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A telescope has been developed that is operating in the low energy
range of the gamma ray spectrum. It is capable of generating
gamma ray images of the sky with a precision of arc minutes in the
energy range 0.2-10MeV. The telescope is based on a position
sensitive detector and a coded aperture mask. It has a fully coded
field of view of 7.0°%7.7° and a partially coded field of view of
12.8°*14.3°,

The detection plane comprises of an array of position sensitive
detectors that is shielded from undesired events. These units are
capable to locate the position of interaction of gamma ray photons
of energy 662 keV to a precision of 2.1cm(F.W.H.M). The energy
resolution at this particular energy is 11%.

The coded aperture imaging technique employed allows the
simultaneous observation of more than one source in the field of
view.

The thesis is based on the performance of the position sensitive
detectors as well as the overall imaging quality of the telescope.
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PREFACE

ZEBRA telescope is a low energy gamma ray telescope developed under
the supervision of an international collaboration that comprise the
following groups:

Istituto di Fisica Cosmica, Milano, Italy.
Istituto Astrofisica Spaziale, Frascati, Italy.

Laboratorio TESRE, Bologna, Italy.

Department of Physics, Southampton University, England.

The author was involved in the development of the position sensitive
detectors, the calibration and the determination of the performance of
the position and anticoincidence detectors. The thesis is also aiming to
highlights the overall performance of the telescope.



Chapter 1
1 The present status of low energy gamma ray astronomy.

1.1 Introduction.

Gamma ray astronomy is the last window of the electromagnetic
spectrum to be opened. All other branches from radio to x-ray
have been widely open and enormous astronomical knowledge has
been provided through them, and has been developed. The
emission of the electromagnetic radiation from this region is in the
energy range of (105-1012)eV which mainly arises from the
interaction of extremely energetic particles with matter,magnetic
fields or photons. There are many astrophysical objects such as
Supernovae explosions and their remnants, Black holes, Radio
galax_ie_:s, Seyfert galaxies, Neutron stars and Quasars thatare candidate
’Ighém'tgggvgairgf)%gﬁt' of gamma ray astronomy has been quite slow
comparing with other fields of astronomy for two fundamental
reasons. Firstly, the low flux of the high energetic gamma ray
photons and secondly, the enormous penetration power of these
photons which are difficult to detect by their interaction with
traditional detecting medium.

The low energy region of this window of astronomy, (0.2-10.0)
MeV, is of particular astrophysical significance because of the
appearance of gamma ray lines. The recognition of these lines,
their intensities and widths can provide a unique identification of
nuclear species at the source and reveal the detailed dynamics of
the involved emission processes.

Gamma ray photons suffer negligible absorption or scattering while
they travel in space and can reach the solar system from the
galactic centre and the dense region around the centre of active
galaxies.

In this chapter, the first part is designated to a description of the
mechanisms involved in the production of gamma ray photons.
Meanwhile the second part present the current status of gamma ray
astronomy regarding galactic and extragalactic gamma ray sources.



1.2 The mechanisms of gamma ray production.

There are many physical mechanisms which contribute to the
production of gamma ray radiation. A number of authors have
discussed this matter in detail such as Stecker 1971, Chupp 1976
and Hillier 1984. An astrophysical shock, like a supernovae
explosion, can provide a hot gas or a relativistic electrons or may
be both. These could be a major source of gamma or x-ray
emission. Fig.1.1 illustrates, schematically, the emission
mechanisms that may occur when a hot gas or relativistic electrons
are produced. A description of these mechanisms is given in the

following sections.

1.2.1 Blackbody radiation.

Any astrophysical object sufficiently hot, behaving as a blackbody
can give gamma ray photons and the required temperature for the
mechanism is /08k<T<1010k. The number of photons emitted from a

unit area of a blackbody per second at T(k) temperature according
to "Plank's formula" is:

2 E
N(Eg)=9.9*1040.Ey.(exp(1.2*1010. "—Zf)—]}Iph cm2 s MeV-1 (1.1)

According to "Wien's law" the maximum position of this distribution
is at:
Emax (MeV) = 4.7%10-10 T(k) (1.2)

and the average photon energy is:

Eaver (MeV) = 2.7 kT = 2.3*%10-10 T(k) (1.3)
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1.2.2  Synchrotron emission.

Synchrotron radiation is emitted when a charged particle moves
spirally in a magnetic field. The correspondent magnetic force is

given by:
b3
F:—‘L(—‘%Bl (14)
where (v) is the velocity of the charged particle, (B) 1is the

magnetic field strength and (c) is the speed of light.

The mechanism of synchrotron radiation production is responsible
for the general x-ray emission of less than 30 keV from the Crab
Nebula and the radio emission from the Jupiter (Chupp 1976).

The characteristic frequency emitted by a single electron above
which the emitted radiation becomes negligible is given by:

__3ey2 B .
§ 4dmoc? (Hz)

(1.5)

where (y) is the Lorentz factor for the electron and equal to (m o2 -
o

The frequency distribution of the emitted radiation is a symmetric
function with a maximum at :

087 e /B
Vmax = 4ITm ,c2

(1.6)

The energy of the photon at the maximum of the distribution is
expressed by:



In order to produce gamma ray photons in the MeV energy range,
very energetic electrons or a strong magnetic field is required.

The total power emitted over all frequencies for a single charged
particle of mass (M)and (Z) charge can be given by :

dE B2 (Z2mo)2 E
PS = - dt = 098*10-3( M2 )( MC2)2 : (GVS"I)
(1.8)
*For an electron (M=m,), therefor the power can be given :

gPs = ]0'3 B2 'yz (EV S_]) (]9)
*For a proton with the same energy the power can be given :

oPs = —%2;4.eps = 103 .Py  (1.10)

Ginzburg (1969) evaluated the gamma ray energy spectrum of the
case of a power law spectrum of electrons trapped in a random
magnetic field of dimension (L), volume (V) and (R) distance from
the observer. The formula is given bellow :

First the density of the trapped electron can be given by :

N(E) = KE@ dE (e cm2) (1.11)

assuming that (R>>L) the flux can be expressed by :

keVB(a+1)/2 2.59 *10-2
R?Z2 ’ EMev
ph cm2 s-1 MeV-1 (1.12)

Fy= 327%¥102 a(a).( J(at+1)12



where (R) is the distance from the source and a(c) is the coefficient
which depends on the exponent («) in the electron spectrum.

1.2.3 Inverse Compton scattering.

This is an exactly parallel situation to the Compton effect, in which
a highly energetic particle transfers momentum to a low energy
photon and endows it with a large momentum and energy. Thus the

energy of the scattered photon is on average, (7*5—2‘)2 times
0

greater than the photon energy before scattering (Ginzburg 1969).
For an isotropic photon distribution two cases can be considered :

l) '}E'y << mOCZ
i) yEy>> myc?
where (y) is the Lorenz factor and (m,) is the rest mass of electron.

In the first case, E, << myc2, the average energy of the produced
gamma ray is given by (Stecker 1974) and take the following form :

4
<Ey>=""739F <Ey> (1.13)

where < Ey> 1is the average photon energy of the target photon.

