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ABSTRACT 

This thesis is concerned with non pulsating Low Mass X-Ray 

Binaries as Very High Energy 1-ray sources, in particular 

Scorpius X-1, the brightest of these objects in X-rays, and the 

most likely to be detectable at energies above 250 GeV. 

After a first introductory chapter, experimental techniques 

presently used in Very High Energy 1-ray Astronomy are reviewed. 

In the third chapter statistical techniques used to quantify 

count rate excesses and orbital modulations are described and 

applied to data from Scorpius X-1. Data taken in 1988 and 1989 

showing a 3cr count excess, reported previously elsewhere, are 

found to show orbital modulation at the 3% statistical level. The 

analysis of data taken on 1990 shows no signal. Periodicity 

tests, in particular the Rayleigh test, are also described. 

The principles of a segmented fast algorithm for period 

searches in Cerenkov data using memory limited, but relatively 

fast, micro-computers are shown in the fourth chapter. Various of 

these machines can be used simultaneously in order to achieve a 

large efficiency. A method to perform various trials per 

independent frequency is also presented. 

The results of. period searches in data from three selected 

objects (Scorpius X-1, GX 5-1 and Supernova 1987A) are presented. 

No periodicity is found at significant level in these data. The 

complete power spectrum of four segments of data from Cygnus X-3 

showing a signal near to 12.59 ms are also shown. 

The final chapter considers theoretical models developed 



previously for more massive systems accounting for the different 

physical scenario of these low mass systems. The process of pair 

production between high energy photons and the radiation field of 

the accretion disc appears as the tightest constraint on how 

close to the neutron star high energy photons can be produced. 
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PREFACE 

Since October 1987 the author has been working with the very 

high energy 1-ray group at Durham University. He was involved in 

seven dark Moon periods of observation with Cerenkov telescopes: 

five with the Mark III telescope at Narrabri, between April 1988 

and February 1990, and two with the Mark IV telescope at La 

Palma, on June/July and August/September 1989. During these 

periods he was involved in observations of all the objects 

studied in this thesis with the exception of GX 5-1. 

The author was involved in the development of data analysis 

programs: he was responsible for a period search program using 

fast algorithms on Acorn Cambridge workstations. This program is 

described in Chapter IV and used in Chapter V. He also wrote a 

program for event binning, count rate fitting and burst 

searching. 

He was involved in pre-processing of data from both 

telescopes and responsible for period searches in data of various 

objects primarily Scorpius X-1, 

1E2259+586, 4U1830-20, and SS433. 

but also SN1987A, GX 5-l, 

The author wrote several programs related to the modelling 

of high energy emission from binary sources. These programs were 

designed to investigate particular aspects of this emission such 

as the production of very high energy 1-rays by the interaction 

of beams of particles with matter either from companion stars or 

accretion discs; the motion of charged particles in magnetic 

fields related to these systems and its consequences for orbital 

light curves; the absorption of high energy photons by pair 



production in magnetic fields and in the radiation fields of 

accretion discs. 

None of the material contained in this thesis has been 

submitted previously for admittance to a degree in this or any 

other university. 
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Mean X-Ray Flux <X-Ray Flux> Time for 3a 
Object < 1 o- 1 o Cosmic Back. Detection Q 

ergcm- 2 s- 1 kev- 1 ) (%) (hours) 

Sco X-1 300 60.0 6 X 10-3 y 

GX 5-1 29 5.8 0.65 y 

GX 349+2 19 3.8 1.5 y 

GX 17+2 16 3.3 2.0 y 

GX 9+1 16 3.1 2.2 

GX 340+0 12 2.4 3.9 y 

GX 3+1 10 2.1 5.1 y 

Cyg X-2 10 2.1 5.1 y 

-
GX 13+1 8.2 1.6 8.1 

GX 9+9 7.0 1.4 11.1 

4U1820-30 6.3 1.3 13.8 y 

4U1705-44 6.3 1.3 13.8 y 

4U1636-53 5.3 1.1 19.3 

Ser X-1 4.8 0.97 23.3 

GC X-1 4.1 0.82 32.4 

4U1728-33 4.1 0.82 32.4 

GX 339-40 3.9 0.77 36.5 y 

4U1735-44 3.9 0.77 36.5 

TABLE 1.1 

Bright LMXRB as Very High Energy 1-Ray Sources 

Cosmic ray background = 5 x 10-s erg.cm- 2 .s-1 at 300 GeV 
=> a count rate of 68.6 events.min-1 

Q- QPOs observed in X-Rays? (Y =yes). 
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II. VHE OBSERVATIONAL METHOD 

2.1 GAMMA RAY ASTRONOMY ABOVE AND BELOW 0.5 TeV 

2.1.1 Introduction 

1-ray photons are the most energetic form of electromagnetic 

radiation ("The End of the Rainbow") and probably also the one 

spanning on a widest range; it covers at least six orders of 

magnitude in energy, from the rest mass of the electron (0.511 

MeV) up to PeV (Peta electron-volt or 101 5 eV), and possibly EeV 

(Exa electron-volt or 101 8 eV) energies. It is not surprising 

that very different methods of detection are required for 

different energy intervals. 

