982 data.
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X-ray flux from the object (Molteni et al, 1988), (Holt et al, 19764)
and (Bonnet-Bidaud and Van der Klis, 1981). Initially, the data taken
at phase = @.63 were folded modulo 34.1 days in accordance with a
predicted variation noted by Molteni et al. These results are shown in
fig. 6.14, and were reported elsewhere (Dowthwaite et al, 1983).

It is possible to conduct a search for other long periods. The
procedure that was adopted is outlined below.

i. An arbitrary day number was assigned to each 8.63 scan (taking
00.09 hours UT on January 1 1981 as Day=@).

ii. The average level of emission was fixed at the value of B.8% of
the cosmic ray background, (the average of the 1981 and 1982 ‘drift
scan’ excesse; at this phase).

iii. A sine wave was fitted to the data for all independent periods
between 8 days and 500 days.

A measure of the 'goodness of fit' is given by the Root Mean Square
(RMS) deviation of the data points from the sine wave. Small
deviations are a suitable indication of the extent to which the data
conform to a real sinusoidal periodicity. The best fit is given by a
period of 19.2 +/- 8.4 days (with a harmonic at 36.8 +/- 1.5 days) see
fig., 6.15. The data when folded modulo 19.2 are plotted in fig.6.16.

It is difficult to assign an exact probability to this period but
the distribution of the RMS deviations shows the average deviation to
be 12.5647 with a standard deviation on this value of  @.767. With
these assumptions the observed 19 day period is significant at the
2.7 o level.

This result is in agreement with previous reports of an
approximately 2@ day variation in the X-ray data (Bonnet-Bidaud and
Van der Klis, 1981). The 2@ day X-ray modulation was explained as

apsidal motion in the Cygnus X-3 system - see section 7.4.
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Detector
Phase | Date 1 2 3 L

(1982)P TN+ [NZ [N+ [N IN* [N [N~

14/07 {18 |27 |49 (32 {20 |26 |17 |18

18/07 |23 137 129 137 |27 |21 [19 |17

0-5
| 16/08 |59 |57 |75 |68 {79 |81 |24 (36

24/08

14707 |54 |30 |56 |29 {33 (49 |45 |10

18/07 |47 |41 |31 |41 (36 |41 |35 |10

0-625
16/08 |77 |b6 |64 |76 105 |65 |29 |24

26/08 (20 22 |42 |19 {24 {29 {19 | 6

14107 |53 {39 |37 |47 |61 |53 |37 |26

18/07 |46 |35 [45 |52 |52 [S3 29 |25

0-75
16/08 {73 |49 {70 |61 {51 |76 |28 |40

24/08

Table 6.2: The initial analysis of the pulse amplitude values.
(data taken about phases 0.5 and 0.75 on 24/08/82 was

not suitable for this analysis).




b.2.6: Pulse amplitude Analysis.

The four nights showing the largest ‘drift scan’ excesses at phase
0.63 (section 6.2.1) can be investigated in greater detail. These
nights, rich in gamma-ray candidate events can be analysed in a search
for a difference in the characteristics of the pulse amplitudes
between the 'ON’, @.63 phase events and the two adjacent 'OFF’ phases.
The analysis procedure was outlined in section 5.5.

The initial analysis searched for a difference in the nuamber of
events with pulse amplitudes above { N. ) and below ( N- )} a mnmedian
value predicted from background data. This analysis was applied
separately to the data taken fros each detector and for each night and
the results are summarised as Table 4.2,

There is a noticeable difference in the pulse amplitude values for
this data in favour of small intensity showers.

i.e. Median(ON phase) < Median(OFF phase)

and N- ? N .

The difference is present for all the detectors, but is most marked
for detector 4 which had the highest energy threshold (see section
3.6.4).,

To check these results the same nights were analysed in exactly the
same way at the adjacent phases 8.5 and 8.75 - see Table 6.2. There is
no indication from these canples of the large difference in the
light-pulse characteristics detected at phase 8.63.

The pulse amplitude distribution may be sensitive to changes in the
experimental conditions, and therefore checks were made to ensure that
the experimental conditions were stable throughout the time under
investigation., The median of the pulse amplitude distributions +for
the data taken in the two 'OFF' and the ‘ON° phase regions about

phase = 0.63 have been computed. There is no significant deviation in
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Figure 6.17: The variation of the median pulse amplitude values over
the 0.63 phase region for the four nights showing the

strongest excess in 1982.



Mann-Whitney |

Phase detector probability

0-09
0-12
0-97
0-04

0-5

0-006
0-03

0-625

0-005

0-06
0-99
0-7
0-6

0-75

1
2
3
A
1
2
3 01
A
1
2
3
A

Table 6.3: The difference in the pulse amplitude characteristics

for each detector at phases 0.5, 0.625 and 0.75.
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Figure 6.18: The results of the pulse amplitude analysis presented in

Table 6.3.
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the results of the pulse amplitude analysis.




the median values for the 'OFF' sections for each night as indicated
graphically in fig. 6.17, and so a reliable analysis can be performed.

The significance levels for the pulse amplitude effects for each
night have been calculated as described in section 5.5.4 using the
powerful Mann-Whitney U-test. The full results are presented as Table
6.3, and given graphically as fig.6.18.

This result is explained by noting that in 1982 the array consisted
of four telescopes of differing energy threshold - see section 3.6.4%,
detector 3 having the lowest, detector 4 the highest. The response to
gamma-rays would then be significantly different.

A steepening spectrum compared to the proton background, as shown
in figure 6.19 could explain these observations. For detector I with
its low relative energy threshold, and narrow response a smaller
imbalance above and below the predicted median would be observed than
for detector 4 with a much higher relative threshold and a wider
response (see Table 3.2).

The observations do seem to indicate that the spectrum in the 1 TeV
region may be curving away from the cosmic ray background i.e.
steepening. This result is rather difficult to explain when compared

with the U.H.E. measurements and will be discussed in Chapter 7.

6.2.7: Pulsar periodicity - the range of the period search.

Some of the models proposed for Cygnus X-3 involve particle
acceleration by a pulsar (see section 7.4.3). The Dugway array has an
accurate timing system, essential for a search for short (ms) periods,
and so subsets of the data showing the strongest excess over the
background cosmic rays i.e. containing the strongest concentration of
gamma-ray candidate events have been searched for evidence of pulsar

periodicity. The Rayleigh test was chosen as a suitable test for this
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analysis (see section 5.3.10).

Cygnus X-3 is a binary system and some account must be made of the
modulation of the event arrival times due to the orbit. The motion of
the supposed pulsar around the coapanion star introduces a ‘Doppler
shift’ to the periodic emission varying with the ‘line of sight’
_ velocity. This shift 'smears’ the periodic signal from the object, and
may prevent the detection of a signal for faster periods.

For other binary sources observed by the Durham array (e.g.
Hercules X-1, 4UB115+63), accurate orbital parameters are available
from owmeasurements sade at other energies, and so this orbital
modulation can be removed from the data as described in section 5.3.2.
In the case of Cygnus X-3 there is no complete orbital inforsation and
so some estimate of the range of periods that can be scanned, limited
by this ambiguity must be made.

The +first assumption made in this calculation is that the orbit is
nearly circular. This will serve for the purpose of an ‘order of
magnitude’ estimate. The projected separation of the components of
the system is usually taken to be ™ 108*! ¢m (= asini), and so the

radial velocity is given by;

Ve = { 2, n. a.s5ini ) - 4.2
c T.c
where, T = orbital period i.e. 4.8 hours

Ve > 1, 1978
c

Therefore, any relativistic effects can be ignored in this

estimate.

For a roughly circular orbit the period, Pe of a pulsar will vary

Damea {1000



according to,

P = PB ( 1 + V: uch ( 2-7[ lt) ) - 6.3
t T

and the change in period per unit time is then,

d = - Pg. Vo . sini . 2.7 . sin { 2.1 .t )

t c.T T

a

over the 1B minutes of data constituting a 'drift scan’ excess the
cosine term can vary between ~ 1 and *~ 0.1. So since velocity
variations are proportional to the variations in period it is possible
to calculate a change in the period DP over the 10 wminutes of the

observation from;

P = Po+dP .t - 6.4
dt
or DP = ~ 4,3 10°7.Pe . ( 0.1 - 1.0 ).600s

i.e. the best case corresponds toj
DP ™~ 2,6 107® ,Pe
and the worst case corresponds to:

DP ™~ 2.6 187% .Pe

It is this value that must remain less than the 'harmonic interval’
(see section 5.3.6) for the period search to be valid,
If this calculation is performed it is clear that at best only
periods greater than
~ 1@ ms
should be tested for true periodicity.
To cover this possibility all periods from 10 ms upwards were

analysed.
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Predicted |

‘Date  [No. of  |Yoexcess |probability if all
counts excess pulsed

14-0782| 110 351 1.1076
18-07-82| 83 301 5.1074
16-08-82 | 193 201 L1074
2-08-82| 87 301 3.107L
1209-83 | 450 18 4. 107

Table 6.4: The probabilities recovered by the Rayleigh test

assuming all the count-rate excess is pulsed.
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taken on September 12th, 1983.



6.2.8: The Systematic search.

To have a chance of detecting a significant periodicity in the
sparse data taken in the V.H.E. observations using the Rayleigh test,
there are two ieportant prerequisites.

The data must exhibit a large excess over the cosmic ray background,
R, and the overall counting rate, N, must be high. The probability of
no periodicity in the data must be less than the reciprocal of the
number of degrees of freedom expended in the search for this analysis
to be valid.

The number of degrees of freedom used is roughly equal to the
number of periods tested - see section 5.3.7. For the search for
periods from 18 ms to 58 s the number of degrees of freedom expended
is “~ &6 . 10% . The probabilities of no periodicity for the strongest
excesses in the 1982 - 1983 observing seasons (assuming all the excess
is periodic) are listed in Table 6.4.

Initially this analysis was performed on the 1982 data and no
significant periodicity was found. However, the increased counting
rate of the array in 1983 meant that the one night with a
significantly excess of ™ 18 % over the cosmic ray background (12th
September) gave the best opportunity for a successful search for
millisecond periodicity over the 7 minutes of the excess. A period of
12,5985 ms was seen in the data taken around phase = 0.63 (see
fig.6.20.i), The probability of no periodicity for this period was
found to be ~ 4.8 ., 1079,

Once degrees of freedom have been taken into account this detection
is at a probability level of ~ 2.6 . 18~ - a significant indication
of pulsar periodicity.

