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GAMMA RAY IMAGING WITH A HURA CODED APERTURE
AND A DISCRETE PIXEL DETECTOR

by Kevin Byard

An investigation into the gamma ray imaging properties of a hexagonal uniformly redundant
array (HURA) coded aperture and a detector consisting of discrete pixels constituted the
major research effort associated with this thesis. Such a system offers distinct advantages for
the development of advanced gamma ray astronomical telescopes in terms of the provision
of high quality sky images in conjunction with an imager plane which has the capacity to
reject background noise efficiently. Much of the research was performed as part of an ESA
sponsored study into a prospective space astronomy mission (GRASP). The effort involved
both computer simulations and a series of laboratory test images.

A detailed analysis of the system point spread function (SPSF) of imaging planes which
incorporate discrete pixel arrays is presented and the imaging quality quantified in terms of
the signal to noise ratio (SNR). Computer simulations of weak point sources in the presence
of detector background noise were also investigated and revealed that an inherent source of
noise in the form of a coding error is present in the vast majority of observations, diminishing
the quality of the deconvolved images. The coding errors could be completely removed
for systems which employ hexagonal pixels, provided the mask element shadow arca was
correctly oriented and dimensioned with respect to the imager pixels.

Theories developed during the study were evaluated by a series of experimental measure-
ments with a 37Co gamma ray point source, an Anger camera detector, and a rotating HURA
mask. These tests were complemented by computer simulations designed to reproduce, as
close as possible, the experimental conditions. The 60° antisymmetry property of HURAs
has also been employed to remove noise due to detector systematic effects present in the
experimental images, and rendered a more realistic comparison of the laboratory tests with
the computer simulations.

Plateau removal and weighted deconvolution technignes were also investigated as methods
for the reduction of the coding error noise associated with the gamma ray images. These
techniques are shown to be effective, particularly when used together, but only on images
in which coding errors are present. No improvement in image quality is offered by these
techniques in the “perfect overlap” situation of the HPD.
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Chapter 1

Gamma Ray Astronomy.

1.1 Introduction

The extreme technical difficulties associated with the design of effective gamma ray tele-
scopes coupled with the necessity to perform observations above the earth’s atmosphere
has, until recently, rendered gamma ray astronomy virtually impossible. Consequently the
development of gamma ray astronomy has been slow compared to that at lower photon
frequencies. However, since the advent of balloon and satellite borne experiments, gamma
ray astronomy has become a feasible proposition. Furthermore the development of novel
techniques such as coded aperture imaging which enable arcmimite source position location,
has firmly established gamma ray astronomy as an observational science. Early experiments
such as the omnidirectional Apollo Gamma Ray Spectrometer have paved the way for a
whole new generation of detectors and telescopes. Consequently the relatively unexplored
gamma ray domain, which in the past has been limited mainly to speculation, promises to
provide a wealth of new information with the help of a number of new and exciting projects,
such as Gamma-1, SIGMA, and the ambitious Gamma Ray Observatory to name a few.
The next few years will therefore undoubtedly yield many new discoveries and the above

missions render gamma ray astronomy a very exciting branch of observational astrophysics.

Although gamma ray telescope design is very difficult, once the detector design problems
have been overcome the bonuses associated with high energy photons are of immense value.

Firstly the nnique property of gamma ray photons of being unhampered by absorption over



cosmological distances, and in particular through the Galactic disk, enables the study of
objects which are invisible to astronomers who make observations in other wavebands. The
most striking example of this is the Galactic centre, large areas of which are invisible in the
optical domain but can be observed in the gamma ray waveband. This property also makes
it possible to see the processes occurring at the centre of dense regions, such as the Galactic
centre and active galactic nuclei, which in many cases is impossible at lower frequencies.
Furthermore, gamma rays are have the unique property that they are produced by non
thermal mechanisms which relate to energetic particle-particle and particle-field interactions,
or by processes related to the nuclear structure of matter (e.g. radioactive decay), unlike the
lower energy photons such as in the optical and ultraviolet domains, which relate to atomic
and thermal processes. Gamma ray observations imply that, for the first time, one can
have direct access to study some of the most fundamental energetic processes taking place
in astrophysical situations, such as the sun, a multitude of Galactic objects, the interstellar

medium, and, over cosmological distances, many extragalactic objects.