For the case in which a power law electron distribution (as given by
equation 1.11) incident on an isotropic photon field, the gamma
ray emission spectrum is :



ANy g tasii2 (1.14)

In the second case, 7yEy,>> myc2, the energy of the scattered photon
is proportional to the energy of the incident electron :

E oE, (1.15)

The mechanism in which relativistic electrons, inverse Compton
scatter their own produced synchrotron photons to higher level of
energies is called Synchrotron self-Compton.

1.2.4  Bremsstrahulng radiation.

When a charged particle is accelerated or decelerated in the Colomb
field of another charged particle, Bremsstrahlung radiation is
emitted. The total po%?{hecc:‘g&tted by a single particle is
proportional to the squarey of the scatterer and inversely
proportional to the square of the mass of the incident particle
(Rybicki and Lightman 1979) . This leads to a conclusion that the
electron bremsstrahulng emission is of the order (100) times more
intense than the proton bremsstrahlung of the same energy. The
energy range of the emitted photon by a single electron is starting
from (Zero) up to (Maximum) corresponding to the total kinetic
energy of the electrons (Evans 1955).

For incident non thermal electron spectrum of the form of equation
(1.11), Fazio 1967 shows that the spectrum of the emitted photon

1§

dN -
— E" phem? sl Mev-l  (1.16)
Y



where («) is the spectral index of the electron distribution and (Ey)
is the photon energy in MeV.

The electromagnetic radiation of a sufficiently hot plasma can
extend up to the x-ray and gamma ray spectral region. If the
emitting volume 1is optically thick to its own radiation, then the
spectrum is given by Plank's law as given in section 1.2.1.

The number of photons emitted by a unit area of a blackbody per
second at T(k) temperature is given by :

N(E,) = 9.9%1040 E2{exp(1.2*1010.—§1f)—1)’1 ph cm?2 ssiMeV-1

(1.17)

where (E,) is the photon energy in MeV.

The maximum of the photon distribution is given by "Wien's law" of
equation 1.2 and the average photon is :

E = 2.3*%10-10 T(k) (MeV) (1.18)

The required temperature for gamma ray photons is in the range of
(108-1010)k.

The bremsstrahlung emission from a thermal distribution of
electrons in a hot optically thin plasma was studied by (Tucker and
Gould 1966) and (Blumenthal and Tucker 1974). The differential

photon spectrum is :

dN
—'2174:1; o G(E,T)e(EJKT)  ph cm=2 51 MeV-1 (1.19)



Where (Ey) is the photon energy, G(EykT) 1is the temperature
averaged Gaunt factor and (T) is the gas temperature.

1.2.5 Elecrton-positron annihilation.

One of the most interesting examples of particle-matter interaction
is the electron-positron annihilation in which at least two gamma
rays are produced. The (511 keV) annihilation lines in solar flares
could be a result of one of the following cases :

1. Free annihilation of positrons with electrons.
2. Formation and decay of positronium.

In the first case, the formation of the (511 keV) line depends on
the positrons source, their propagation in the solar atmosphere
and the density and the temperature of the ambient medium in
which they decelerate.

Free electron-positron annihilation at rest produce two equal
gamma rays of (511 keV) each and will have equal amount of
energy, if only they are emitted perpendicular to the centre of
mass of the system of the two particles (Stecker 1971).

An outline of all the possibilities of positron decay which leads to a
gamma ray emission is shown in fig.1.2.

There are three possibilities for the annihilation of relativistic
positrons, (a) escape from the Sun, (b) annihilation in flight and(c)
decelerate to thermal energies via interaction with magnetic fields
or interaction with ambient matter.

The positrons which annihilate in flight, produce (511 keV) line
emission.  These are not observed at (511 keV) but appear as
gamma ray continuum due to "Doppler broadening". The positrons
which do not annihilate in flight or escape from the Sun, can lose
their energy by collision and ionization and thus be thermalised. If
these thermal positrons annihilate freely, they produce two
gamma rays of (511 keV), otherwise they go via positronium.
These emission can be observed as discrete gamma ray lines since
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gamma ray emission(from Crannel et al, 1975)
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the annihilation occur at thermal energies and there is a very little
Doppler broadening.

When a positron slows down while it pass through matter, it may
join an electron and built an electron-positron system called
"Positronium Ps" which last for a very short time before combining
to produce annihilation radiation. If their spins are in opposite
directions, the atom will be in (IS) state otherwise (3S) state.
The first state has a short lifetime of (1.2*¥10-10 sec.) while the
second has a longer lifetime of (1.4*10-7 sec.).

The annihilation of the first state produce two (511 keV) gamma
rays but the second state annihilation emits three gamma ray
photons simultaneously each with energy less than (511 keV).
About 25% of the positronium is going through the single state and
75% through the triple state. The energy threshold for positronium
formation is 6.8 eV.

Positrons that have a leading role in this mechanism of generating
gamma ray photons, can themselves be generated by a number of
mechanisms such as the decay of positively charged mesons created
in cosmic ray collisions.

1.2.6 Decay of IT° mesons.

IT° mesons are created in the collisions of cosmic rays with
interstellar matter.  These neutral pions are unstable and decays

into two gamma rays. Also the interaction of high energy particles
generate I7°. Here some examples of such interactions are given :

P+P - > nlI° (1.20)

and

P+ o - > nllI° (1.21)

where (n) is the multiplicity which may become significant during
solar flares (Fichtel and Trombka 1981).

Then gamma ray production follows
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o G > 2hv (1.22)

Another example of the IT° mesons production is the matter anti-

matter annihilation which eventually give rise to two gamma rays
as a result of the IT° decay :

(1.23)

1.2.7 Nuclear gamma ray line emission.

As a result of the interaction of energetic particles with ambient
matter, gamma ray lines are produced ranging from (10 keV to 20
MeV) (Ramaty et al 1979). The spectral structure of these gamma
ray lines depend on the composition and energy spectrum of the
initial energetic particles and the physical state of the ambient
medium.

Many astrophysical sites are candidate for the emission of these
lines such as, solar flares, the interstellar medium, neutron stars,
blackholes, supernovae remnants and nuclei of galaxies.

There are many physical mechanisms which can give rise to gamma
ray lines, here is a summery of them :

1.  The annihilation of positrons that have been slowed down with
interstellar electrons given (511 keV) lines.

2. The decay of the long lived nuclei which in turn emit gamma
rays. The details of the expected lines from this mechanisms given
by (Clayton 1973).

3. The interaction of low energy cosmic rays with interstellar gas
and dust grains leading to exited nuclei which eventually emit
gamma rays through electromagnetic deexcitation of an exited state.
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4, Cyclotron line emission in strong magnetic field which is due to
the transition in the energy levels of electrons in the presence of a
magnetic field (Hayles 1982).

1.3 Galactic gamma ray astronomy.
1.3.1 Diffuse galactic emission.
1.3.1.1 Diffuse galactic continuum.

The collision between cosmic rays and protons, nuclei of atoms and
molecules of interstellar gas generates pions of all charges (IT*+, II-,
and I1°). The (I1- and I1*+) mesons decay into (u- and pt) and later
into positrons and electrons with relativistic energies. The II1°
mesons decay into almost two gamma rays.