The form of this detection has been analysed for each of the

detectors in the array and for the Il-fold detector responses with the



<F I-fold -
N
1\
I |- I\ -
, \
\
_3__ : \ -
.. | |
) 2L | \ -
I‘ |
1k ! || res. -
1 . ,/\,'I v \\\
— l i
> 1259
E Period (ms)
o
= " 1I-fold
S -3F -
—_—)

i)
/ N/ \%

L
1259
Period (ms)

Figure 6.20: ii - vi, The periodic content in the data taken on

September 12th, 1983 - various detector combinations.



V) V)
DET 1
-3 = -
{2 — ~ -
"\\ ’/ \\ )
.1 ;;I \\ \’l/ \\\.J//, \\\- --
]
— 12590 12591 12-592
g Period (ms)
) .
®° Vi)
O ]
a DET 3
= |
)
o
— {2__ - _
P / \
-1 -"-' \\\ I’V ‘\\ -
1 AN | Ve N
|
12:591
Period (ms)

Figure 6.20: continued.

DET 2
[ ~ -
/N
- // | \ -
Py \
== __e__
i
12:591
vii)
T
DET &
o ’\\ ,’A‘\ _
L’/ \\\7’ \\\ _ __//
|
12-5%




o~ (@ »)
O o
1

=

Count rate/min

w
|

t
—
—
~

Nn v

log (chance probability)
N}
|

0-59

Figure 6.21:

l
0-63 0-7
L,-8 Hour phase

The periodic content in the data taken about phase

= 0.63 mapped to the count rate excess.



30

No.
events

20

10+

: ]
0-0 | 0-5 1-0
Phase (arbitrary)

Figure 6.22: The 'light curve' at 12.59 ms.




) ]
= (@)

N

LOG [Probability ]

1258 1259 1260

Period (ms)

Figure 6.23: The detection of 12.59 ms periodicity in the data taken

on October 2nd 1983,



results given as fig.6.208.ii to fig.6.28.vii. The ™ 12.39 ms period is
evident in the events detected by all telescopes, and is also present
in the II-fold data. In addition, the strength of the periodic content
in the data maps the structure noted in this count rate excess
{fig.6.21), The ’'light curve’ is plotted in fig.é.22.

To check +for any instrumental effects present in the system, the
data taken from other sources observed in this month have been
analysed at this period. No evidence of ™ 12 ms periodicity was found.
No other objects were observed on the night of the 12th of September
and so a close check with similar experimental conditions was not
possible.

Given the ™~ 12 ms period, other suitable data can be analysed for
evidence of emission at this period. The rest of the 1983 data were
analysed, including nights when the sky conditions were not ideal. The
12 ms period was found 1in ™~ 7 minutes of data taken on the 2nd of
October 1983 at phase ¥ @.63 i.e. “~ 20 days after the 12th of
September (see fig 6.23). This detection occurred at a probability of
no periodicity of ~ 4.8 . 10~° and provided +further evidence for a
19-20 day long-term modulation to the data. The &6 other nights
searched did not yield any significant positive detection. [+ the null
results are taken into account the evidence for periodicity at v
12.59 ms was at a chance probability of ~ 2 ., 10-® for the 1983 data.
The combination of the separate probabilities was calculated from,

XZ%combineas = -2. In. IT Probability, - 6.5

with 2n degrees of freedom
(Eadie et al, 1971)

The strongest excesses detected in 1982 did not show strong
evidence of periodicity at this period. However, further more detailed
analysis has discovered some confirmation of the ™ 12ms periodicity at

phases close to @.63. These results will be opresented elsewhere
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(Chadwick, PhD thesis, in preparation).
The detection of a pulsar period in the data from Cygnus X-3 has
important implications for the models suggested for this system, and

will be discussed in section 7.4.6.

6.2.9: Second-minute periodicity.

There has been recent evidence of ‘quasi-periodic’ X-ray signals
from the Cygnus X-3 system at periods greater than | second (Van der
Klis and Jansen, 1985). The 1982 large ‘drift scan’ excess nights have
been analysed for periodicity in the range 8.1 seconds to 18@ seconds
in a search for similar emission from the gamma-ray data.

In this case there are 6000 independent periods to be tested for a
1@ wminute dataset, and so we would expect only those periods detected
with probabilities of no periodicity less than 1.66 10°% to be
significant.

No highly significant periods were detected in the data for any of
these nights,

Despite the absence of significant detections it may be possible to

infer a periodicity in the data by looking for patterns in the most
significant results of this analysis. No detectable pattern to these

periodic effects was found.

6.2.10: The Cygnus X-3 V.H.E. gamma-ray spectrum.

The data for 1981 and 1982 show an average integral peak flux of 1l
% of the cosmic ray background restricted to the narrow (@.0835) phase
region around phase 9.63, This peak of the emission corresponds to a
flux of 4 . 1012 cw~= g~! at E > 1008 GeV, and may exceed 10-° cp-=

s~ at the peak of both the 4.8 hour and 19 day modulations. The flux

™ . 2 aw
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averaged over the full 4.8 hour cycle then corresponds to * 5. 18712
em~% s, These values are in ctlose agreement with those from other
experiments - see fig.b.24,

The low energy threshold telescopes detect a larger excess over the
background than those operating at higher thresholds. This indicates
that the gamma-ray spectrum is more steep than the cosmic ray spectrum
by ~ 0.8 +/- 8.5 {(Dowthwaite et al, 1983).

There is some evidence to confirm this picture in the 1981 and 1983
data. An estimate of the peak V.H.E. flux {averaged over 1D aminutes)
from this object detected on the night of the 12th of September is
given below,

Low energy data ( I-fold, Dets 2,3,4 )

2.4 . 1877 cm2s~?! str-t at E > 1200 GeV

Higher energy ( lI-fold, Dets 1,2,3,4 )

3.3 . 1@7*? em2g"! gtr-? at £ > 2500 GeV

{ 3 o upper limit )

Results from the pulse amplitude measurements made in 1982 (see
section &.2.6) also indicate a steep spectrum in the V.H.E. region,
though a similar analysis of the 1983, 12th of September burst did not
show any imbalance in the pulse amplitude values. The shape of the
spectrum between the V.H.E. and U.H.E. regions is discussed in secticn

7.4!6!

6.3: The Galactic Plane.

The long ‘'drift scan’ observation of the Galactic plane (see

section 4.4.5) was made in the Cygnus region (1 = 79.9; b = 8.7)., The

result is given as fig.6.25, and shows that there is evidence of
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emission from the Galactic plane itself. The details of this
observation are discussed elsewhere (Dowthwaite et al, 1985}, but it
is important to note that the structure of the emission exhibits a
‘dip’ around the Cygnus X-3 region. If this structure is confirmed it
means that the 1981 drift scans were conducted against a varying
background, with the minimum coinciding with the transit of the V.H.E.
source. The detected flux at all phases should then be increased by ™
2 % of the background rate in fig.6.3 to account for the higher 'OFF’
source background. This 1increases the significance of the excess at
phase = 0.6% to ~ 5 standard deviations and the excess at phase = B.13
to ¥ 2 standard deviations.,

The Galactic plane measurement indicates that the detection, 1in
1981 at phase = 0.63 corresponds to a flux of &6 . 107'® photons ca™<
s~!, It provides further evidence for the emission at two phases in

the orbit i.e. @.13 and 8.63. This will be discussed in relation to

the models for suggested from this system in section 7.4,

6.4: Hercules X-1.

6.4.1: The analysis of the 'drift scan’ observations of

Hercules X-1.

Four 48 minute 'drift scan’ observations were made of the binary
X-ray pulsar, Hercules X-1 on the {7th of April {983. The data were
barycentred and reduced to the focus of the orbit wusing the X-ray
ephemeris provided by observations made wusing the UHURU satellite
{Tananbaum et al, 1972).

Each of the scans was analysed using the technique described in
section 5.2 for evidence of an excess while the object was in the
field of view of the telescopes. The last scan did show a significant
excess of events equivalent to 14 +/- 7 % of the cosmic ray background

over the full 'ON’' source time. A more detailed investigation of this
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effect shows that the excess events were limited to a three ainute
section occurring 5 minutes before the centre of the scan. In these
three minutes the telescopes detected an excess of 33 +/- 1@ % of the
background.

The excess events were tested for periodicity at the X-ray pulsar
period, "~ 1.237 s. The Rayleigh test, as outlined in section 5.3.5
was used. The 3 @minute burst was effectively 188 Z pulsed at this
period, and corresponded to a probability of 4.8 . 1B8~° for the effect
arising by chance. The profile of the burst is shown in fig.6.26i with
the percentage of the periodic content in the data shown as fig.6.26ii
for comparison.

Evidence for the X-ray period was found in the independent I and
I1-fold data. In addition, the ‘fast inter-detector timing’ technique
was applied to the data and indicated that the pulsed events came from
the centre of the field of view of the telescopes i.e. from Hercules
X-1.

The ’'light cturve’' for the pulsed events is shown in fig. 6.27. The
light curve consists of a broad peak, ~ 38 % of the width of the f{full

‘duty cycle’.

6.4.2: Analysis of the pulse amplitude values.

The strong 3 minute excess is a suitable subset of the data, rich
in gamma-ray candidate events, for other analyses to be performed. The
events can be investigated to determine if there are differences in
the pulse amplitude values between the burst and the rest of the scan.
A similar analysis to that wused for Cygnus X-3 was performed. The
"OFF' source data from the 'drift scan’ were used to establish the
median of the background pulse amplitude distribution. The burst
events can be split about this background median into the number below

{ N~ ) and above ( N+ ) this value. The results are presented in Table



Background median

Median test

Detector N+ N_ probability
1 19 1 019
2 13 11 0-8
3 18 19 072
L L 2 0-6

Table 6.5: The results of the pulse amplitude analysis of the

burst events.




6.5,

The significance levels in Table 6.5 were calculated using the
Median Test as outlined in section 5.5.3.