1.2 Gamma Ray Emission Mechanisms

1.2.1 Synchrotron Radiation

In high energy astrophysics the emission which dominates non thermal radiation mechanisms
is synchrotron radiation. Synchrotron radiation is the emission from a charged particle which
gyrates at relativistic velocity in a magnetic field. In the rest frame of the particle of charge
e, the rate of energy loss is given by

de\’ e?a’?
(-2

6reges

where o' is the acceleration of the particle in the particle’s rest frame. The force on the
particle F' is perpendicular to both the magnetic field lines and the particle velocity and is
given by

F' = ma' = vBysinf (1.2)

where v is the velocity of the particle as seen in the observer’s frame, m is the particle rest
mass, B is the magnetic field strength and 7 = (1 — v?/¢?)~1/2 is the Lorentz factor. The

angle 6 is the pitch angle of the motion of the particle to the magnetic field lines as shown



in fig. 1.1. Substituting for a’ from 1.2 into 1.1 gives
(dE)' _€? (vBysin$)?

(1.3)

Therefore, all other factors being equal, the rate of energy loss is proportional to m=2 and

dt | T Bregcd m?

hence is dominated by electrons, where the emission is of the order of 106 higher than that
due to protons. The value of the Thomson cross section for electrons is o = el /6medctm?
(m. being the electron mass). This combined with the expression for magnetic energy
density, Unag = B%/2p0, and ¢? = (pgeo)~? gives
!

- (%) = 207¢7? Upag <§>2sin20. (1.4)
This is the rate of energy loss of an electron as seen in the electron’s rest frame. However,
it can be shown that the energy loss rate is Lorentz invariant ( [89] chapter 3) and so 1.4
is also the correct expression for the energy loss as seen by the ohserver. However 1.4 is

for a single electron moving at a specific pitch angle 8. If the angle 6 is averaged for many

electrons over all pitch angles the desired relationship is

w W
- (@) = —-/ (51—12) lsinf)d&
dt average 0 dt 2

4 v\ 2
= §JTC72 (Z) Urnag. (1.5)

For a continuous power law input of relativistic electrons of the form
N(E)=kE~" (1.6)
the resultant photon spectrum is also a power law flux of the form
I(v) = kqu~(==1/2, (1.7)

Therefore synchrotron radiation from a celestial source can be identified by this power law,

which gives a gradient of —(z — 1)/2 when plotted on a logarithmic scale.

1.2.2 Synchrotron Self Absorption

If the density of the emitting region is high then some longer wavelength photons will be
unable to escape from the source medium and instead are re-absorbed by the particles. The
extent of the absorption can be calculated if the low energy Rayleigh-Jeans approximation

is used for the particle kinetic energy temperature T}:

T, o v1/2, (1.8)



Absorption becomes significant if the photon brightness temperature Ty approaches T:
Ty ~T.. (1.9)

Now, the photon flux S, for low energy of wavelength ) is given by

T
S, « X% (1.10)

which combined with 1.8 and 1.9 gives

S, o« V52

at low frequency. Therefore the self absorption part of the emission curve has a slope of 5/2

on a logarithmic scale as shown in fig. 1.2.

1.2.3 Bremsstrahlung Radiation

Bremsstrahlung radiation is the radiation emitted by a charged particle which is accelerated
in the Coulomb field of an ion. The electrostatic field E., in the vicinity of an ion as seen

by a non relativistic charged particle is given by

Ze

E,6 = ——
¢ 4regh?

(1.11)

where Ze is the ion charge and b is the collision parameter of the particle with the ion. For

a relativistically moving particle 1.11 becomes

’ vZe
_ _ 12
Eey = vEes Iregh? (1.12)
and for a particle of charge e, the force on the particle is therefore given by
eE,, =mad = e (1.13)
es C T dwegh? ’

Substituting for a’ from 1.13 into the expression for the power output of an accelerated
charged particle (equation 1.1), and noting that the collision duration time is ~ b/c gives
the following expression for the energy output of the particle:

2 2 \?
E ¢ (72@ )9 (1.14)

particle — 6regcd \ dmeph?m ) ¢

Therefore, as is the case for synchrotron radiation, electron emission dominates since the

emitted energy is proportional to m~2.