Gamma rays can be produced by the decay of (I1°) mesons ,
bremsstrahlung from energetic cosmic ray electrons, inverse
Compton scattering electrons interacting with photon field and
synchrotron radiation of high energy electrons passing through
magnetic fields.

The Cos-B map of the galactic plane is shown in figl.3. It indicates
that it is a rich source of gamma ray emission (Mayer-Hasselwander
et al 1982). The conclusion of this satellite observations suggest
that gamma ray radiation above 100 MeV results from the decay of
mesons. At energies less than 100 MeV, it is suggested that either
inverse Compton scattering or bremsstrahlung process make a
significant contribution to the total gamma ray intensity. The
situation for the galactic centre is shown in fig.1.4 (Sacker and
Schonfelder 1984) .

At MeV energies, the explanation of the diffuse energy spectrum is
rather complicated. This is due to the only existence of upper limits
and the contribution of gamma ray lines to the overall flux. The
energy spectrum shown in fig.1.4 contains only the mean fluxes of
energy band intervals and it is very likely that gamma ray lines
have contributed to it.
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1.3.1.2 Diffuse galactic lines.

The interactions of low energy cosmic rays in the interstellar
medium are expected to give rise to gamma ray lines from few keV
to few tenth of MeV (Ramaty et al 1979). Fig.1.5 shows the
predicted line emission spectrum. Two of the most interesting lines
are the (6.129 MeV) from 160 and the (4.44 MeV) from 12C resulting
from de-excitation of nuclei in interstellar grains.

Two more interesting lines are the (1.809 MeV) of 26Al1 and the
(0.511 MeV) line. The first line result from the decay of 26Al in the
interstellar medium (Ramaty and Lingenfelter 1977) and the second
from positron annihilation. Both lines have been detected and
reported by many authors (Mahoney et al 1984, MacCallum et al
1987, Leventhal et al 1978 and Share et al 1988).

The 26Al decays into 26Mg with a half life of 7.4%105 yr. The
intensity of the  detected line has been measured to  be
(4.8+1.0)*10-4 ph. ecm2.5-1. rad-!.(fig.1.6). The origin of this large
amount of 26Al is hard to explain. The explosion of novae and
supernovae can only contribute to a fraction of this amount.
Prantzos et al 1986 have suggested that Wolf-Rayet stars (WR) are
most likely to be the real candidate for it. The (511 keV) line has
been discussed in the galactic centre section.

1.3.2 Galactic centre region.

The centre of our galaxy has been shown to be a very strong radio
and infrared source. In the gamma energy range, the (511 keV)
annihilation line is the most interesting and puzzling line reported
from this region. The line was reported initially by (Johnson et al
1972) and later confirmed by many authors. A total of 17 different
balloon and satellite observations, including the recent SMM
results, have confirmed the existence of this source (Leventhal
1987).
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The autumn of 1979 and the spring of 1980 observations of HEAO-
3 satellite of this line show a change in the intensity of the source
by a factor of (3). Fig.1.7 shows the 1979 observation of the (511
keV) line having an intensity of (1.85-0.21)*10-3 ph.cm2.s1. Also
the continuum spectrum of the 1980 observation is shown in fig.1.8.
This continuum spectrum below the (511 keV) line has barely
changed during the same period .  Bildsten and Zurek 1988 claims
that Compton scattering of the line and high energy radiation
provide a natural explanation for the little change detected in the
continuum spectrum.

In conclusion it appears that the galactic centre is a harbor for a soft
gamma ray source. Future experiments with higher sensitivities
may lead to a better explanation of this source.

1.3.3 Localized galactic sources.
1.3.3.1 Cos-B sources.

The successful ESA satellite Cos-B, which was launched for the first
time in 1975, has given a clear map of the galactic distribution of
gamma ray emission. This experiment was finally switched off on
1982 completing 64 observations (Pollock et al 1985). The scientific
objective of this mission was to study extraterrestrial gamma ray
radiation of energies above (30 MeV). A full description of the
experiment is given by (Bignami et al 1975).

Most of the observations were devoted to the study of the galactic
disk. Many gamma ray maps were presented and one of them was
given earlier in this chapter (figl.3). The Cos-B catalog of gamma
ray sources presented by (Swanenburg et al 1981) contains 25
sources (Table 1.1). The latitude profile of the galactic plane is
dominated by three isolated bright sources : 2CG263-02 , 2CG184-
05 and 2CG195+04. The first two sources have been unambiguously
identified with the Crab and Vela pulsars respectively (Bennett et
al 1977).

The Crab pulsar has been observed essentially over the whole
electromagnetic spectrum, from radio up to gamma ray. Fig 1.9
summarize measurement of this pulsar "light curve" at various
wavelengths (Bignami and Hermesen 1983). Despite of similarity in
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Table (1.1)

The 2CG Catalogue of Gamma Ray Sources Observed by Cos-B
(From Swanenburg et al 1980)

Source Name No. Position Flux Spectral
of  eememeees
observations | b E>100 MeV Prarameter Identifications
(degrees)  (10-6 ph.cm-2s-1)

2CG006-00 3 67 05 2.4 0.39+0.08 ..
2CG010-31 1 105 -315 2 e
2CG013+00 4 137 406 1.0 0.68+0.14 ...
2CG036+01 3 365 +15 1.9 0.2720.07 ..
2CG054+01 3 542 +1.7 1.3 0.20x0.09 ..
2CG065+00 4 65.7 0.0 1.2 0.2410.09

2CG075+00 5 750 00 1.3 —
2CG078+01 5 78.0 +1.5 25 e e
2CG095+04 3 955 +4.2 0
2CG121404 3 121.0 +4.0 1.0 043012 ..
2CG135+01 3 135.0 +1.5 1.0 0.31x0.160 ..
2CG184-05 4 1845 -5.8 3.7 0.18£0.04 PSR 0531421
2CG195+04 3 195.1 +4.5 4.8 0.33£06.04 ...
2CG218-00 3 2185 -05 1.0 0.20t0.08 ..
2CG235-01 2 2355 -1.0 .0 e
2CG263-02 4 2636 -25 13.2 0.36+0.02 PSR 0833-45
2CG284-00 1 2843 05 27 e e
2CG288-00 1 288.3 -0.7 e e
2CG289+64 2 289.3 +64.6 0.6 0.15+0.07 3C273
2CG311-01 2 3115 -13 2y

2CG333+01 3 3335 +1.0 8
2CG342-02 5 3429 -25 2.0 0.36%0.09 ..
2CG353+16 4 353.3 +16.0 1.1 0.24%0.09 r Oph
2CG356400 1 3565 +0.3 2.6 0.46x0.12 ..

2CG359-00 3 3595 -0.7 8 e
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the width of the two pulses at all wavelengths, except radio, there
are a number of differences :

(i) The ratio of the intensity of the interpulse to the main pulse is a
function of wavelength. Cos-B has provided evidence that above
(50 MeV) this ratio is variable on a time scale of years (Wills
1981).

(ii) The wvalley between the pulses has a wavelength dependent
magnitude.

The Vela pulsar is the strongest gamma ray source in the sky. Its
flux above (100 MeV) has been evaluated to be 1.3*10-5 ph.cm2.sl..
The Cos-B light curve for this pulsar together with the distribution
detected at optical and radio wavelength is shown in fig.1.10 (Wills
et al 1980).