The overall probability for a difference in the pulse amplitude
values for all detectors was calculated by combining those from the
four detectors using equation 6.5, and results in an overall value of
~e.7.

S0 there is no evidence for significantly different signature to

the burst events.

6.4.3: Further observations of Hercules X-1.

This object was observed in subsequent months, July and October
1983. These were tracking observations, and the data were combined for
each month independently and analysed in a search for pulsed content
at the pulsar period. The Rayleigh test was used as it is powerful in
detecting broad light curve periodicity. There was evidence of a low
level of pulsed emission in the data taken between July the 3rd and
13th 1983 at the ¥ 2 ¢ level. The period detected was in agreeament
with the roughly contemporary Tenma X-ray satellite detection of
1.2377873 s (Nagase et al, 1983),

This low level of detection corresponds to 0.84 +/- 8.4 % of the
tosmic ray background, and so the time averaged flux from the object
may be calculated as (3 +/-1.5) . 10~*! ¢m~® g~* assuming the array
operated at energies > 1000 GeV.

The 3 minute burst of 33 +/- 1@ % of the background indicates that
the peak flux from Hercules X-1 is ™ 1.2 . 1077 cm™2 g7!,

It is important to note that the V.H.E. burst occurred at phase =
0.76 in the 1.7 day orbit i.e. at one of the favoured phases (0.2 and

0.7) for the X-ray “turn on’. This result will be discussed in detail

in section 7.5.
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6.5: 4UB115+63

The binary X-ray pulsar, 4UB115 + 63 is a sporadic X-ray source
with the most recently derived Ariel V| orbital and pulsar parameters

listed in Table 6.6.

6.5.1: Gamma ray observations.

The Dugway array observed this object in 1984 (see s;ction 4.4.4).
Each individual observation lasted about three hours and occurred at
roughly the same sidereal time. These regular observations introduce a
‘pseudo-periodicity” in the data of ~ 24 hours and associated
harmonics, and so the data are not completely random. Care aust be
taken to ensure that such periodicity is not confused with any
periodic effect from the object. The ‘sidebands’ due to the regular
observations are shown in fig.b.28.i , from the data taken pointing at
400115463, They are alsp evident in data fronm PSR2223 {see
fig.5.28.ii), which was observed for the same nights as 4UB115+63, and
which provides a useful set of background data. These plots indicate
that the 'sidebands’ are not significant for frequencies >> 10°% Hz,
and should .not produce any spurious periodicity in the range of the
X-ray pulsations ( ™ 3.6s). Further details of the observations of

this object are presented elsewhere (Chadwick et al, 19835c¢)

6.5.2: Periodicity analysis.

The data were barycentred, and focussed to the binary orbit using
the parameters listed in Table é6.6. The quoted errors in the X-ray
ephenmeris neccesitate a period search about the 3.614644 s period. In

' particular the period derivative of the pulsar is large and has varied
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Characteristics of the 4U015+63 system

Pulsar period 3614664%0-0000011 s

Period derivative  |-0-000272+0-000007 yr-]

Epoch of orbit MJD 44586-008

Periastron angle | 47-08+0-20 deg

A.sini 140130 (s
Orbital period 24-3154 + 0-0004 days
Eccentricity 0-3402 +0-0004

Table 6.6: The orbital and pulsar parameters of the 4U0115 + 63

system (Ariel Vi)
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considerably in the X-ray observations (see fig.1.3)., The search was
confined to 10 independant periods about the ephemeris value with the
Rayleigh test applied to the whole dataset. Data from the 9 nights of
observation were combined in phase and the test applied.

The analysis of single telescope responses for all detectors, gives
a best probability of no periodicity = .0 ., 10 ~2 at a period
3.61457 +/- 0.0000!1 s.

As the orbital parameters are uncertain, the variation of this
pulsar period with orbital period may be investigated. If the mean
values of all other parameters are chosen then the probability of the
chance origin of the pulsar periodicity (3.61437 &) varies with
orbital period as shown in fig. 6.29. It is clear that if the orbital
period is vrelaxed to the next sampling peak (24,135 days) in the
variation then the significance of the V.H.E. gamma-ray periodicity is
increased to *~ 5.8 . 1@-7.

Some account of the 'degrees of freedom’ expended in this analysis
must now be made.

i. The 18 independent periods tested reduce the significance to
5.0 . 1@~

ii. Relaxing the orbit to the adjacent sampling peak is justified
if 2 nmore degrees of freedom are introduced. So the overall
significance of this result is = .0 . 10-°

A plot of the probablity of no periodicity against period tested
with the data focussed using an orbital period of 24,135 days is given
as fig.6.38. The 'sidebands’ are due to combination of the two periods
in the data (™ 24 hours and ™ 3.414 s).

The relaxation of the orbital period to a value removed five formal
standard deviations from the X-ray ephemeris value is allowed as the
uncertain orbit is amulti-dimensional. The validity of this analysis
has been checked by simulations of the focussing routine ( M=Comb,

private communication),
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As a check for any instrumeﬁtal origin to the above periodicity,
the data taken with the telescopes pointing at PS5R2223 were analysed
using the same procedure as that outlined above. The results are
presented as +fig.6.31 and show no significant detection of
periodicity.

The ‘'light curve’ of the V.H.E. gamma-ray pulse is given in
fig.6.32. It shows that the detected emission has a broad light curve.
It is therefore similar, in this respect to the pulsed emission +fronm
Cygnus X-3 and Hercules X-1, and unlike the narrow light curve
detected from the Crab Pulsar (see section 6.6). The similarity in the
pulsar emission from the binary X-ray sources may point to a common
production mechanism (see section 7.6).

The data were analysed for evidence of variability over the nine
days of the observation. The results indicate that there Qas no
significant variabilty in the gamma-ray #flux. As there were no
sections of the data especially rich in gamma-ray candidate events (in
contrast to the events detected over the .63 phase region of the
Cygnus X-3 orbit), no analysis of the pulse amplitude values for the
supposed gamma-ray events has been made. Any future investigation of
the pulse amplitude values may proceed in a similar way to the
analysis performed for the Crab pulsar (section 6.6.4). The pulsed
events, say phases @ - 8.3 in the 'light curve’' may be compared with

an assumed background, the events corresponding to phases 8.5 - 1.0.

6.5.3:The V.H.E. gaema-ray flux from 4UB115+43

The detection of pulsed V.H.E. emission from 4U@I15 + 63 1is highly
significant and corresponds to an excess of (2.8 +/- 0.4) %1 of the
proton background. The V.H.E. gamma-ray flux may then be calculated

Dams=s {912
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Figure 6.33: The transient periodicity detected from the Crab

pulsar in 1981. i - 23/10/81, ii - 31/10/81.
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the Crab pulsar. i - 23/10/81, ii - 31/10/81.
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(7 +/- 1.4) 107! cp== g1,

A full discussion of these results is given in the next chapter.

6.6t The Crab Pulsar.

6.6.1:A summpary of previous analyses.

The results of observations of this object made in 1981 and 1982
have been reported in detail elsewhere (Kirkean, 1985), and a briet
summary is given below,

Strong transient effects were found in the 1981 data (Bibson et al,
1982a), strongly pulsed at the radio period of ™ 33 ms. Two such
bursts were detected, on the 23rd and 3ist of October; a plot of the
profile of these bursts with time is given as fig.6.33. The ‘light
curves’' for these two bursts are shown in fig.6.34, and indicate that
the pulsed events were confined to a single peak of F.W.H.M. ™ & as.
Unfortunately, the radio ephemeris that was available did not allow a
more accurate determination of the phase of the pulsed events to be
found.

In 1982 an accurate, contemporary ephemeris was made available from
radio measurements of the pulsations made at Jodrell Bank (Lyne,
private communication) - see Table 5.1. In addition, the large amount
of data collected in November 1982 were taken with very accurate
relative timing due to careful monitoring of the crystal clock tinme.
The clock was not reset for the duration of the observation, allowing
a timing resolution of “ 1 4s to be achieved (see section 3.5.1).

When the November 19B2 data were analysed strong evidence for a
persistent but low level periodicity was found (see fig.6.35). @n
"Epoch folding’ technique was wused. There is strong evidence for
gamma-ray emission with a narrow V.H.E. mainpulse, coincident with the

radio mainpulse {(Dowthwaite et al, 1984b). In addition, there is an



interpulse in the phase region 0,33 to @.47 in the * 33ms ‘light
curve’'y, and some indication of a bridging region of pulsed emission
between the main and inter-pulses.

The accurate timing allows the events comprising the emainpulse to
be resolved further. This analysis indicates that the mainpulse
emission is limited to a duration of ™~ @.4 @s, between phases 8.98 and
©.992 in the ‘light curve’. The V.H.E. pulsations are therefore
narrower than those at other frequencies, and this result will be
discussed in relation to possible models for the emission in section
7.3.2.

An increase in the sensitivity of the array was noted for events
detected by two telescopes. This [II-fold detection of periodicity,
independent of the I-fold detector responses discussed above, leads to
an overall probability that the pulsationsiarise by chance of ~ 10°°,
In addition, fast inter-detector timing indicated that the pulsed
events came from near the centre of the field of view adding further
evidence <(at a «chance probability of ™~ 3.5 10°3) of pulsar
periodicity.

In conclusion, the Dugway experiment has detected strong transient

emission and weak continuous pulsed emission from the Crab Pulsar.

6.6.2: The 1983 observations of the Crab Pulsar.

Observations of the Crab Pulsar were conducted in the latter part
of 1983 ( section 4.4.2), with an improved Mark II version of detector
4, An accurate radio ephemeris was available in 1983, but
untortunately the relative timing accuracy of the system did not match
that achieved in November 1982.

The 'Epoch folding’' technique was used to analyse the data in the
same way as for the 1982 observations. The results are presented as

fig.6.36i and fig.6.36ii for the independent single and two-fold
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the Crab pulsar detected in 1983 I-fold dataset.
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Figure 6.36: ii, The 'light curve' for the continuous emission from

the Crab pulsar detected in 1983 II-fold dataset.



datasets respectively. There is clear confirmation of emission at the
radio mainpulse in the data from single telescope responses, but there
is no indication of the interpuls; or bridging region apparent in the
November 1982 results. The single fold results correspond to a
detection of periodicity at a chance probability of ™ 1,5 . 18°%.