Fig. 1.1. Definition of pitch angle 8 in synchrotron radiation (from Longair [89]).

log S(v)

log v

Fig. 1.2. The spectrum of a source of synchroiron radiation ezhibiting synchrotron self

absorption (from Longair [89]).



When there are many electrons and ions, the total energy output is given by
[e e}
Eiot = NeNZc/b  Eparticle2mbdb
giving
eSy2N, N, 22

EBtot = —ep i 27
48712e3c3m2bymin

(1.15)
where N, and Nz are electron and ion concentrations respectively. The value of b,,;, can
be calculated using Heisenberg’s Uncertainty Principle:

Pbmin = h

where p is the electron momentum = ym,c. Therefore

h
Ymec

bmin =

giving
66"/3Ne -NZ ZZ

Etot _ e
4872e3c?m.h

(1.16)

An exact quantum mechanical calculation of the total energy emitted by a cloud of elec-

trons travelling at velocities given by a Maxwellian distribution gives an emissivity for
bremsstrahlung radiation of

Z%% ymo\1/2

I(v) = constant. = (¢ ,T)N.N 1.17

(v} = constan mr T g(v,T)N. Nz ( )

where g(v,T) is the correction factor known as the Gaunt factor and T is the electron

temperature. At frequencies hv < kT the Gaunt factor has only a logarithmic dependence

on frequency (and therefore is approximately equal to 1 since v is low) whereas for hv > kT,

g(v,T) is approximately (hv/kT)V/2,

1.2.4 Inverse Compton Scattering

Normal Compton scattering occurs when a stationary electron gains kinetic energy from a
collision with a photon which in turn loses energy. However if the electron has non zero
velocity it is possible for the photon to gain energy from the collision and be boosted to a
higher energy, a process known as inverse Compton scattering. Inverse Compton scattering
is most often encountered when, in the centre of momentum frame of the collision, the

photon energy is much less than the electron rest mass energy, i.e. vhr < m.c?.



If E and E’ are the initial energies of the photon in the laboratory frame and the electron

rest mass frame respectively, and 6 is the laboratory frame collision angle of incidence, then
E'=Ey (1+2c056). (1.18)
c

Now, provided that vhv <« m.c? the Compton interaction in the electron rest frame is
simply ordinary Thomson scattering. Therefore integrating over all angles assuming isotropic

photon distribution, and transforming into the laboratory frame gives an emission rate of

dE 4
‘Jt‘* = gO'TCUrad"Y2 (1'19)

where U,4q is the radiation radiation energy density as seen by the laboratory frame ( [89]

page 282).

The spectrum of the scattered radiation I(v) is given by

3ore N(v
I(v) = 16:4 I/gO)V [21/ In (

2

(1.20)

.
)+U+7VO 272y

472y
where vy is the frequency of the unscattered isotropic radiation field, and N (1) is the photon
number density. At low frequencies v < %1, the term in square brackets in 1.20 goes to a

constant value and hence I{v) x v.

1.2.5 Pi-Meson Decay

Neutral pi-mesons are produced by the collision between cosmic rays (high energy protons)

and the interstellar gas (hydrogen):
p+p — p+p + ny(nt + 77) + nyn®
or from the collision of protons with antiprotons:
p+p — nar®

where nj,n2 and nj are small integers. The threshold for this reaction to take place is given
by the total rest mass of the pi-mesons produced. For example if n; = ny = 1 the incoming

cosmic ray protons in the first reaction must have an energy >290 McV.

The neutral pi-meson which is produced subsequently decays to produce two gamma ray
photons:

0=yt



with a reaction half life of 1076 s. In the rest frame of the pi-meson each photon has an
energy of 69.8 MeV, which is half the neutral pi meson rest mass energy, but in the frame
of a stationary observer the gamma rays have a spread of values dependent upon the kinetic
energy and direction of the pi-mesons. This in turn depends on the energy and direction of
motion of the incoming cosmic rays. The resultant spectrum is of the form shown in fig. 1.3

where the peak is centred on 69.8 MeV [128].