A part from the two sources (Crab and Vela) only two other sources
from Cos-B catalog have been identified. @ The 2CG289+64 and
2CG353+16. the first is associated with the QSO 3C273 and the
second with the p Ophiuchi cloud complex (Bignami et al 1981,
Bignami and Morfill 1980).

The Cos-B error box containing 3C273 is estimated to be of the
order of 2.5 square degrees and the probability of a chance
coincidence is roughly 10.

The p-Oph cloud is a complex region containing different classes of
potential gamma ray emitting objects. No direct understanding of
the source emission will be gained until a survey of this region of
the sky is achieved by an instrument with a fine angular imaging
capability.

The source 2CG195+4 or "GEMINGA" is a very interesting scorch and
have been left to be discussed separately in the following section.
There are two other Cos-B sources namely the 2CG078+01 and
2CGO75+00 near the edges of Cygnus X complex and another one
2CG013+00 near the Hjy region M17 ( Pollock et al 1985 ) but
without any confirmation of their identification.

1.3.3.2 " GEMINGA" The source that is not there.
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Figure (1.10) Light curves for the Vela pulsar at various
wave-lengths from Willis et al 1980.
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This is a mysterious gamma ray source discovered by SAS-2 group
(Fichtel et al 1975) and latter confirmed by Cos-B group
(Swanenburg et al 1981). 2CG195+04 or Geminga is the second
brightest gamma ray source at energy more than (100 MeV) after
the Vela pulsar. Its flux over (35 MeV) is grater than 10-5
ph.cm?.s-1..

Bignami et al 1983 have identified this source with a nearby (=
100pc ) X-ray source IE0630+178. The SAS-2 group have claimed
detecting periodicity (P = 59 sec) in the emission of gamma rays
(Thompson et al 1977). This was confirmed by (Bignami et al 1984)
using Einstein and Exosat data and the latter also associate the
identification of Geminga with the event 437 AD witnessed by the
Chinese (Zyskin and Mukanov 1983).

The poor angular resolution of the past telescopes created
difficulties in the identification of this object. = There might be
something in common between Geminga and the rest of the
unidentified Cos-B sources. Only future experiments with better
angular resolution may answer the question about the origin of
"Geminga".

1.3.3.3 Radio pulsars.

Two of the most common radio pulsars exist are the Crab and Vela
pulsars. In the early 70's, it was discovered that both are very
bright gamma ray sources (Kniffen et al 1974). After this
discovery, it was clear that neutron stars are one of the best
candidates for the emission of gamma rays.

During the last decade many authors have reported lines from the
Crab pulsar. A narrow line at (73 keV) was first reported in 1979
by (Ling et al 1979). This was latter confirmed by (Strickman et al
1982) and (Manchanda et al 1982). Two other lines at (400 keV)
and (1050 keV) were reported by (Leventhal et al 1977) and
(Ayre et al 1983) respectively.

The last two lines were observed recently by the DGT telescope of
New Hampshire. McConnell et al 1987 have placed (30) upper
limits of 3.2*¥10-3 and 1.9*%10-3 ph.cm2.s-1. for the two lines
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respectively.  Also the Crab spectrum has been determined and
described by a power law with a best fit of  5.1%10-3 E-1.88 ph.cm-
25-1.MeV-1,

Meanwhile the observation and imaging of the Crab by the GRIP
telescope (Althouse et al 1987) has not given any confirmation
about the existence of any gamma ray lines.

1.3.4 Transient sources.

1.3.4.1 Gamma ray bursts.

Gamma ray bursts (GRB) were detected for the first time in 1967 by
a telescope designed to study interplanetary scintillation of compact
radio sources but their discovery were not published until 1973
(Klebesadel et al 1973). So far several hundred GRB have been fully
analyzed and a few hundred more have been detected and are
under analysis.

GRB are generated by neutron stars with very strong magnetic
fields roughly (1012 -1015) G. Gamma ray emission and absorption
have been detected from GRB. Two spectral line features have been
reported by (Teegarden et al 1980), a broad line at (420 keV) and
a narrow one at (740 keV). They have suggested that the first line
is the redshifted (511 keV) and the second one is the redshifted
first exited state of the Fe (E=847keV). Also an absorption line
feature at (50 keV) has been reported by (Mazets et al 1981).

GRB have three main features :

(i) Most of them have a continuum spectrum which can be
approximated to the shape of thermal bremsstrahlung emission ;

kT

dN = A dE-1 exp( JAE (1.24)

(i1) Many GRB spectra contains cyclotron absorption or/and
redshifted annihilation line.

(iii) Continuum and line radiation both experience strong spectral
variability.
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All these unique characters make GRB a good target for astronomers
to investigate them. A typical spectrum of a GRB is shown in
fig.1.11.

1.3.4.2 Supernovae and Supernovae remnant.

Supernovae remnant and Supernovae explosion are fundamental
matters in  astrophysics. The expected gamma ray lines produced
in the decay of radioactive isotopes during the event of an explosion
emphasis on the significance of these objects.

Ramaty and Lingenfelter 1979 have given a list of the decay chains
from the nucleosynthesis during the explosion (Table 1.2).

Two of the most promising lines are the features at (0.847 and
1.238 MeV) resulting from the following decay :

S6Nj —oeeeee S 56C0 -mmmen- > 50Fe (1.25)

These lines were detected from SN1987A by the gamma ray
spectrometer (GRS) on board NASA's Solar Maximum Mission
(SMM) and reported by (Matz et al 1988). Their fluxes were
estimated to be (1-25)*10-3 and  (6-2)*¥10-3 ph-l.cm-2.s-1.
respectively.

Gamma ray lines resulting from the above decay chain can be
detected for years after the explosion.There are also three lines at
(0.068 , 0.078 and 1.156) MeV which could be detected from the
following decay :

AR f — > 448¢ —-eaes > 44Caq (1.26)
These above three lines could be traced from young supernovae in
our galaxy over the past 100 years.

The predicted line at (1.809 MeV) from the decay :

26A] -onene- > 20Mg (1.27)

has been discused in detail in section 1.3.1.2.
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Figure (1.11) The spectrum of a gamma-ray burst with an emission live
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Table(1.2)

The decay chains from the nucleosynthesis in supernovae
(From Ramaty and Lingenfelter 1979)

(y)

Q/Q(°6Ni)  Energy Positrons or
photons per

57Co—»57Fe
22Na—>22Ne

44Tj— 44SC —744Ca

60Fe — 60Co— 60N;j

1.1
3.8

68

disintegration
1 et 0.2
0.847MeV 1
1.238MeV 0.7
2%10-2 0.122MeV 0.88
0.014MeV 0.88
5*10-3 et 0.9
1.275MeV 1
2*10-3 et 0.94
1.156MeV 1
0.078MeV 1
0.068MeV 1
1.5%104 1.322MeV 1
1.173MeV 1
0.059MeV 1
1.5%10-4 et 0.85
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The frequency of supernovae explosions in our galaxy is averaged
by one in every 30 years. This should lead to the location of a

number of supernovae sites.