There is no evidence of pulsed emission from the II-fold dataset,
although with few events to analyse this is not surprising.

The timing of the system was not as accurate in 1983 as in November
1982 and so, the mainpulse events cannot be resolved beyond the ™ 1.3
me bin width given in fig.6.36i . However the single bin mainpulse
does indicate that the V.H.E. gamma-ray pulsations have a narromw
‘light curve’.

In summary, the limited observations conducted in 1983 confirm the

1982 results.

6.6.3: Transient pulsed emission from the Crab Pulsar.

The data collected in 1982 and 1983 have been searched for further
evidence of bursts of V.H.E. gamma-rays - similar to the large effects
discovered in the October 1981 data. The data were searched in two
ways;

i: Sections of data (280 events per section), were analysed for
periodicity wusing the Rayleigh test. The results are presented
elsewhere (Kirkman, 1985).

ii: The data were separated into 5, 18 and 15 ainute independent
sections, and then analysed for periodic content. Sections of the
order of 18 minutes were chosen to match the length of the bursts
seen in 1981,

Two tests for pericdicity were made., The V-test (see section 5.4.1)
was used to search for pulsed emission with a broad, light curve

(similar to the bursts detected in 1981). In addition, the data were
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Figure 6.37: The distribution of the V-test statistic for the
November 1982 data analysed in a search for 5 minute

transient emission.



Dataset | Bin size/min x* probability

5 0-97

I-fold 10 0-75
15 0-92

5 0-58

11-fold [~ 0

15 0-32

Table 6.7: The results of the V-test search for transient emission

from the Crab pulsar.



Binomial probability

Dataset | Bin size
(minutes) =01 {=001 »0-001 p0-0001

5 106 | 87 1 -

I-fold 10 545 | 50 A -
(1962+83)] 15 373 | 49 1 ;

5 140 | 18 2

Gegg | 10 151|131 |

(1983) 15 97 |11 | - | -

Table 6.8: The results of the Binomial test for transient emission

from the Crab pulsar.



tested for periodic bursts with narrow peaked 1light curves by
comparing events coincident with the radio mainpulse to those at other
phases wusing a binomial test. For this analysis the mainpulse was
chosen as the 2.8 to 9.84 phase region of the light curve.

This analysis showed that there were no further bursts of periodic
events of the same strength as those detected in October 1981, This is
in agreement with the results of search i, above.

It is also possible to investigate the number of smaller bursts
detected, above expectation.

A plot of the distribution of the probabilities resulting from a
V-test on 5 minute sections of the I-fold data is given as fig. 6.37.
The deviation of these distributions from the normal curve is an
indication of the degree to which the periodic effect is due to small
bursts rather than a continuous low level emission. A suitable measure
of the deviation is given by a Chi-squared statistic., The results are

presented in table 6.7, for each of the 5, 18 and 15 minute sections.

These results show that there is no evidence to indicate that the
V.H.E. pulsations from the Crab pulsar observed in 1982 and 1983 are
due to transient effects of low strength.

The distributions of the probabilities resulting from binomial
tests are also close to expectation for the 5, 10 and 15 minute
sections (see table 4.B). It is therefore possible to rule out single
bin (ﬁarrou peaked) bursts from the pulsar.

The emission in 1982 and 1983 has been shown to be consistent with

a continuous low strength flux rather than a series of periodic

bursts.

Pl ame= 182



Probability

Defector (Median test)

1 0-25

2 0-28

3 0-48

b 0-25

Overall probability = 0-3

Table 6.9: The results of the pulse amplitude analysis of the

mainpulse events.
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Figure 6.38: The V.H.E. gamma-ray spectrum from the Crab pulsar.



6.6.4: The analysis of the Pulse amplitude values.

The well define& excess of events detected at the radio mainpulse,
means that an investigation of the pulse amplitude distribution of
these events can be made. The events occurring in the mainpulse phase
region (@.98 ~ @.992) have been compared with the events at oather
phases (the assumed background for the 1982 data). The mainpulse
events were dichotomized about the median pulse amplitude value
calculated from the background as described in section 5.95,2,

Table 4.9 gives the results of this analysis. There is a small
imbalance of the mainpulse events in favour of the larger pulse
amplitudes and the significance of this effect has been evaluated
using the Median test {(see section 5.5.3).

There is an indication that the mainpulse events have larger pulse
amplitudes than expected from the distribution of those corresponding
to ‘background’ phases. The significance of the imbalance is given in
table 6.9, and corresponds to an overall (all detectors) difference of
* 8.3 (the combined probability calculated using equation 4.5).

Although this result is of marginal significance, it is consistent
with the strong two fold effect noted in these data. This would infer

a relatively shallow spectral slope.

6.6.5: The V.H.E. gamma-ray spectrum.

A plot of the spectrum from this object in the 1 - 1B% GeV region
is given as fig.6.38. The points relating to the Dugway measurements

are listed below.

The excess at the mainpulse in the November 1982 data corresponds

J

to @.223 +/- B.054 % of the cosmic ray background and indicates a

[

detection of a flux of V.H.E. gamma-rays = ( 7.9 +/- {.8 ) 18T ¢cp~=
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s~! at Energies > 10080 GeVv.

The +lux {for transient emission abserved on the 23rd of October
1981 peaks at a value = (2.8 +/- 0.3). 107*® cm~2 5~* at energies
3000 GeV.

The +flux value for the continuous emission is in broad agreement
with results from other groups working at these energies. The results
have important implications for the high energy emission from pulsars

and these will be discussed in section 7.3.

4.7:0ther Radio Pulsars.

Seven suitable radio pulsars were observed by the Dugway
experiment, the details of these observations are described in Table
4,2,

The data were barycentred and then tested for evidence of
periodicity using the Rayleigh test. As 1in other analyses, the
Rayleigh test was chosen as it is powerful in tests for pericds of
unknown ‘duty cycle’. Two subsets of the data were investigated, the
low energy, single telescope responses, and the higher energy, but
possibly more sensitive (e.g. the Crab Pulsar results) two-fold
responses.

"The results of this analysis are given 1in table 4.18. No
significant detection of periodicity is found from these objects, and
upper limits to the V.H.E. gamma-ray flux for broad pulse emission
have been calculated (- see section 3.7).

These wupper limits are in good agreement with previously reported
results at V.H.E. {Porter and Weekes, 1978), and will be discussed 1in

the next chapter.
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Object | Hrs. of data gg“_;‘zgm”‘_gs_”
Cyg X-1 4 500
3273 13 500
NGCLST | 3 300
55433 3 300
CAS-A 3 600
PERX-1 | 2 300
20615 | 1 50

Table 6.11: Upper limits for gamma-ray emission.




6.8: Miscellaneous observations

The Dugway array of telescopes made limited drift scan observations
of the following objects;

Cygnus X-1

Perseus X-1

30273

NGC4151

85433

Cassiopeia A

2C6135

A summary of the observations was given in table 4,2.

The ‘drift scan’ analysis procedure was applied to the data for
each of these objects (section 5.2). There 1is no significant
indication of V.H.E. gamma-ray emission, and I standard deviation
upper limits to the V.H,E. gamma-ray flux have been derived (section
5.7). These are listed in table é&.11.

The calculated upper limits are 1in good agreement with values

quoted by other experiments (Porter and Weekes, 1978).
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Chapter 7: A discussion of the results.

7.1: Introduction

The detailed results of the programme of observations are reviewed
and interpreted in this chapter with a discussion of the implications
for the aodels proposed. A review of the proposed source sechanisms is
given and a mention is made of the relationship between the production
of V.H.E. gamma-rays and the other possible high energy emissions from
these systems.

The most likely source of the high energy particles responsible for
the V.H.E. gamma-ray emission is a system including a collapsed star,
and the results place important constraints on the fore of physical
process working in these objects. A particular aim of the Dugway
experiment was to determine the luminosity at these energies and so to
establish whether a «class of astronomical objects exists radiating

predominantly in the V.H.E. region.

7.2: The production of V.H.E. and U.H.E. gamma-rays.

The prerequisites for V.H.E. gamma-ray production are higher energy
particles interacting with electromagnetic fields and/or matter by the
methods discussed in chapter 1. Astronomical V.H.E. gamma-ray
production sites must provide these conditions.

The two most promising suggestions are radio and X-ray binary
pulsars. In the former case models have been oproposed in which
particles are accelerated by the very large potential differences
produced near a vrapidly spinning magnetised neutron star, for
instance, {(Ruderman, {981), (Arons, 1983).

For binary X-ray pulsars the process of accretion may play a part.



Acceleration Maximum particle energy

mechanism (eV)

Pulsar )

acceleration ~ 51076

Accretion

disc ~ 1076

Shock |

acceleration 10161017

Turbulent Depends on the rm.s.

Magnefosphere fo‘bUlenf VE[OC”Y bUf
could explain observations

Free pulsar

(Crab) > 101> possible

Table 7.1: The maximum particle energy produced by the various
acceleration mechanisms proposed to power V.H.E. and

U.H.E. gamma-ray sources.



Various methods have been suggested for transforming the gravitational
potential energy of accretion into particles of high enough energies.
These include the dynamo action of an associated magnetised neutron
star (Chanmugam and Brecher, 1983), the Fermi acceleration in shocks
developed in the accretion flow onto the neutron star (Kazanas and
Ellison, 1984), and the acceleration of particles due to the distorted
magnetic field produced during turbulent flow in the accretion process
(Wang, 19864).

The nature of the accelerated particles is also uncertain. It is
unlikely that electrons could be accelerated to ultra high energies in
the intense magnetic and radiation fields surrounding pulsars, though
they may be significant at lower gamma-ray energies (Frotherce, 1984).
The energy loss mechanisms, 1i.e. synchrotran and inverse Compton
losses are not so effective in the case of nucléons, sc these
particles will probably be 1involved in the production of U.H.E.
gamma-rays. The particles must then interact to produce the gamma-ray
spectrum.

In free pulsar systems such as the Crab pulsar the gamma-rays may
be produced by curvature or synchrotron radiation. In binary systems
the V.H.E. and U.H.E. particles may interact with target material to

produce neutral mesons which then decay to give the gamma-rays.