1.2.6 Electron Positron Annihilation

An electron and a positron at rest will annihilate to produce two gamma ray photons:
et +e” = v 4.

Two photons must be produced which travel in opposite directions so that the momentum
of the collision is conserved. Each photon has the energy of the rest mass of the electron,
mec? =511 keV, and hence is relatively simple to locate as a spectral line feature at this
energy. The line may be broadened by Doppler motion, as was noticed by Riegler when
observing the Galactic centre region, fig. 1.4 [120]. Also in lower density regions it is
occasionally possible for the metastable positronium to be formed. Here the electron and
positron are in orbit around each other and may lead to three photon production with the

photons having a range of values up to, but not exceeding, 511 keV.

1.2.7 Nuclear Gamma Ray Lines

Gamma rays can be produced by the decay of radioisotopes. The principal gamma ray
production isotopes are shown in table 1.1, taken from Ramaty and Lingenfelter {118].
Examples of observations of such decay chains are from novae and supernovae explosions,
where the 56Ni - 56Co - 56Fe chain, and in particular the longer lived 41Ti - 44Sc - 44Ca
chain are to be expected. Another important decay observed in the Galactic centre region
by the Max Planck Institut Compton telescope is the 26Al - 26Mg decay giving a line at
1.809 MeV [135,152].

It is also possible for gamma ray emission to occur from excited nuclei which undergo
transition from one energy level to a state corresponding to a lower energy level. Since the

energy levels of such nuclei are discrete the photons produced are emitted at well defined
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energies and the resulting gamma rays are again observed as a spectral line feature. Nuclear

excitation can occur in a number of ways:

(i) Radioactive decay, in which the gamma rays come from a daughter nucleus which

has been formed in an excited state.

(ii) Collisions with fast moving nucleons which cause the target nuclei to fragment
and produce gamma ray lines corresponding to the fragments as well as the

target nuclei.

(iii) The capture of thermal neutrons, for example capture by hydrogen to form
deuterium:

n+'H—-2D 44y

where the gamma ray has an energy of 2.23 MeV, the binding energy of the

deuterium nucleus.

1.3 A Review of Gamma Ray Astronomical Observa-

tions

In recent years results have been obtained indicating that many diverse types of astronom-
ical objects emit gamma radiation. On the Galactic side a variety of known astronomical
objects are gamma ray emitters, for example compact objects in the form of pulsars and X
ray binary systems, and diffuse emission such as that observed from cloud complexes and
from large scale interstellar matter. On the extragalactic side examples of radio galaxies,
Seyfert galaxies and quasars have been detected as gamma ray sources, all of which are
so gamma ray luminous that their power of emission in this waveband surpasses that in
any other. The remainder of this chapter briefly describes a number of past gamma ray
observations and speculates upon the astrophysical advances which will be made possible
following observations with a sophisticated spectral and imaging device such as the GRASP

instrument described in chapter 7.

The two imaging experiments which pioneered gamma ray astronomy were the satellite borne
SAS-2 and COS-B instruments. Both employed spark chambers and had a lower energy
threshold of ~35 MeV. SAS-2 identified four definite gamma ray point sources: the Crab



and Vela pulsars, Cygnus X-3 and a fourth source with no obvious counterpart (Geminga).
COS-B detected 25 discrete sources, among which were the above mentioned Crab and Vela
pulsars and the quasar 3C273. However, the poor angular resolution of these instruments
made identification of counterparts difficult. Later experiments such as the Birmingham
University X Ray Telescope (XRT) and the California Institute of Technology Gamma Ray
Imaging Payload (GRIP) have made finer angular resolution observations which have led to
improved knowledge of the Galactic centre and the supernova SN1987A as well as a number

of other objects.

1.4 Galactic Gamma Ray Astronomy

1.4.1 Galactic Centre

Positron annihilation radiation from the direction of the Galactic centre has been observed
on a number of occasions [73,67,83,120,121]). Due to poor directionality of the observing
instruments however, the origin of the emission cannot be located to much better than 10°,
although the six month time variability observed by the HEAO-3 gamma ray spectrometer
implies that the sources responsible for the emission are pointlike rather than diffuse {120]
with size <1016 m. Moreover the 511 keV flux observed in the Galactic centre region by the
Bell/Sandia group in 1977 and 1979 exceeds the expected diffuse flux at the 3.5¢ and 2.7¢

significance level adding more weight to the theory that the source is pointlike in nature.