1.4 Extragalactic astronomy.
1.4.1  Active galactic nuclei (AGN).

Many gamma ray sources have been associated with several classes
of AGN. Some examples of the brightest objects are the Seyfert
galaxies NGC4151 and MCGS8-11-11, the Quasar 3C273, the Radio
galaxy Cen-A and the peculiar galaxy NGC1275 (Bassani and Dean
1983).

The Seyfert galaxy NGC4151 is not only the best studied galaxy at
gamma ray energy range but also has been thoroughly investigated
over the entire range of the electromagnetic spectrum (fig.1.12).
The MISO telescope had a great interest in this particular object. It
observed this galaxy three times between 1979 and 1980. The
obtained spectrum is shown in fig.1.13 (Boella et al 1984).

The data from the first observation favour a power law spectrum of
a spectral index of (1), while the last data was fitted with a power
law spectrum of (a=1.5).

All the available data from observing this object over the gamma
ray energy range indicate for a variable output over a large time
scale and this was confirmed by the 1979 observation of MISO.
Comparing all the different experimental data, a variation of
typically a factor of (3-10) over a long time scale (years) can be
appreciated. Meanwhile the shortest time scale for intensity
variation can be considered to be around six months or less.

The Quasar 3C273 is a nearby quasar known to be one of the
brightest optically. Its luminosity has been measured to be (Lx =
1.7*%1046 erg.s 1) in the (0.5-4.5)keV energy band (Dean and
Ramsden 1981). The spectral steepens sharply from the x-ray to
the gamma ray region. The slope is changing from 1.4 in the hard
x-ray region to 2.7 in the high energy gamma ray region (Fig. 1.14).







31

1

1 T1T1§)

&

16

i“
i

4 1 l;lu;l

“TA‘ — G
T
T 106:—' —
R S
!
= |
o 10.7’:"
s —T*
i
108-:;— v
1(f9 { L1 llllll' 1 [ llll!l R . | lll!A [+ ¢ Ly v
10" 102 10° 10

Energy (keV)

Figure (1.13)
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The NGC4151 energy spectrum observed by the MISO
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The dashed curve is given by the

experiments as a function of energy for 3C 273.

equation shown in the figure.
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There is a well known variability of the output at the x-ray energy
range of this quasar (Worrall et al 1979) but no variability in flux
was observed in the gamma ray energy range according to Cos-B
data. This could be due to the fact of sparse gamma ray data.

The Radio galaxy Cen-A is the nearest active galaxy in the sky and
is the brightest extragalactic source both at x-ray and radio. It was
one of the first extragalactic object to be identified as an x-ray
source (Bowyer et al 1970).

Observations show the variability in the intensity of the source also
imply changes in the spectral index. The available data indicates
that the x-ray intensity of Cen-A has varied by a factor of (5) from
1971-1976. A two fold increase in only (6) days in 1973 was
reported by (Winkler and White 1975).

Hall et al 1976 observed Cen-A at energies between 30 keV and
12MeV.  Their spectrum was fitted with a power law of (1.9)
spectral index. The fascinating thing about this observation was the
detection of two gamma ray lines at (1.6)and(4.5) MeV with fluxes
of (3.4:x1.0)*10-3 and (9.9£3.0)*10-3 ph.cm2.s-1. respectively.
Cen-A was observed by the MPI telescope and the spectrum was
fitted with a spectral index of (2) as shown in fig.1.15 (Ballmos et al
1987). This spectrum at MeV energies is well connected to the x-
ray region with practically constant slope.

Since the upper limit s above (35 MeV) from Cos-B and SAS-2 are
so valid, there must be some sort of steepen in Cen-A's spectrum
somewhere beyond (20 MeV) in order to meet the upper limits.
This spectrum places the maximum luminosity of this galaxy in the
MeV range and this provide an interesting question about the size
of the source and the radiation mechanism which is involved.
Cen-A has a jet structure at other wavelengths. Since it is close and
bright with a large angular extent, it may produce a valuable
prototype for the study of possible gamma ray jet structure in
active galactic nuclei. The jet structure of this galaxy as seen at x-
ray wavelength by the Einstein observatory is shown in fig.1.16.

1.4.2 Cosmic diffuse radiation.



The Cen-A energy spectrum given by V. Ballmoos et al 1987.
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SAS-2 results has provided evidence for the existence of diffuse
extragalactic flux. This indicate of high latitude fluxes over the
expected contributions of the interaction of galactic cosmic rays
with the interstellar medium.

There is no doubt about the existence of extragalactic flux in the x-
ray energies and its magnitude is considerable. The gamma ray
spectrum can be fitted well to the x-ray data and this is a proof that
the gamma rays are from extragalactic origin. Fig.1.17 shows the
spectrum of diffuse x and gamma rays (Fictel and Trombka 1981).
There is a "bump" around few MeV which has drawn the attention
of many astronomers. This feature was first presented by the
Apollo satellite observations with a greater magnitude than shown.
The reason was due to induced radioactivity in the experiment
detection plane. The style of this spectrum ties with the obtained
spectrums of NGC4151 and MCGS8-11-11 of MISO telescope.

Many authors have put forward suggestion to the interpret the
"bump" of the spectrum. Ginzburg 1968 thought that it was due to
the  decay (P+P------- >11°) produced in the universe at early epoch.
While Stecker 1969 went further and said that the responsible
interaction is (PP) and not (PP).

Strong et al 1974 provided another explanation which suggest that
the bump is due to the interaction of extragalactic origin cosmic
rays with the 2.7k microwave background in early epoch.

Finally if cosmic rays were from an extragalactic origin, having the
same intensity every where in the universe, a higher gamma ray
flux would be generated from their interactions with the
extragalactic  gas (Said et al 1982). Therefore it is very likely that
cosmic rays are generated in active galaxies in clusters.

A gamma ray telescope with good angular imaging capability may
help to confirm the origin of this diffuse flux.
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Chapter 2

2 A review of the instrumentation techniques used in low energy
gamma ray astronomy

2.1 Introduction

In this chapter the design of experiment for low energy gamma ray
astronomy is considered. Also the instrument background has been
discussed since they play a major role in the overall consideration
of any experiment. The determination of the background level is an
extremely foreboding task for the prediction of the sensitivity of
the telescope. Therefore it is important to discuss the factors that
contribute to the overall background level of any experiment in this
particular range of the electromagnetic spectrum.

The development of the techniques used in detecting low energy
gamma rays since the early days up to date are also discussed.

2.2 The contributions to the background level of low energy gamma
ray telescopes

The main problem in detecting the considerably weak flux of
gamma ray sources, is the pretending of the atmosphere to be a
gamma ray source itself. This source of background is due to the
interaction of cosmic radiation with the atmosphere. Also the
atmosphere works as an attenuator for the gamma ray photons. To
achieve any significant astronomical measurements, these
problems and other factors that contribute to the total background
level must be well considered before. All these factors are
discussed in the following sections.
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2.2.1 Cosmic diffuse gamma rays

The cosmic background flux given by (Vedrenne, 1978) can be
expressed by :

D(E) = 874 E-23 phcm? s keV-1 sr-! (2.1)

This only if the doubtful bump at MeV energies is ignored.
Schonfelder et al 1980 support the existence of this bump.
According to Schonfelder, the spectrum above 5 MeV is very steep
(namely E-3). At lower energies, the data is in good agreement
with the SAS-2 measurements (fig.2.1).