In all of these cases the maximum possible energy of the particles
has been <calculated by Protheroe (19846), and these figures are
reproduced in table 7.1, along with estimates of the highest energy
particles that may be produced by free pulsars e.g. the Crab pulsar.

Details of all the main models are discussed in relation to the
individual objects observed by the Dugway array. The discussion will
emphasise the interpretation of the Dugway vresults presented in

chapter 6.
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7.3: V.H.E. qamma rays from radio pulsars

There have been few reports of gamma ray emission from the large
number of radio pulsars so far discovered. In spite of this these
stars are capable of producing very large amounts of energy as can be
seen from their rotational energy loss;

W = I.P. P’ - 7.1
for a typical moment of inertia, I = 104® gca?, and for a one second
period pulsar which 1is slowing down 1in 10® years then the energy
output is

* {0 erg s

This large amount of energy shows that these stars are among the
most energetic objects in the Gaiaxy. With relevance to this work,
many of the models so far proposed indicate that a significant
fraction of this luminosity may appear as gamma-rays.

The conventional view of a pulsar is of a rotating magnetised
neutron star. Charged particles are ‘lifted’ from the surface of the
star by strong electrostatic forces to create a 'magnetosphere’, a
.corotating region of plasma. The tangential velocity of the particles
increases with distance from the surface, until at the ‘light
cylinder’ the corotation is at the speed of light.

Goldreich and Julien (1969) showed that the rotating magnet would
act as a ‘homopolar generator’ with large potential drops ( ~ 10%® eV)
being developed., Positive and negative charge would then be released
from the stars crust and would travel out ¢rom the polar surface via
open field lines - see fig 7.1. These charges may reach energies in
excess of 1@'% eV, and could account in principle for the radiation at
various frequencies.

It is also possible to estimate the energy loss from a non-aligned

rotating magnetic dipole (this calculation is performed for the

|« D FEL X, )
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Figure 7.1: The 'Goldreich and Julien' model of a pulsar.



unrealistic case where the dipole is surrounded by a vacuum). If @ is

the angle between the magnetic moment vector M, and the rotation axis,

z then,
d=M =B . a% .sin @, W= - 7.2
dt= 2

where, w is the angular frequency of the rotation and B 1is the
magnetic field strength at the pole, a, is the radius system. In this

case, the energy radiated by a time-varying dipole is given by,

dE = B2. a ¢ . sin? @ . w* - 7.3
dt bc3
1f reasonable values are chosen for B = 18'= 6, @ = n/4 and a =

10km, then the following energyvlosses are possible,
Pulsar (Period = is) ™~ 183% ergs~!
The Crab pulsar ~ 10%® ergs”!

Pulsar (Period = 1@ms) ~ {038 ergs—!

A different scheme for the particle accelerator was described by
Gunn and Ostriker (1949). Here the energy loss from a rotating dipole
was considered. The charges are accelerated to V.H.E. energies by the
outgoing low frequency radiation if they are released at the ‘wave
zone’.

There 1is as yet no fully satisfactory model to explain the pulsed
emission from these objects, but the two most promising wmodels are
discussed in relation to the Durham V.H.E. results in the next

section.

7.3.1: The V.H.E. emission from the Crab pulsar

The Durham experiment observed a burst of V.H.E. emission from the
Crab Pulsar in 1981 (Bibson et al, 1982a). The burst had a broad light
curve and corresponded to a peak luminosity of (l. 6+#/- 0.4) . 103

ergs™! at energies > 2480 6eVY , assuming a integral gamma ray spectral
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index of -1.4 and a distance to the pulsar of 2 kpc. Only two such
bursts have been seen in three observing periods, both in 1981,

There is also strong evidence for a lower level continuous emission
characterised by a narrow peaked light curve ( 0.4 ms). The emission
is coincident with the main pulse detected at other wavelengths (fig
1.4 shows a plot of the ‘light curve’ for this object from radio to
V.H.E.). In addition there is an indication of an interpulse emission
- see section 6.46.1. The time averaged luminosity of the V.H.E.
gamma-rays is calculated as,

¥ 2.8 1034 ergs—! at energies > 1880 GeV.

The spectrum of the Crab pulsar shows signs of flattening in the
V.H.E. energy region. The evidence from the pulse amplitude measures,
though of very low significance also points to a flattening.

The Durham results are in general agreement with other groups
working at these energies (e.g. Porter and Weekes, 1978 , Brindlay et
al, 1976) but indicate that the mainpulse emission is <considerably
narrower than that at lower energies (Dowthwaite et al, 1984b). This
observation confirms an earlier prediction for the width of the

mainpulse (McBreen et al, 1973).

7.3.2: Implications for the models proposed for the Crab pulsar

The two radio pulsars détected at V.H.E. energies (i.e. the Crab
and Vela pulsars) are relatively fast, young objects emitting most of
their power in the X-ray or low energy gamma-ray region see fig 7.2,
In the case of the Crab the luminosity at keV - MeV energies is ™~18%
times the V.H.E. value which is in turn *~ 104 times the radio
luminosity., This fact has been noted (Grindlay, 1982) as implying that
the attenuation of V.H.E. gamma-rays is > 99/ near the pulsar. The
mechanism responsible for the absorption is pair production in the

magnetic field. This assumes that the 18'2 eV or higher spectrum is
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the primary spectrum of the object.

Alternatively the gamma-ray spectrum may well be secondary to the
primary particle beam and caused, along with the lower energy flux by
interactions near the radius of light cylinder of the object.

Two models have been proposed to explain the V.H.E. and lower

energy fluxes and they are now reviewed.

The 'Slot gap  model.

These ideas were first discussed in detail by Arons (Arons, 1983) -
fig 7.3 represents the model.

The high energy particles are accelerated in a sheath of open
magnetic field lines. The electric potential built up in this sheath
(‘slot gap’) 1increases as the square root of the distance from the
pulsar surface. The potential values close to the light cylinder of
the pulsar are sufficient to be able to accelerate particles to
energies > 10> eV for moderate pulsar rotation rates. Gamma-rays are
then readily produced by curvature radiation as the particles travel
along the field lines which are curved back in the region of the light
cylinder, or by synchrotron radiation from particles moving across the
field lines. There should be both electron and ion producing polar
caps - indicating two different populations of pulsar. The pulsars
emission beam should also exhibit polarisation elongation in the
loﬁgitudinal direction. Unfortunately there is little evidence for two
populations and what elongation there is to the emission beam seems to

be in the latitudinal direction (Taylor and Stinebring, 1986).

The 'Outer gap’ model.

This model is discussed in detail in two papers by Cheng, Ho and

Ruderman (1986a and 1986b) and 1is an extention to earlier models
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Figure 7.4: The 'Outer Gap' model for gamma-ray production by a pulsar

{Cheng, Ho and Ruderman).



(Ruderman and Sutherland, 1975 and Sturrick, 1971). It differs fronm
the 'slot gap’ model in that the particle acceleration occurs much
further from the star.

The f{flow of current in the magnetosphere of a pulsar can result in
a ‘slot-like gap’ being developed and maintained in the outer parts of
the magnetdsphere. This ‘gap’ is a region of charge depletion and deep
within it the potential drops can be very large (™ 1B '3 V). The
potential drop produced by a spinning, magnetised neutron star across

the ‘open’ magnetic field lines is given by,

v v w2, Be, 3% - 7.4
cz
where,
W = rotation freguency

Bs = surface magnetic field
a = neutron star radius

It is this potential drop which drives the current +flow in the
outer magnetosphere and leads to the formation of the ‘gap’.

Pair production occurs in the 'gap’ leading to the acceleration of
the electrons and positrons. These particles produce high energy
gamma-rays which pair produce again and so on leading to a cascade.
The process is summarised in fig. 7.4. The exact mechanisms
responsible for the cascade development differ for the Crab and Vela
pulsars. The primary beam radiates due to curvature radiation 1in the
Crab pulsar, but loses energy through inverse-Compton scattering on
infra-red photons in the Vela pulsar.,

The optical to GeV gamma-ray flux from the Crab pulsar can then be
explained by Inverse-Compton and synchrotron radiation mechanisms,
V.H.E. gamma-rays are also produced, though not in the same process as
above. The model suggests that they may be due to synchrotron emission

from secondary e* e~ pairs produced as higher energy gamma-rays



interact with the IR-optical photons. If there are fluctuations in the
production of optical photons then V,H.E. gamma-rays may escape the’
Magnetosphere.

It follows from the serious attenuation of V.H.E. gamma-rays by
pair production in the magnetic field that the observed flux should
originate from beyond or close to the 1light cylinder, Certain
constraints can be placed on the relation between the V.H.E. flux and
the flux of optical photons (since the optical photon field is of
sufficient energy to induce strong photon-photon absorption). Brindlay
has noted (GBrindlay, 1982) that this predicts that the angular
separation of the optical and V.H.E. gamma-ray mainpulses should be a
minimum 1i.e, the V.H.E. gamma-ray mainpulse should be considerably
narrower than the mainpulse at optical wavelengths. Figure 1.4 shows
the width of the 'light <curve’ #from the Crab pulsar from radio to
gamma-ray energies., The narrow V.H.E. mainpulse (width ™ @.4 msi is in
agreement with Grindlay above and therefore supports the basic model
proposed by Ruderman and Sutherland. The result indicates that the
emission region should be no larger than a few hundred km in diameter.

Further work is needed both to confirm the narrow emission at
V.H.E. and to test for fluxes at higher energies. The +ull
understanding of the physics of pulsars and in particular their
emission mechanisms has not been achieved. However, the presence of a
V.H.E. gamma-ray flux indicates that the emission is likely to occur

near or outside the light cylinder.

7.3.3: Other radio pulsars.