It is interesting to note that the column density of the 

atmosphere of the Earth, in contrast with that of most of the 

bodies of the solar system, is a few times the bremsstrahlung 

mean free path for a relativistic electron (or positron) and the 

pair production length for a highly energetic gamma ray. As a 

consequence, photons and nucleons with energies above 101 1 eV 

have the property of interacting in a detectable way with the 

atmosphere, giving us the opportunity of studying from ground 

level the most energetic regions of the spectrum, not accessible 

to satellites. 

5 



2.1.2 Detection of y-rays at energies below 10 GeV 

Gamma rays in this energy range are detected with instruments 

carried outside the atmosphere by either satellites (Table 2.1) 

or balloons. These energies are below the values of interest to 

us and only a summarised mention of the techniques used to detect 

them will be made here. The interested reader is referred to 

Longair (1981), Hillier (1984) and Ramana Murthy and Wolfendale 

(1986). 

Explorer XI 1961 First to detect -y-rays 

Vela 1967 First to detect -y-ray bursts 

First successful -y-ray telescope 
oso 3 1968 Detection of Galactic -y-ray emission 

and discovery of -y-ray Background 

oso 7 1972 Discovery of solar -y-ray lines 

SAS 2 1972 First -y-ray map of the Galaxy 

cos B 1975 Most detailed map of the -y-ray sky 

HEAO 1 1977 First low energy gamma ray survey 

HEAO 3 1979 'Y ray lines from Al 26 in the Galaxy 

Solar Max 1980 Discovers Co 56 lines from SN1987A 

Gamma I 1990 Only -y-ray observatory working with 
Coded mask system 

GRO 1991 Successfully launched in April 1991 

TABLE 2.1 

Gamma Ray Satellites 

6 



(i) Low energy telescopes: from 0.5 to 3 MeV 

Gamma Rays in this energy range interact mainly through 

Compton scattering: 

r + e- ---> r + e- ( II.l) 

The two main detectors in this energy range are the scintillation 

counter and solid state detectors. In the first kind of device an 

electron is ejected from an atom by the incident r-ray through 

Compton scattering; the scintillator converts part of the energy 

of the electron into light through ionisation with a phototube 

finally detecting this light. Scintillation counters can be 

relatively large while solid state detectors have better spectral 

resolution but smaller active area. The requirements of the 

observation, either energy resolution or flux measurements, 

dictate the choice of detector. 

At these energies the direction in which electrons are 

ejected by Compton scattering is weakly correlated with the 

direction of the incoming r-ray. As a consequence, detectors 

suffer from very poor angular resolution (of some degrees) and 

consequently they have a high background; shielding of the 

detector is used to improve the angular resolution. Designs for 

telescopes with resolution of about one arc minute at 1 MeV have 

been proposed (Dipper, 1980). 

(ii) Compton telescopes: from 3 to 10 MeV 

At energies above 3 MeV the angular dependence of the 

7 





Bertsch et al., 1988 and Kniffen et al., 1988). 

(iv) GAMMA I, 

This Soviet French collaboration, launched last July, is a 

high energy gamma ray telescope designed primarily for energies 

between 50 and 500 MeV. Although similar in concept to its 

predecessors SAS-II and COS-B, this satellite, consisting of two 

spark chamber systems separated by a gas Cerenkov counter, is 

expected to improve upon previous results. The instrument has a 

relatively poor energy resolution (70% at 100 MeV down to 40% at 

400 MeV), but a novel system of a coded aperture mask collimator 

is expected to improve its angular resolution-from one degree 

down to 20 arc minutes (Hartman, 1988). 

(v) The "Gamma Ray Observatory", 

This is one of the four satellites of the Great 

Observatories program of NASA, the other three being the Hubble 

Space Telescope, the Advanced X-ray Astrophysics Facility and the 

Space Infrared Telescope Facility. GRO is to carry four 

instruments: 

- BATSE: Burst and Transient Source Experiment, 

This experiment consists of eight scintillator counters and 

is designed in particular to study the puzzling 1-ray bursts, 

and in general as a wide field of view monitor. Its aperture is 

to cover all the sky not shadowed by our planet (two thirds of 

the sky) with a resolution of one degree. These 1-ray bursts are 

9 











travel some 10 km down in the atmosphere and reach sea level are 

5.3 x 1019 eV, 1.8 x 1011 eV and 1.6 x 109 eV; one can see that 

no neutral pion will reach ground level in contrast to muons 

which are commonly detected underground. A third component, the 

"nucleonic component" characteristic of a proton shower, is 

generated by the still energetic proton, and nuclei fragments 

left after the first collision, undergoing further interactions. 