The cosmic diffuse flux contribute to the background level in two
ways. firstly, photons that enter the unshielded entrance aperture
of a telescope and interact in the main detection plane. Secondly,
photons that pass through the shield without interaction and reach
the detection plane depositing their energies. In the case of a
collimated telescope, the major contribution will be due to the
second mechanism.

For a balloon-borne gamma ray telescope, the contribution of the
cosmic diffuse background to the total background level is of
secondary importance. This is mainly due to :

(i) The cosmic diffuse gamma rays are attenuated by residual
atmosphere above floating altitudes.

(ii) The earth atmosphere is a bright source of diffuse photons
which swamp the cosmic photons.

2.2.2 The vertical atmospheric radiation
The earth atmosphere is an intense source of gamma rays resulting
from the interaction of cosmic ray particles with the surrounding

gas. The vertical atmospheric component has been calculated by
(Schonfelder et al 1980)(fig.2.2) and can be represented by :

Fy = (6-1)¥10-3 E-(1.65-0.15) ph cm2 51 MeV-1 g1 srl (2.2)
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At energies above 50 MeV, this background is due to the decay of
I1° produced by nuclear collisions of cosmic ray particles in air.
Below this energy, the background is dominated by the
bremsstrahlung of relativistic electrons (Beuermann 1971).

These undesired photons contribute to the background level of any
balloon or satellite experiment. Their presence effect any
astronomical measurements by reducing the sensitivity of the
experiment and also increase the uncertainty in the evaluation of
cosmic diffuse background spectrum.

2.2.3 Neutron induced background

Background events are generated by the interaction of cosmic rays
with atmospheric nuclei. This process will rise a flux of neutrons.
In this section, the background derived from the interaction of
these neutrons through the body of the spacecraft is discussed.
There are two ways that neutrons can deposit their energies in the
detection plane.

Firstly, they can be absorbed by the 1271 or 23Na nuclei of the Nal
crystal. Most of them undergo radiation capture at the 1271 nuclei
since it has a larger cross-section of neutron absorption than the
23Na. Also the 128] product has a half-life of 25 min. comparing
with the 25 hours of the 24Na product which never reach
equilibrium in a typical balloon flight. Therefore, gamma ray
photons can be created via the reaction :

127] (n, 7) 1281 (2.3)

Many gamma ray energies, and their extensive interactions, have
been recorded by (Archer et al 1966).

Secondly, neutrons can undergo inelastic scattering at !27Inucleus
and cause background events. The two lowest levels of 1271 to be
excited by this effect can contribute in the emission of gamma rays
at (58, 203) keV energies.
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2.2.4 Spallation induced background

This source of background events is derived from the interaction of
high energy cosmic ray protons with the detection plane of the
experiment resulting spallation products. An energy spectrum, for
energies below 105eV, can be approximated to the following form :

N(E) dE « E-26, dE (2.4)

where Epis the energy of the proton. Generally, the veto pulse are
made as long as possible to reduce these type of events. However,
this cannot eliminate all these undesired events since the time
associated with most of these photons are longer than the veto
pulse.

An estimation of this background level has been reported by (Baker
et al 1979) using a beam of 2GeV protons for irradiating the
detection plane for a typical flight period. Two main period were
apparent for the decay of spallation products of half-lives roughly
(17 and 53) min. . The first product is probably comes from the
contribution of the isotopes 1191(19min.),  120Sb(15.9min.) and
116 Sb(15min.). The second product may come from the
contribution of 1201(80min.), 117Te(61min.), 116Sh(60min),
121X e(38.8min.)and115Sb(31min.).

2.2.5 Locally produced gamma rays.

The interaction of cosmic rays with the body of a spacecraft
generate gamma ray photons as well as neutrons. These photons
penetrate the rest of the spacecraft, the anticoincidence system
then interact in the detection plane. Measuring this background
level is not an easy task and depends on the geometry of the
spacecraft. However, the total number of photons produced by this
process is smaller than the contribution of the cosmic diffuse
component.
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2.3 Methods of detecting gamma ray photons

Low energy gamma ray photons are detected mainly by using
either scintillation counters or solid state devices on which electrons
are ejected when photons are interacting the material of the
detectors. In our region of interest, the main mechanism that
dominate this interaction is the Compton effect regardless the type
of material used for the detectors (fig.2.3).

Telescopes designed for the detection of gamma rays have problems
regarding measuring the direction of motion for the photons. Also
photons may suffer few Compton scattering before coming to rest
and soon their original direction of motion is lost. Therefore design
of telescopes directional sensitive is not an easy task.

The cross-section for Compton effect is not very large and to
achieve an efficient experiment, a massive detection plane is
required which is mechanically is not highly desirable for many
reasons.

2.3.1 Scintillation counters

There are three main process that a gamma ray may experience
while interact on a scintillator detector. These are the photoelectric
effect, Compton scattering and pair production. By any of these
mechanisms, the photon lose part or entire energy in the
scintillator. This energy will be converted to high energy electrons
and subsequently the crystal suffer ionization by the movement of
electrons through it. These detectors are normally viewed by
photomultiplier tubes or diodes which produce large pulse of
electrons. The materials that available as scintillators are either
inorganic like Nal and Csl crystals or organic like plastic
scintillators. Chosing the type of scintillator is highly dependent on
the objective of the experiment.

The coupling of photomultiplier tubes to the scintillators are of
great importance since it effects the energy resolution of the
detector.  Three different ways are employed (fig.2.4) for this
purpose
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material. (From Evans 1955).

46



47

(86 1°ISI[TH wWoOI)

x0q 1431y osnyyip ® y3noxyl Surdnoo(o)iopmng 1yldrxedsied ® ySnoiyr Suridnooa(q):Surrdnoo 1oo1p(e)
:I01e[[nuros og8re; e 01 oqny ordnjwoloyd e Surpdnoo Ajeondo jo spoylew 1uorjiq (7)) oImndig

()

mr

(q)

()

HdIND
LHOI'T XHdSdd

(®)

J4NL AT TdLLTNINOLOHd

e e e

gy L

! .l-.ll I- ll.l."...l ..Il II.I-I
)

JOLVTILLNIOS



1. Optical contacts.
2. Light pipes.
3. Diffuse light boxes.

The first option is excellent when the size of the crystal is rather
small. In this case, the efficiency of the light collection by the
photomultipliers is high (roughly 90%). When the size of the crystal
is large, uniformity of light collection by the tube will become more
difficult. In such circumstances, the second and third methods are
used. The second method provides high uniformity of light
collection but the mass of the light guide is a matter of concern.
While the third method provides a uniform light collection but with
much less efficiency.

2.3.2 Solid state detectors

This type of detectors are used when energy resolution has got
priority than other characteristics such as efficiency. Mainly, solid
state detectors are constructed from Lithium drifted Germanium or
Silicon.  One of the disadvantages of these detectors is to be
operated at low temperatures to get maximum energy resolution.
Germaniums are used more since they have a high atomic number
which means a higher cross-section for photoelectric absorption.