The results of the Durham observations of a selection of radio
pulsars are given in section 6.7. No positive excesses are found and
only wupper limits are derived. These limits are in general agreement

with other results from V.H.E. experiments (Forter and Weekes, 197E8).
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With the discovery of the Crab and Vela pulsars at gamma-ray
wavelengths several authors have looked at the predictions of models
for gamma-ray emission from other pulsars. The model proposed by
Ruderman and Sutherland (1975) predicts that the total power in the
high energy positrons emitted by the pulsar depends on the pulsar

parameters as,

w ~n Bb/7 R P—15/7 R p a/s7 -

~d
wn

where B is the magnetic field strength at the stellar surface, F is
the rotational period, and p is the radius of curvature of the field
lines (the gamma-ray emission 1is assumed to be due to curvature

radiation),
If the efficiency for gamma-ray production 1is defined to be n

where,

Lv. P?

(4 .1 .F")

then the efficiency can be seen to depend on the apparent age of the

pulsar F/F°,
n™ (P/P")X - 7.7
where X depends on the value of p chosen, but is restricted ! { X ¢ 2.
A plot of this relationship is given as fig.7.3. The Vela and Crab
pulsars - known gamma-ray emitters are used as normalising points,
with other pulsars shown for comparison. It is evident that this model
predicts that pulsars become more efficient at producing gamma-rays as
they age. So, gamma-ray experiments should investigate ’ordinary’
radio pulsars ‘despite the negative results so far achieved. In
particular the recently discovered 1,56 ms pulsar (Backer et al, 1982)

is regarded as a very old opulsar and may be able to produce

gamma-rays very efficiently (Usov, 19B3).
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7.4: Cygnus X-3

7.4.1: Summary of the models proposed for this systea.

The Cygnus X-3 system is thought to be a special case of a low mass
X-ray binary, with wmany unusual features including an ability to
accelerate particles to U.H.E. energies producing the recently
detected flux of 1@8'® eV gamma-rays (Samorski and Stamm, 1983). The
system has also produced huge radio outbursts such as those seen in
1972 (Bregory , 1972) and 1982,

Among the wmany ideas used to explain the complex and extended
(radio to gamma-ray) emission are;

{a) An X-ray binary in which the collapsed star (neutron star)
emits radiation which is detected as X-rays by reflection from the
non-degenerate star. (Basko et al, 1974)

(b) An X-ray binary, with a strong stellar wind emanating from the
non-degenerate star. (Davison and Ostriker, 1974)

(c) Further to the model suggested by Basko et al, the idea was
extended to include a fast pulsar, rotating with a speed at least that
of the Crab pulsar. (Bignami et al, 1977)

(d) 'A cocooned X-ray binary pulsar’ (Milgrom and Pines, 1978).n.b.
The V.H.E. and U.H.E. emission from the pulsar should not be
attenuated by the shell of gas.

{e) An ‘Accretion Disc Corona’ (A.D.C.), was found to give a good
explanation of the spectoral and temporal flux at lower X-ray energies
(White and Holt, 1982)

(f) Comparisons have been made between the Cygnus X-3 and the 85433
systems (Grindlay, 1982). The proposed model involves a non-aligned
rotator, the particle acceleration achieved in a jet emanating from an

accretion disc — this model does not require the presence of a fast

pulsar.,
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With the discovery of V.H.E. and U.H.E. gamma-rays and the possible
detection of energetic muons (Marshak et al, 1985) these models have
been severely tested. At present there are only two possible types of
mode] proposed that can account for such huge releases of energy;

i. Fast pulsar acceleration and ii. Accretion driven processes,
with the possibility that some combination of the two may be needed to

explain all the observed properties.

7.8.2: Accretion powered mechanisms

A discussion of the turbulent magnetospheres produced in systems
containing a neutron star and undergoing accretion has been given by
Wang (1986), The gamma-ray emission occurs during ‘non-steady
accretion’ when large scale vortexes are formed in the pulsar
magnetosphere itself, or where it interferes with any accretion disc.
As the distorted magnetic +field reconnects, ‘neutral sheets’ are
formed along which large potential differences are produced.
Consequently, particle acceleration takes place leading to the high
energy radiation as the accelerated ions collide with the diamagnetic
plasma in the accretion flow, producing pions which decay to give the
U.H.E. gamma-rays.

There are likely to be many of these transient vortexes and they
could supply the observed gamma-ray spectrum with the maximum particle
energy, E determined by the r.m.s. turbulent velocity V,

E ™ n.e.,V.B.d - 7.8
€
where B is the magnetic field intensity, and d is the scale size of
the reconnecting loop structures, and n is an efficiency parameter,

Chanmugam and Brecher (1985) have described a model in which ions

are accelerated in an accretion disc around the neutron star. The

mechanism of acceleration involves a unipolar inductor such as that
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suggested for binary radio sources ({(Lovelace, 1976) in which the

magnetised neutron star acts as a dynamo. Particles with energies

107 eV may be produced. The potential difference set up in the disc

is given by;

V= - (GMI'= Bzl ry dor,y*2 . 1nlr2/ry) - 7.9
c
where,
r., is the inner radius of the disc
r, is the outer radius of the disc
B., the axial component of the poloidal magnetic field
M, is the mass of the degenerate star
and V, is measured in statvolts (=3@0V)
The basic energy source is disc accretion,

This model has several advantages; it is very efficient, and since
it relies on a general system of accretion onto a neutron star it may
explain the fact that 3 such sources have been observed at V.H.E.
energies, 4U@11S + 67, Hercules X-1 in addition to Cygnus X-3. This
mechanism requires a relatively low magnetic field, as the disc must
come close to the collapsed object and a high magnetic field pushes
the "Alfen radius’ out to relatively large distances.

Collisionless shocks are expected in the accretion flow onto
collapsed objects (Hawley et al, 1984). This phenomenon has been used
by Kazanas and Ellison (1986} to develop a model for ‘diffusive shock
acceleration’ of ions. Proton-proton collisions along with
photo-dissociation of helium ions would then produce U.H.E. neutrons
which then escape from the region of high magnetic field to impinge on
the atmosphere of the companion. Hadronic interactions in the stellar
atmosphere then produce the pions which decay to give the observed

V.H.E. and U.H.E. gamma-ray flux,
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The maximum proton enerqy produced is given by,

E<0.86 (r/ R.Dolre /4 ) Byz 172 - 7.10
where,
r is the distance from the centre of the neutron star
r.y is the gyroradius of the particles
Rn, is the radius of the neutron star
B,z, the surface magnetic field in units of 10'< &
A, is the mean free path of the particles

This +final model opredicts that a large number of UHE neutrons
should escape the system and may be detectable above the cosmic ray
background.

Although these ideas may play a part in systems like Cygnus X-3 it
seems likely, in the light of the discovery of the 12.éms period
{(section 6.2.9) that the gamma-rays are produced by a mechanism that
retains the pulsar periodicity i.e. the particles are accelerated by

the pulsar.

7.4.3: Pulsar acceleration model.

A schematic description of a possible system is given in fig 7.6,
with the V.H.E. emission resulting from particle interactions 1in the.
atmosphere of the companion star, the particles are themselves
accelerated by the high magnetic field around the collapsed object
(Vestrand and Eichler, 1982). The basic model predicts emission at two
phases in the orbit, at A and B as the high energy particles (assumed
to be emitted in all directions) interact by either thin
bremsstrahlung or nuclear interaction to produce neutral pions in
the stellar atmosphere.

The nmodel for gamma-ray emission from the Crab and Vela pulsars
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suggested by Cheng, Ho and Ruderman (section 7.3.2) indicates that
U.,H.E. particles may well be produced in such objects. Charged
particles may be accelerated through the full potential drop set up in
the ‘gap’ to be ejected at the light cylinder boundary.

As the potential drop and particle +flow through the ‘gap’ are
roughly proportional to w= ., B ( where w = the rotational frequency
and B = the surface value of the magnetic dipole field} high energy
particles can be produced in rapidly rotating pulsars.

The power carried in the emergent beam is,

E ™ 10%® ergs™?
- for a pulsar such as the Crab.

The detection of a fast pulsar period in the V.H.E. gamma-ray
emission lends support to a system such as that in fig. 7.6, In
addition, the geometry of the model can explain the two peaks observed
in the data. In the Vestrand and Eichler model the primary particles
are electrons, but 1in more recent interpretations protons have been
suggested (Hillas, 1984). Here the U.H.E. and V.H.E. gamma-rays are
secondaries of the cascade that develops from a monoenergetic beam of

particleﬁ interacting by synchrotron or bremsstrahlung in the target

gas.

7.4.4: The implications of the Durham results.

The 4.8 hour orbital modulation

The evidence for V.H.E, emission modulated with the orbital period
is now very strong with significant excesses observed by four groups
(Neshpor et al, 1979), (Danaher et al, 1981), (Lamb et al, 1982) and
(Dowthwaite et al, 1983). The V.H.E. emission is of vrelatively short
duration, certainly less than 1/8 th of a period - see section 6.2, In

addition there 1is some evidence to suggest that there are times of
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emission as short as 2-3 minute duration - see fig 6.21 i.e. ™~ 0.01 of
a period, The phase of the V.H.E. gamma-ray effect is confined to the
0.63 region in the 1981-1982 Durham data in agreement with
measurements made elsewhere (Danaher et al, 1981). The object has also
been detected at phases closer to 0.2 in the extensive monitoring of
this object throughout the 1970°'s by the Crimean group (Neshpor et al,
1979)., There is some indication in the Durham data of emission at
phase 0.13 |

Therefore there is some evidence for two peaks in the 4.8 hour
gamma-ray light curve, the peaks separated by ~ 1/2 an orbital period.
Although the two peaks are in agreement with the general prediction of
the Vestrand and Eichler model, the phase of the main peak (0.63)
occurs when the pulsar 1is expected to be in front of the companion
star, according to the conventional interpretation of the X-ray data
(Hillas, 19B4). As noted by Hillas, an X-ray spike is also observed at

this phase and it may be that there is a gas target in this direction.

Minute timescale periodicity

Recent X-ray results (Van der Klis and Jansen, {985} have shown
that there are 5-28 % modulations in the 1-18 keV +flux from Cygnus
X-3. These modulations exhibit a quasi-periodicity in the range 5@ -
1500 s. This effect occurs at phases @ - 8.75.

The Durham data at phase @.63 have been analysed for periodicity in
this range - see section 6.2.9. There is no evidence for any periodic
V.H.E. emission at this phase and in this period range.

Van der Klis and Jansen explain these oscillations as the result of
quasi-periodic phenomena in the accretion disc occulting the source.