Differences between a cascade initiated by a proton or by a 

photon derive from the first interaction producing charged pions 

and consequentially muons and neutrinos which reach the ground. 

The study of these muons and the weakly interacting neutrinos 

using underground and underwater detectors, like the NUSEX 

experiment (Battistoni et al. 1986) and DUMAND project (Matsuno 

et al. 

physics. 

1989) respectively, is a relevant topic in cosmic ray 

It is important to note that the production of particle 

pairs by photons is not restricted to e+e

(like muon - antimuon) can also be produced. 

and other pairs 

As it is easier to 

produce light particles (the electron having the lowest rest 

mass) muon pairs, although observed in cascades, are rare. 

(ii) Particle arrays: the extensive air shower technique, 

The column density of the atmosphere of the Earth at sea 

level, 1033 g.cm-2, is sometimes quoted as equivalent to a column 

of Mercury with a height of 76 em. This is also equivalent to 28 

times the absorption path for bremsstrahlung and pair production, 

which means that the energy E(r) of a cosmic r-ray will divide 

itself in a 28 fold process. Rossi & Geisen (1941) found that the 

14 







six and a half years with this detector (Cassiday et al., 1989). 

An alternative instrument which exploits the same principle 

and has a much lower cost, the "side-looking air-fluorescence 

detector" or SLD, has recently been designed and preliminary 

tested by Bowen & Halverson (1990). This detector is design to 

cover areas of the order of 500 km2 , required to get an 

appreciable flux of cosmic rays above 1019 eV. It requires of the 

order of ten photomultiplier tubes rather than a thousand as 

required by the Fly's Eye. 

2.2 THE ATMOSPHERIC CERENKOV TECHNIQUE 

2.2.1 Cerenkov radiation 

When a charged particle moves trough a medium of refraction index 

n with a speed v = Pc larger than the speed of light (c/n) 

radiation is emitted. Renowned physicists are associated with 

this phenomenon, known as Cerenkov emission (sometimes Vavilov -

Cerenkov), either anticipating it (Heaviside, 1890), discovering 

it (Cerenkov 1934) or describing it in theoretical terms (Frank & 

Tamm, 1937; Jackson 1975). A simplified description of the 

process in relation to air showers is given by Jelley (1982). 

A particular feature of Cerenkov radiation is that the 

emission does not come from the particle but from the medium 

itself, as the dipoles of its particles change orientation in 

late response to the passage of the (supraluminical) charge. This 

17 











2.2.4 The distribution of Cerenkov photons at ground level 

The emission of all three processes considered here, pair 

production, bremsstrahlung and Cerenkov, involve narrow beams at 

high energies. Nevertheless the actual cone occupied by the 

particle and light pool is larger than suggested by these 

processes. Multiple Coulomb scattering causes the shower cone to 

widen and cover an area with typical radius of the order of 100 

metres. Browing & Turver (1977) estimated the maximum radius of 

the shower pool to be between 400 and 450 metres, quoting 100 

to 200 metres as a more useful - measurable radius; more 

recently Macrae (1985) estimated the typical radius of the light 

pool to be in the range 45 to 110 metres. The angular (lateral) 

distribution of light is itself determined by that of the 

particles. The shape of the Cerenkov flash varies with the impact 

parameter b, the distance between the telescopes axis and the 

showers axis. The Cerenkov flash is roughly circular for small 

impact parameters and acquires an elliptical shape as b increases 

(Macrae, 1985; Browing & Turver, 1977). The number of Cerenkov 

photons along the axis of the ellipse peaks at distances of the 

order of 100 metres, the exact value depending on primary energy, 

impact parameter and zenith angle. 

More recently, Hillas (1985) and Hillas & Patterson (1986a) 

studied the differences between the Cerenkov images produced by 

1-ray and proton showers. They conclude that nucleon images 

should be broader (due to the emission angles of pions in nuclear 

collisions), longer (since the nucleonic shower penetrates deeper 
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Dugway was< 1 ns), 

(viii) to select images based on parameters like their 

width, length and orientation. 

As Cerenkov telescopes are still on the stage of optimising 

the signal (r showers) to noise (p showers) ratio, the search for 

measurable distinctions between the two kinds of cascades is a 

very active topic in VHE astronomy. Different methods to enhance 

the signal to noise ratio result in distinct classes of TeV 

telescopes. 