In this type of detector, photons lose their energies in the form of
electron-hole pairs. The number of these carriers are fairly high
but the total collected charges are not. Therefore, charge amplifiers
with high gain and low noise must follow the detectors. The noise
of these amplifiers are dictating the energy resolution of the
detectors which are in the range of 3keV.
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2.4 Development of low energy gamma ray telescopes

One of the most effective method for reducing the ambient
background level is to shield the detection plane from this type of
particles. It is highly desirable to chose such material that has a
high cross-section of interaction for these particles. In the following
section, a review for the past and present techniques employed in
the design of low energy gamma ray telescopes is presented.

2.4.1 Unshielded detectors

The major problem in employing unshielded detectors is the very
high counting rate recorded by the detectors and the very small
signal to noise ratio expected from a gamma ray source. An
example of this type of detector is the experiment constructed at
Bristol University (Sale 1970)(fig.2.5). The purpose of the
experiment was to measure gamma ray emission from pulsar. This
technique was soon followed by shielded detectors.

2.4.2 Passively shielded detectors

As it was discussed in the beginning of this chapter, the major
problem in designing gamma ray telescopes is the background flux
produced by cosmic radiation.

Passive shielding is treating this problem by surrounding the
detection plane with massive inert material, such as lead, because
of its high stopping power for gamma ray photons.

An example of this kind of shielding is the LEG1 telescope of
Southampton University (Lovett 1973). In this experiment it was
found that the background counting rate, with the existence of the
passive shield, is higher than without it. This is due to the fact that
when the shield is exposed to cosmic rays and neutrons, it becomes
itself a bright source of undesired gamma rays, neutrons and B
particles. Also genuine gamma rays may suffer Compton scattering
before depositing their energies on the detector giving false
information about their origin.
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2.4.3 Actively shielded detectors

The background generated on the central detector due to the
existence of passive shield can be tremendously reduced if the
shield itself consist of a detector works in anti-coincidence with the
central detector. This technique is known as "Active shielding”. The
only disadvantage of this method is the high cost of the shield
rather than its weight.

One of the early examples of actively shielded experiments is the
telescope built by the Rice University group (Walraven et al 1975,
Johnson and Haymes 1873). This experiment was designed to
operate in the 56keV-12MeV energy range. It consist of a central
Nal(T1) detector surround by an active collimator with a field of
view of 15° FW.H.M.. A thin plastic scintillator which covers the
aperture complete the shielding and protect the central detector
from undesired particles. The shield operates in anti-coincidence
with the central detector. A schematic diagram of this telescope is
shown in(fig2.6).

2.5 Current techniques employed in low energy gamma ray
telescopes

2.5.1 Compton telescopes

This type of technique used in the design of low energy gamma ray
telescopes utilizes the Compton scattering process.  Usually it
consists of two levels of detectors separated by some distance. The
basic principle is illustrated in (fig.2.7). An identified photon is the
one undergo two interactions in both detectors (Schonfelder et al
1982).

The gamma ray photon with energy Ey suffers Compton scattering
in the upper detector transferring the energy E'¢ to an electron.
When the scattered photon with energy E'y interact on the second
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Figure (2.7) Principle of measurement in a Compton telescope.
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detector losing E"c energy. Measuring E'c and E"¢ can lead to the
identification of the two parameters E and @ :

Ey=E¢+E" (2.5)

2
0y 4 myc2 (E'g+E"s)  (2.6)
E

e

Cos @ = I

If the scattered photon is totally absorbed in the second detector,
then (Ey EEY) and (®P=®) which are the energy of the incident photon
and its scattering angle. Under such circumstances, the location A
and B are also known and the arrival direction of the incident
photon is lying on the surface of a cone with an angle of 2®. This
cone surface is called the "Circle Event". Therefore it is possible to
draw a circle for each event. All totally absorbed gamma ray
photons will intersect and this define astronomical source position.

2.5.1.1 MISO telescope

A schematic view of the Milan-Southampton telescope (MISO)
detector is shown in (fig2.8). The central detector consist of a liquid
scintillator (NE311) as the top detector (S1) and a large (Nal) crystal
as the bottom detector. These detectors are completely surrounded
by a plastic anticoincidence jacket (Al) and separated by an
independent anticoincidence counter (A3). S1 and S2 are roughly
27cm in diameter, 10cm thick and separated by a distance of 3cm.
The top detector S1 provides the target for the incoming photons to
scatter at. Then the scattered photons interact in S2. A full
description of the telescope is given by (Baker et al 1979). The
presence of the anticoincidence detector A3 plays a major role in
vetoing the charged particles passed from S1 to S2.

The central detection system is semi-actively shielded from
atmospheric gamma rays by a sandwich of lead/plastic scintillator
A4 and AS5. A slatted lead collimator situated inside this intense
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semi-actively shield, provide an angular resolution of 3°*3°
F.W.H.M..

The bottom half of the central detection system is surrounded by a
shell which contains a mixture of boron, tungsten and lithium set in
a wax moderator to absorb unwanted neutrons. The complete
Compton coincidence signature is :

S1.82 (Al+A2+A3+A4+AS) (2.7)

It is expected that this system will increase the sensitivity and
decrease the background level of the telescope. The threshold of Sl
and S2 are set to 25 keV and 150 keV respectively. This enable the
system to respond to photon events that deposit energy in the 0.2-
20 MeV range.

This experiment was successfully flown from Palestine,
Texas(U.S.A.) in Mayl977, October1978, September1979 and
finally May 1980. During these flights many galactic and
extragalactic sources were observed. A full catalogue of this data is
given by (Boella et al 1984).

2.5.1.2 MPI telescope

Max-Plank-Institute telescope (MPI) is a low energy balloon borne
Compton telescope designed to perform in the energy range (1-
20)MeV. The early version of this telescope was flown in 1973 and
1974 (Schonfelder and Litchi 1974, Sconfelder et al 1977) aiming
to investigate the diffuse cosmic and atmospheric gamma ray
components.

The telescope consists of an array of low-Z material organic liquid
scintillator (NE213) as the top detector and a high-Z material Nal(TI)
as the bottom detector(fig.2.9). The two detectors are separated by
a distance of (1.2 m.). The liquid scintillator and the Nal planes
consist of 16 cells of (15*¥15*%15c¢m.) and 32 blocks of (15*15%7.5cm.)
respectively. Each unit is viewed by a photomultiplier tube. The
two detector assemblies are surrounded by an anticoincidence
shield of plastic scintillator (NE110). For the purpose of calibration,
two radioactive sources are located between both detector
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assemblies outside the beam of scattered gamma rays. A detailed
description of this experiment is given by (Schonfelder et al 1982).
For each event the following parameters are measured :

(i) Energy of Compton electron in the top detector (E'e).

(i) Energy loss in the bottom detector (E"¢).

(iii)Location of scattering event in both detectors (triggered units).
(iv)The pulse shape of the photomultiplier tube pulse in the top
detector.

(v) Time-of-flight of the scattered gamma ray photon from the top
to the bottom detector.

(vi) Absolute time of the event.

The pulse shape and the time-of-flight measurements are
performed in order to reject background events. The quantities E'e,
E"e and the interaction position of the photons in both detectors
determine the energy and angular resolution of the telescope.