There is no confirmation of similar behaviour in the gamma-ray flux.
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Long term periodicity

Previous discussions of the long term variation in the strength of
the @.63 phase emission in the Durham data have considered only the
confirmation of the 34.1 day modulation of the X-ray flux (Molteni et
al, 19B2). The systematic search‘for a favoured periodicity shows that
the 0.63 excesses are more strongly modulated with a ¥ 19 day period
{see section 6.2.5). This is in good agreement with the variation of
the time of occurence of the X-ray maximum (Bonpet-Bidaud and Van der
Klis, 1981). There has been recent confirmation of this “ 19 day
modulation to the V.H.E. gamma-ray emission from the Russian
experiment (Neshpor and Zyskin, 1986).

The X-ray modulation has been interpreted as apsidal amotion in the
Cygnus X-3 system due to the pertubations of the orbit as the
collapsed object distorts the companion star. A detailed investigation
of the apsidal motion infers an eccentricity of ~ 8.83 i.e. the orbit
is almost circular (Bonnet-Bidaud and Van der Klis, 1981). The
predictions of the <cocoon and stellar wind models (b and d above),
suggest the need for a large orbital eccentricity, and so the V.H.E.

results are to this extent at odds with these models.

Pulsar periodicity

The searches for fast pulsar periodicity in the strong excesses at
phase 0.63 have revealed a period of ™ 12.6 ms. This periodicity does
not appear in all the 1983 and 1982 data - see sections 6.2.7 - 6.2.9.

The strongest evidence for periodicity came from two nights data in
1983 with the section length equal to 7-18 minutes. Such effects
should show evidence for the orbital modulation of the period, and so

the data have been analysed for periodicity with a range of period
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derivatives, The results lead to a best choice of a small negative
derivative ~ 1.8 ., 10~ , indicating that the V.H.E. emission occurs
at the rear of the orbit, and that the orbital velocity is ~ 8@
kms—!{(Chadwick et al, 1985b). Although the significance of these
results is low they are once again at odds with the accepted X-ray
interpretation of the orbit with the pulsar placed in front of the
companion at this phase. This result and an additional analysis of the
1982 data in a search for a period derivative are discussed in detail
elsewhere (Chadwick, Phd thesis in preparation},

The Durham results therefore provide the first strong evidence for
the existence of a pulsar in the Cygnus X-3 system. In addition the
strength of the periodicity would seem to be modulated with the 4.8
hour and perhaps the 19 day variations adding further evidence to the

validity of these modulations to the gamma-ray flux.

7.4.5: The gamma-ray spectrum and luminosity of Cygnus X-3

The fluxes detected from the object are summarised in section
6.2.18, and indicate that the spectral slope may be steeper than the
cosmic ray background in the V.H.E. region,

The differential spectral slope in this region is usually taken to
be -2.2. The distance to Cygnus X-3 is uncertain but almost certainly
7 1@kpc. If the source emits isotropically then a luminosity in excess
of 1B~® ergs~! is inferred for V.H.E. emission.

n.b. 1In a recent paper (Apparao, 1984) it has been suggested that the
V.H.E. gamma radiation will be attentuated at the phject by a
photon-photon absorption oprocess with the 1infrared photon field.
Though the exact reduction to the flux is not fully described 1in the
absence of an infrared spectrum, it is likely that the luminosity at

energies > (@02 GeVY may be considerably higher than the value
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indicated above.

The U.H.E. gamma radiation 1s not expected to suffer a similar
attenuation at the source and the luminosity inferred by the
observations at Haverah Park (Lloyd Evans et al, 1983) is ~ 3 1@83°
ergs~*. However, there should be attenuation of the U.H.E. +flux at
energies greater than ™~ 10'® eV as the gamma-rays interact with the
2.7 K microwave remnant.

The results of the pulse amplitude analysis are quite difficult to
explain, especially as there is strong evidence for a U.K.E. flux from
the object. This would infer that the spectrum is a single power law
in the V.H.E. to U.H.E. region, and would not agree with the
prediction for & spectrum steepening in the V.H.E., region (section
6.2.6), In addition, recent pulse amplitude analysis of the data from
the Mount Hopkins experiment (Cawley et al, 1985b) shows an imbalance
in favour of the larger light flashes. The situation 1is theretfore
confusing, and 1in light of the relatively low significance of these

results no firm conclusions can be drawn.

7.4.6: Summary.

The detection for the first time of a 12.6 ms pulsar in the Cygnus
X-3 system (Chadwick et al, 1983b) points to a model similar to that
proposed by Vestrand and Eichler (Vestrand and Eichler, 1{982). The
V.H.E. results seem to indicate that the pulsar is situated behind the
companion at the time of emission, Alternatively, the emission may
occur in front of the companion with an intervening gas target,

Despite the discovery of the fast pulsar several problems remain.

i: The relatively sharp feature {(phase = 0.63) seen in the emission
at £ > 100@ GeV is not expected as the cosmic rays will not be
confined to a thin beam due to Alfen scattering processes within the
system (Grindlay,1982).

ii: It is interesting to note that the light curve for the pulsar
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periodicity has a broad ‘duty cycle’ - see fig.6.22. The form of the
light curve is similar to that-discovered by the Durham group from
Hercules X-1 and 4U@!1135 + 63, where both of these objects are thought
to be powered by an accretion mechanism. The Cygnus X-3 light curve is
unlike the sharp peak detected from the Crab pulsar.

These considerations indicate that despite the prescence of a fast
pulsar, accretion may also play an important role in the emission
process. The Cygnus X-3 system may well be quite unusual in the Galaxy
providing a large percentage of the cosmic ray flux. Although the
detail of the system is still undetermined, the V.H.E. ms periodicity,

if confirmed, will provide an important key to its understanding.

7.5: Hercules X-1.

Hercules X-1 is considered to be the prototype low mass binary
X-ray pulsar, The system contains a neutron star of estimated mass 0.4
{ Ma/ Mo ¢ 2.2 with a companion of spectral type A or F of mass .4 ¢
M/Mo ¢ 2.8 (Mo = splar mass). The <collapsed object 1is highly
magnetised with fields as great as 9. 10'® G 1inferred from the
observation of the X-ray cyclotron lines at 58 keV (Trumper et al,
1978). The schematic of the system is given in +fig.7.7. The 35 day
¥-ray modulation {(-see section 1.3.2) is thought to be produced as the
pulsar is alternately revealed and obscured behind the accretion disc

(Petterson, 1973).

7.5.1: A review of the V.H.E. emission.

The Hercules X-1 system gave an intense burst of V.H.E. gamma-rays
on the 17%" of April 1983. The burst lasted for three minutes and was
strongly periodic at the pulsar period of 1.24 . The flux of V.H.E.

gamma-rays corresponding to this burst is 1.2, 18-% cn~® 57 at
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energies > 1008 GeV. If the distance to the object is assumed to be 35
kpc and the differential spectral index is taken to be -3, then the
burst luminosity is ™ 5. 10%¢ egrgs~?.

Subsequent monitoring of this source in July 1983 indicated, albeit
at a low significance level, that thé time-averaged flux from the
object is ™ 3 . 1071 cm~2 s~%, This implies a source luminosity of ™
2 10%® erg s~!. Further details of the burst are given in section 6.4.

Later in 1983 the ‘Fly's eye’ U,H.E. detector observed another
burst, lasting 4@ minutes at energies > 10*¢ eV (Balustraitis et al,

19851},

7.5.2: Models of the V.H.E. emission

The models for this system have been discussed by Eichler and
Vestrand (1985). In their discussion they reject particle acceleration
by rotation of the accretion disc (as suggested for Cygnus X-I by
Chanmugham and Brecher). This is because the inner radius of the disc
is thought to be ™ 300 stellar radii from the collapsed object, and it
would be difficult for a large enough fraction of the total rotational

energy to be passed to the disc.

The 'Beam-dump’ model.

This model 1is similar to that developed by Vestrand and Eichler
(19B2) to explain the V.H.E. emission from Cygnus X-3, Particles are
accelerated in a region corotating with the pulsar and flow outwards
to interact with the surrounding accretion disc. The wmethod of
acceleration is not certain, but the high efficiency of ’'shock
acceleration’ in the region of the neutron star makes it a suitable
method, as the efficiency of U.H.E. particle acceleration must be high
in the Hercules X-1 system. Using this method particles of energy as

high as 9.108® mc2. R."'7% can escape the shock region (R = Rs x 10% cm
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= the radius of the shock ). This 1is enough to account +{for the
observed U.H.E. and V.H.E. flux of gamma-rays.

One prediction from this acceleration method is that particles are
not likely to be accelerated to energies > 18'7 eV, and therefore
U.H.E. gamma-rays at energies > {0!® eV should not be observed. Recent
observations (Protheroe and Clay, 1983), (Samorski and Stamm, 1989)
yield detections of gamma-rays near to these energies.

The above explanation, which places the source of particle
acceleration close to the pulsar readily explains the detection of the
pulsar periodicity in the V.H.E. and U.H.E, emission,

The observed high energy gamma-rays are produced when the beanm
interacts with a column thickness roughly equal to the radiation
length of the particles. The interactions may be described as follows;

p + N -> pi mesons + hadrons

-> V.H.E. gamma-rays + muons + neutrinas
where p represents a proton and N a nuclide.

I+ the disc were thicker then the gamma-rays produced would be
absorbed, any thinner and there would be a rapid fall in the number of
gamma-rays produced. The correct conditions are thought to occur at
the onset and offset of the X-ray high state, just as the accretion
disc grazes our line of sight. The Durham V.H.E. burst came at the
expected onset of the X-ray high state. The U.H.,E burst came at a
different phase in the 35 day cycle and would reguire thickening of
the disc in the line of sight. There is sonme independent‘evidence from
X-ray observations {(Parmar et al, 1985) that such a thickening may
have occurred.

Confirmation of the V.H.E. burst has come from observations made in
the spring of 1984 by the Whipple observatory i@ m® reflector (Cawley
et al, 19B5c). The emission shows similar characteristics to the 2
minute burst described above, but in a later observaticon the emission

occurred at a phase thought to coincide with the X-ray eclipse (Borhanm
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et al, 19B6). It is difficult to imagine how the gamma-rays could be
produced in the accretion disc. Despite this, with modest assumptions
of the parameters of the Hz-Herculis magnetic field it is possible
that the particle beam may be steered to interact with the stellar
limb (Borham and Learned, 19B86).