2.3 CERENKOV TELESCOPES FOR TeV ASTRONOMY 

An interesting review about the early work on Cerenkov emission 

from the sky is given by Jelley (1982 and 1986), one of the 

scientists involved in the first detection of this radiation from 

EAS. In 1953 Galbraith and Jelley mounted an ex World War II 

signalling mirror with a photomultiplier in a dustbin and 

succeeded in making the first observations of Cerenkov pulses 

from the sky (Galbraith & Jelley, 1953). The following year 

Jelley and Gold, then the Assistant to the Astronomer Royal, 

pointed a six inch refractor at the Crab Nebula with the hope of 

detecting cosmic rays from it. The actual use of the Cerenkov 

technique to observe r-rays was first suggested in 1961 by 

Zatsepin & Chudakov (1961); the sixties were the first decade of 

VHE astronomy, with a boost given in 1968 by the discovery of 

pulsars. Since those early days the number of telescopes has been 

24 





GROUP 

LEBEDEV Inst. 

A.E.R.E, U.K. & 
DUBLIN 

CRIMEA 

SMITHSONIAN I. 

CRIMEAN A.O. 

TATA 

SYDNEY & 
SMITHSONIAN I. 

JPL 

DURHAM 

SMITHSONIAN+ 

BHABHA 

POTCHESTROOM 

WISCONSIN+ 

RIVERSIDE+ 

TATA 

DURHAM 

DURHAM 

WHIPPLE+ 

Site Operation Dates or Status 

Crimea, USSR 1960-64 

Malta 1964-70 

Crimea, USSR 1965-

Mt Hopkins, USA 1967-76 

Crimea, USSR 1969-73 

Ootacamund, India 1969-

Narrabri, Australia 1972-74 

Edwards A.F., USA 1981 -

Dugway, USA 1982-84 

Mt Hopkins, USA 1983-

Gulmarg , India 1985-

Nooitgedacht, SAF 1985-

Haleakala, Hawaii 1985-90 

Albuquerque, USA 1986-

Patchmarchi, India 1987-

Narrabri, Australia 1986 -

La Palma, Islas Canarias 1987-89 

Mt Hopkins, USA (a) 1987-

TABLE 2.2a 

Some Cerenkov Telescopes 
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GROUP 

ACAD. SINICA 

ADELAIDE 

WHIPPLE+ 

ASGAT 

C.A.O. 

ACAD. SINICA 

BEIJING 

WISCONSIN+ 

DUBLIN 
S.PATRICK 

DUMAND 

"SOLAR ONE" 

Site Operation Dates or Status 

Beijing, China 1987-

Woomera, Australia 1988-

Mt Hopkins, USA (b) 1988-

Pyrenees, France 1989-

Crimea, USSR 1989-

Delingha, China 1990-

Xing Long, China (1990) 

South Pole (1990) 

----------- Construction 

---------- Proposal 

Barstow, USA Proposal (10 GeV) 

TABLE 2. 2b 

Some Cerenkov Telescopes (Cont ... ) 

Another instrument of this kind, at Mt Hopkins, Arizona, has 

been under operation for the last four years giving some 

controversial first results. A description of this instrument can 

be found in Macrae (1985). An improved version, with a detector 

package of 109 phototubes covering one degree around the source 

on the sky, has recently started to operate and is described by 

Lamb et al. (1989). 
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2.3.1 An Aperture ReJection Telescope: the Mark III 

(i) site, 

The Mark III telescope is located at Narrabri, New South Wales, 

Australia. The geographical coordinates of this site are 

longitude 149" 49' 1" East, and latitude 30" 28' 59" South. The 

site is at 260 metres of altitude and relatively close to the 

Anglo Australian Telescope facilities (100 km), and the Australia 

Telescope at Culgoora (some 20 km). 

(ii) Mechanical design, 

The telescope consists of three multi-mirror "telescope 

units" working in parallel and requiring triple coincidence (all 

three reporting a detection) to accept an event as such. At the 

focus of each dish (or "telescope unit") is the detector package 

consisting of seven photomultipliers (hence 21 PMTs in total). 

The experiment is controlled by seven BBC microcomputers from 

inside a cabin located a few meters from the telescope. 

The telescope is on an Alt-Azimuth mount from an old 

surplus gun mount . One of the BBC microcomputers is exclusively 

dedicated to the control of the steering, receiving information 

of the telescope pointing position (resolution 0.05") from two 

shaft encoders every 0.1 s, and sending the desired (computed) 

values for azimuth and altitude to two DC servomotors. These 

motors drive the telescope through gears mounted directly on the 

structure. 

28 






























































































































































































































































































































































































































