It was suggested by (Grumplinger and Schonfelder 1979) to apply
the Anger camera principle to locate the interactions in both
detectors due to the rather overall poor angular resolution of the
telescope. This suggestion was eventually applied and an updated
version of the telescope is described by (Diehl 1988). This new
version was selected to be one of the four experiments on board
NASA's gamma ray observatory (GRO) satellite due to launch early
1990s. The other three experiments are the EGRET, OSSE and
BASTE.

Finally, the Compton telescope method which has been pioneered
by the Max-Plank institute group in the early 70s has been a
success in this branch of astronomy.

2.5.2 Coded aperture masks

Coded mask imaging systems can be considered as an extension of
the pin-hole camera in which a coded mask plane that contain
transparent and opaque regions used instead of a single hole. This
technique was originally introduced by (Dicke, 1968) and (Abbles,
1968) are capable of achieving the best angular resolution in the
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range of interest. The mask is positioned some distance away from
a position sensitive detection plane. A point source cast a shadow of
the mask pattern on the detection plane. The data can be
deconvolved and an image of the source can be reconstructed. A
full description of coded mask imaging is given in chapter 3.

2.5.2.1 ZEBRA telescope

The detection plane of this imaging telescope is constructed from an
array of Nal(Tl) crystal elements each viewed by two
photomultiplier tubes. A similar array of Nal crystals are
positioned underneath serving as the anticoincidence system.
Chapter 4 is designated to a full description of the telescope.

2.5.2.2 GRIP telescope

This gamma ray imaging payload (GRIP) experiment is a balloon
borne telescope designed to operate in the energy range of (30keV-
5MeV). The telescope features a rotating hexagonal coded aperture
mask and a thick Nal scintillation camera.

A schematic view of the telescope is given in (fig2.10). The shielded
detection system is separated from the mask by (2.5cm.). The
detection plane consist of a Nal camera plane (4lcm.) in diameter
and (5cm.) thick. This detector is viewed by nineteen (3 inch)
pbhotomultiplier tubes which are individually pulse height analyzed.
The shielding system consist of (12) plastic scintillator modules
which form a cylinder (roughly 16cm. thick) surrounding the whole
detection system. Each module is viewed by a (5 inch) tube. The
bottom part of the Nal camera is shielded by an identical Nal
camera. An 241Am source is fixed Im. above the coded mask for
calibration purposes.

The mask is made of lead hexagonal (2cm.) thick and (2.5cm.) across
(flat-to-flat) cells mechanically supported by a honeycomb
structure. The mask consists of 1000 opaque and 1000 transparent
cells.

During observation, the mask is continuously rotated to impose a
time modulation of gamma ray signals at each location of the
detector. Since the mask pattern is not symmetric, rotation of the
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mask under (60 degree) allows the gamma ray signal at each
detector position to be modulated with a 50% duty cycle. This leads
to a total background subtraction every (20 sec.) assuming that the
mask is rotated with (lrpm) rotation rate. Continues rotation of the
mask is also extending the field of view to 20 degrees which
automatically increase the number of pixels imaged by a factor of
(10). The parameters of this telescope is given in table (2.1) and a
full description of the telescope is given by (Althouse et al 1985)
and (Althouse et al 1987).

This experiment was flown for the first time on October 1986 from
Palestine, Texas (U.S.A.). The first observation program was
including the Quasar 3C273, the galactic centre, the Crab and
Cygnus region (Althouse et al 1987).
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Table 2.1 The GRIP Telescope
(From Althouse et al 1985)

Primary Detector : 4lecm * 5cm Nal Anger Camera.
Position Resolution ; < 5 mm rms (0.1-5 MeV).

Shield . Back Plate ; S5cm Nal.
Side ; 16cm plastic scintillator.

Mask . Haxagonal URA ; 2000 cells (2.5cm).
Rotation Rate ; 1 rpm.
Spacing ; 2.5m from the Nal detector.
Size ; 1.2m diameter * 2cm (Pb).

Energy Range : 0.03-5 MeV.

Energy Resolution : 8.3 keV FWHM at 50 keV.
70 keV FWHM at 1 MeV.

Imaging :  Resoution ; 0.6° (1070 pixels in 20° FOV)
Angular Localization ; 3 arc min (10c source).
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Chapter 3
3 Imaging with coded aperture mask.
3.1 Introduction.

In the gamma ray energy range of the electromagnetic spectrum,
imaging is not an easy process mainly due to two reasons. Firstly,
the weak flux of the sources and secondly, the difficulties in
focusing the photons. This is very much applicable in the low
energy range of the spectrum.

At high energies (Ey>50 MeV) , the main process that dominate the
interaction process of gamma ray photons with matter was the pair
production. These photons, traditionally, have been detected using
spark chambers (Bignami et al 1975) or drift chambers (Mckechnie
et al 1977). Here the direction of the gamma ray photon can be
measured either by evaluating the direction of the electron-positron
pair created in the pair production effect or by extrapolating back
the spark tracks.

At energies less than 30 MeV, Compton scattering effect dominate
the interaction process. In this region of the spectrum images have
been taken using double Compton telescopes (Schonfelder et al
1982, Hartman et al 1983). This type of instrument, as described
in section (2.5.1) , uses two different detectors separated by some
distance. The energy and position of the incident photon can be
evaluated from the energy deposited in both detectors and the
position of interactions. These instruments suffer from a lack of
good angular resolution (typically half to few degrees).

In recent years "Coded Mask" systems have been employed in low
energy gamma ray astronomy. This technique has already been a
success and giving promising results in the field of x-ray
astronomy (Skinner et al 1987). This method employs a plate
which consist of an array of opaque and transparent elements
known as "Coded Mask" fixed between the source fluxes and a
position sensitive detector.

This technique is an extension of pin hole camera with increased
aperture transmission while retaining the angular resolution of a
small hole. If there are (N) pinholes in the mask, the picture will
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consist of (N) overlapping images of the object. This technique can
improve the signal to noise ratio for a point source object by a
factor of roughly (N) comparing to the single pinhole camera
(Fenimore and Cannon 1978) and this is very encouraging.

Another advantage of this technique is that the source and the
background counts are space multiplexed. Therefore the major
problem of time independent background counting rate is
eliminated.

In this chapter a description of coded mask imaging technique is
given with some of the general problems associated with it.

3.1 The basic principle of coded mask imaging.

In coded mask imaging, a gamma ray source (or source element)
cast a shadow of the aperture on the detection plane. The recorded
image on the detection plane is an overlapping of many shadows.
The position and the intensity of the shadow depends on the
position and intensity of the source object. The basic steps of coded
mask imaging is shown in (fig.3.1).

If an object distribution is considered to as O(x,y) and the aperture
transmission as A(x,y), then the spatial distribution of the detected
flux can be described by :

P(x)y) = A(x,y) * O(x,y) + N(x.,y) (3.1)

where N(x,y) is the noise that is not modulated by the aperture and
(*) is the correlation or convolution operator. An estimate a(x,y) of
the object O(x,y) can be obtained by filtering the shadowgram P(x,y)
with a suitable decoding function G(x,y) :

Ox.y) =[A(x.y) * O(xy) + N(xy)|Glxy)  (32)

If the decoding function G(x,y) is chosen such as that the system
point spread function, G(x,y)*A(x,y), is a delta function a perfect
image can be reconstructed.