It therefore seems 1likely that the Hercules X-1 system is an

14
cn

emitter of V.H.E. and U.H.E. gamma-rays at certain points in the
day cycle. The model described above indicates that this system may

have similarities with Cygnus X-3.

7.6 4UB115+63,

The properties of the binary X-ray pulsar 4UQ115+463 are reviewed
in section 1,5.,3. The pulsar has a period of X.4 s and the system is
known to undergo periods of enhanced hard X-ray emission. The
components are widely separated in contrast to Cygnus X-3 and Hercules
X-1 and the system 1is thought to be of larger total mass than the
other two. The transient nature of the X-ray emission is thought to be
due to a combination of the large separation and the small radius of
the companion (V635 Cassiopeiae). The schematic description of the
system is given in fig.7.8.

This X-ray binary pulsar was targeted for observation because 1t
has values of period, P, luminosity, L, and period derivative, F’',
very close to that of the established V.H.E. emitter Hercules X-1 -
see fig.4.3.

lThe period has been measured over 14 years with very little change,
even though the period derivatives vary widely - a summary of the
erratic behaviour of the period derivative 1s given as fig.1.3. This
strange behaviour suggests that YX-ray emission occurs at times of

substantial and rapid accretion onto the collapsed object resulting in
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large measured values of the spin up, these periods are then
interspersed by longer periods of spin down.

The Durham observations indicate a detection of an excess of
V.H.E. gamma-rays at 2 +/- 8.4 % of the cosmic ray background rate
pulsed with the 3.6 s X-ray period, with a flux of (7 +/- 1,4) 191!
cm™® s~ , With a reasonable assumption of the differential spectral
index at E > 1000 GeV, i.e. - 3.8 and a distance to the object of ~ 5
kpc, the inferred luminosity is 6 . 1083® erg s-! d{or isotropic
emission, This value 1is in close agreement with that found at these
energies from the similar object Hercules X-1 - see section 7.85. The
gamma-ray ‘'light curve’ is broad, see fig.é6.32, and once again similar
to the ‘light curves’ from Hercules X-1 and Cygnus X-3 at these
energies. The broad 1light curve may then confirm that the V.H.E.
emission may occur at times of accretion.

Further observations of this object are required to establish the
full features of the high energy emission particularly to observe the
behaviour over the full orbit and to establish the nature of the
accretion process.

There have been suggestions (Lamb and Weekes, 1986) that the
detection of 4UR115+63 is the identification of Cas y-1, an object
detected at V.H.E. in the 1978's by the group working at the Crimean
Astrophysical Observatory (Stepanian et al, 1972). However, recent
radio observations (Gregory et al, 1986) have identified an

alternative for Cas V-1, within the gamma-ray error box.

7.7: The drift scan objects.

The six objects subjected to a limited ‘'drift scan’ observing
programme do not show any evidence of V,H.E. emission - see section
6.8!

The upper limits derived for all of these objects are 1in good
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agreement with the previously quoted values, and more extensive
observations are required to comment on any 1implications of the
results for the proposed models of these systems. Such observations
could be made with the new generation of Cerenkov telescopes - such as
the Mark IIl telescope described in section 3.B. where data rates may
well be such that useful upper limits could be derived.

7.8B: Evidence for a class of V.H.E. object.

There is a growing number of objects found to be emitting V.H.E.
gamma-rays including two radio pulsars (the Vela and Crab), a
millisecond pulsar (PSR1933+29), an active Galaxy, (Centaurus A),
binary X-ray pulsars (Hercules X-1, 4U@115+63) and normal Galaxies
{(The Milky Way, M31}. In addition the wunusual object Cygnus X-3
produces a large proportion of its luminosity in the V.H.E. and U.H.E.
region,

Despite the highly significant detection of both of the radio
pulsars at these energies the calculated luminosity shows that such
objects radiate primarily at other wavelengths.

However there 1is now evidence that some binary X-ray pulsars do
emit a considerable amount of their energy in the high energy region
(V.H.E. and U.H.E.)} of the electromagnetic spectrum. - the V.H.E. and
U.H.E. gamma-ray spectrum representing the primary emission from these
objects. In a recent paper (Hillas, 1984), Hillas has proposed that
the unusual system Cygnus X-3 may be capable of accelerating particles
in a monoenergetic beam to energies of 10!”7 eV providing all the high
energy cosmic rays necessary to give the observed flux - making up for
the leakage from the BGalaxy; Cygnus X-3 may well be a unique object in
our Galaxy.

In a later paper (Hillas, 1985) it has been suggested that the
lower energy ( 1@!= eV ) part of the cosmic spectrum may be produced

by a number of objects similar to Hercules X-1 and particularly
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4UB115+63 (seen at V.H.E. but not at U.H.E.). In this case there is a
definite prediction for more V.H.E. gamma-ray sources of this type 1in

the Galaxy.
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Figure 8.1

A catalogue of the results obtained by the Durham

University V.H.E. gamma-ray experiment at Dugway, Utah.



Chapter B8: Conclusions and Future Work.

Ultra and Very high energy gamma-ray emission from binary X-ray
pulsars and certain radio pulsars is now well established, with the
results of the Dugway experiment making an important contribution. A
catalogue of these results is given in fig. 8.1. The list of V.H.E.
gamma-ray emitters will almost certainly grow as improvements are made
in the observation techniques.

The new generation of Cerenkov 1light detectors (including the
Halakeala facility, the Whipple telescope and the Durham University
Southern Hemisphere telescope) has been designed to take advantage of
major improvements in performance over previous arrays. They have
relatively low energy thresholds and have optical and electronic
systems specially designed for Cerenkov work. Specifically they
incorporate near optimum fields of view with the accurate timing
facilities needed for the detection of rapidly periodic objects.

There have been major efforts to provide both effective analysis
techniques to recover the weak VY.H.E. gamma-ray signals and to be able
to reject a significant +fraction of the cosmic ray background by
software cuts in the data.

The pulse amplitude measures have been shown to be of limited use
for the Mark I Dugway array. However, there is now some evidence for a
small difference in the characteristics of gamma-ray and cosmic ray
initiated Cerenkov flashes, Further study of the +flash intensity,
along with the use of the 'inter-detector fast timing’ technigue may
enable a significant increase in the signal/noise ratip to be made.
The analysis of the data from periodic sources is made much more

effective when an accurate ephemeris is available from measurements at
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other wavelengths. With such an ephemeris the relatively weak emission
from the Crab pulsar was detected wusing the Dugway array.
Collaboration between groups working at several wavelengths will
increase with simultaneous observations of an object over a wide
energy range being one possibility.

With the ability to manufacture low-cost wmirrors, very large
reflectors may be made, and it may be possible to build large
instruments to conduct extensive surveys, for instance measurements of
the Galactic centre. In the meantime most of the observing progranss
will concentrate on the ‘favoured’ objects for V.H.E. gamma-ray
emission i.e. +fast radio pulsars, binary X-ray pulsars and the
recently discovered millisecond pulsars.

The Durham group has reported V.H.E. gamma-ray emission from a
millisecond pulsar in a binary system - PSR1953+29, the CO0S5-B source
2C6065+00 (Chadwick et al, 19B5a). This discovery lends some support
to recent theories linking millisecond pulsars with low-mass binary
X-ray pulsars (e.g. Shaham, 1987). In this theory the millisecond
pulsars result from the spin-up of the degenerate component of the
X-ray source as it slowly accretes matter from the low-mass companion.
In the light of this model there is a prediction that fast pulsars
should be found in low-mass X-ray binary stars. The {2 millisecond
periodicity in the V.H.E. gamma-ray flux from Cygnus X-3 would lend
support to the evolutionary connection between these two classes of
object. More supporting evidence has come with the detection of
‘quasi-periodic’ oscillations in the X-ray flux (Van der Klis and
Jansen, 1985). These oscillations may results from the ‘beating’ of
the rotational period of the collapsed object with the orbital motion
of the accreting matter. A similar ‘gquasi-periodic’ component is found
in the X-rays from another low-mass X-ray binary, 6X3-! (Van der Klis

et al, 1985). In this case, the inferred rotational period and
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magnetic field are remarkably close to those proposed for P5R1953+29,

Any direct confirmation of the 12 millisecond period from Cygnus
X-3 is likely to come from experiments investigating the V.H.E.
region, as only at these high energies will the pulsed radiation
penetrate the dense cocoon or stellar'uiﬁd in the wvicinity of the
system.

Cygnus X-3 is particularly interesting in the light of recent
measurements made by experiments designed to search for proton decays.

associated with the radiation
There is some evidence for a flux of muongxfrom this object (Marshak
et al, 1985), (Battistoni et al, 1985), though other experiments do
not provide confirmation (e.g.0yama et al, 1986). Such a detection of
muons is not consistent with the observed V.H.E. and U.H.E. photon
flux and implies that there may be an alternative neutral flux from
this object; an unknown low-mass particle, nicknamed a ‘cygnet’. These
particles interact with the terrestial nuclei to produce another new
particle, more massive than the first which then produces the muons,
Neither of these particles need have been detected in accelerator
experiments (Ruddick, 1986). Though evidence for the new particle is
limited, and the flux of muons detected by Marshak et al may be more
readily explained by modifying our knowledge of high energy particle
interactions in the atmosphere, the result indicates that a study of
cosmic high energy particle accelerators, such as Cygnus X-I may
complement the work done using terrestial beam colliders.

The new V.H.E. gamma-ray experiments should provide confirmation of
the presence of a 12 millisecond pulsar in the Cygnus X-3 system, in
addition to providing new measurements of the other gamma-ray emit£ing
objects. The new Durham University facility is expected to confirm
earlier reports of discrete sources in the Southern Hemisphere, and in
view of the success of ihe Dugway experiment new sources may be
discovered. In conclusion, the V.H.E. gamma-fay observations have

already provided important clues to the physical processes dominating



fast radio and binary X-ray pulsars and the new, sensitive telescopes
should develop this subject into a major branch of observational

astrononmy.
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