Continuum emission from the Galactic centre has also been observed. In particular a hard
spectrum source was reported by Levine [84] from the HEAO-1 A4 survey, located to within
2° of the centre of the Galaxy in the range 80-180 keV. However, recent observations by
the Birmingham group from Spacelab-2 showed another source to be significantly brighter
than this spectrum would suggest, instead being compatible with a much softer spectrum of
index o =0.5 [138]. This illustrates the difficulty of assigning the variable MeV flux to any

specific source and the current situation is far from clear.

1.4.2 The Interstellar Medium

The interstellar medium is responsible for three different components of gamimna ray emission.



The first component is a continuum emission from interactions of high energy cosmic rays
with interstellar matter. This emission around 100 MeV has been extensively studied by
SAS-2 and COS-B. The COS-B map of the Galactic plane from 70 MeV to 5 GeV shows
a few discrete sources, fig. 1.5 [97], but most of the continuum emission is presumed to be
produced in interstellar space. This diffuse Galactic emission is thought to consist of three
components; a neutral pi meson decay component from nuclear reactions of cosmic ray
protons with interstellar matter, an electron bremsstrahlung component, and a weak inverse
Compton component from collisions of cosmic ray electrons with low energy photons. At

MeV energies the pi meson decay component can be neglected.

The second component is a line component arising from the interactions of low energy cosmic
ray nuclei with interstellar matter. This has been discussed by Ramaty [116]. A variety of
lines with narrow and broad profiles are expected, the most prominent ones being those at

4.4 MeV (12C) and 6.15 MeV (*%0) as can be seen in fig. 1.6.

The third component is a line component from radioactive nuclei which were produced
during various nucleosynthesis processes in celestial objects and which then diffused into
interstellar space. The most important decay chains which occur during nucleosynthesis
are shown in table 1.1, but so far only the 36Ni - 3Co - 56Fe chain at 0.847 MeV and
1.238 MeV and the 26Al - 26Mg chain at 1.809 MeV have been detected, the former from
the recent supernova SN1987A and the latter from the general direction of the Galactic
centre. The 1.809 MeV 26A] line was discovered in 1982 by the HEAO-3 spacecraft [93] with
subsequent observations being reported by the SMM gamma ray spectrometer [135] and the
MPI Compton telescope [152]. Originally, Ramaty and Lingenfelter {117] had considered
supernovae to be the production sites of the line, but nowadays other objects such as novae,

red giants and Wolf-Rayet stars are also thought to contribute to the emission.

Another important interstellar line emission is the 511 keV annihilation line. To date,
measurements are consistent with the existence of a diffuse line component produced in
interstellar space with an angular size of the order of +£60°. Positrons are thought to be

supplied by 56Ni, 44Ti, and 26Al decay chains shown in table 1.1.
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Decay chain Mean life (years) Emission (MeV)
3Ni — 56Co — 56Fe 0.31 et, 0.847, 1.238, 2.599
S7Co — 5"Fe 1.1 0.122, 0.014

?2Na — #2Ne 3.8 et, 1.275
MUT] — 4S¢c — Ca 68 et, 1.156, 0.078, 0.068
60Fe —» 60Co —» 6ONj 2.2 x 108 1.332, 1.173, 0.059
26A1 — Mg 1.1 x 108 et, 1.809

Table 1.1. Principal gamma ray producing isotopes expected from astrophysical sources.



1.4.3 Radio Pulsars

The idea that neutron stars are ideal gamma ray emitters arose after the discovery of the
Crab and Vela pulsars by the SAS-2 team in the early 1970s. To date there is still no con-
sistent explanation of the phenomena exhibited by pulsar magnetospheres, where the power
output peaks in the gamma ray domain [146]. The gamma ray light curve of the Vela pulsar
PSR0833-45 has been compared to the optical and radio curves by Kanbach et al. [74], fig.
1.7. The radio emission shows a single peak, similar to the emission of many other pulsars,
whilst optical and gamma ray data each have two peaks delayed in phase with respect to the
radio peak. This seems to indicate completely different emission mechanisms in each energy
band. Also, new analysis of the COS-B Vela pulsar data has suggested the possibility that
gamma radiation is almost totally linearly polarised [29] indicating that photon emission is
from electromagnetic processes such as magnetobremsstrahlung or curvature radiation (i.e.
radiation arising from the relativistic motion of charged particles along curved magnetic

field lines), rather than of nuclear origin.

In the case of the Crab pulsar, PSR0531421, a sharp line feature in the vicinity of 400 keV
and width <3 keV was reported by Leventhal [82] with other observations by Yoshimori [165]
and Ayre [7] apparently confirming it as a true feature. The fact that an observation
by Ling [86] failed to detect this line may mean that the emission is variable. Leventhal
interprets the line as possible gravitational redshift of the 511 keV positron annihilation line
produced near the surface of the neutron star with a redshift of 0.28. Future observations
of the Crab pulsar should confirm the existence of the line, whilst failure to observe lines
with a high sensitivity instrument may indicate variability in line emission over a period of

years.

1.4.4 X ray Binaries

At present there are about 100 X ray binaries known to emit in the energy range up to 25
keV in the Galaxy, and the Large Magellanic Cloud. The current study of X ray binaries is

mainly concerned with binary pulsators and black hole candidates.

The binary pulsators are systems containing a rotating magnetised neutron star accreting
from a binary companion. A striking feature of the emission from several of these systems

is the appearance of pulsed cyclotron line features. For example such a feature was seen by
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the MPI/AIT group {149] when carrying out a balloon observation of Hercules X-1 in 1976.
A line was observed at 5845 keV with an estimated width of <12 keV, though the spectral
resolution of the experiment was poor. The MPI/AIT group interpreted this line feature as
a cyclotron emission line from the high magnetic fields (~10'? gauss) near the pole of the
neutron star. In 1980 a fine resolution measurement was made of Hercules X-1 [150] and the
existence of a line at 39 keV was reported. The authors concluded that the two observations

are directly comparable after data analysis procedures are considered.

Three binary X ray sources display jets at various wavelengths. These are Sco X-1, Cyg
X-3 and SS433 [105]. SS433 has been shown to produce intense optical emission lines which
display periodically varying redshifts and blueshifts with full amplitude of approximately
80,000 km s~!. This varying optical emission has been explained as being due to two
diametrically opposing relativistic jets travelling at 0.26¢ which precess on a cone of 20°
half angle and 164 day period [1]. The X ray emission from SS433 has been studied by
Watson [155] using data obtained by the Einstein Observatory imaging detectors. The
results showed two bright diffuse lobes of X ray emission symmetrically displaced on either
side of the centre of the object up to an angular distance of ~40 arcminutes, as shown in
fig. 1.8. SS433 has been associated with the supernova remnant W50 [14], and it seems
likely that the X ray emission from the lobes arises from the interaction of the particles
of the jets of SS433 with the particle cloud of W50. This is also apparent from radio
maps of W50 from Downes et al. [41], where the radio “shell” is seen to be elongated at
the exact positions of the X ray lobes. The nature of the emission has been discussed by
Watson, and although the observed spectra were consistent with both thermal and power
law emission, the thermal emission model is preferred since the pressure within the lobes in
the synchrotron interpretation seems too small to produce the observed penetration in the
SNR shell. Gamma ray lines have been reported from $$433 [79] at about 1.5 and 1.2 MeV,
but their existence has not been confirmed [90]. Lamb [79] interprets the lines in terms of
the above kinematic model as blue- and red-shifted components of the 1.369 MeV line from

a nuclear transition of ?Mg.

The three X ray binaries which are currently considered to be excellent black hole candidates
are Cyg X-1, LMC X-3 and A0620-00. Of the three only Cyg X-1 has been detected in hard
X rays (>300 keV) [103], a region in which the emission shows a significant excess. This is
shown in fig. 1.9 where theoretical single temperature and two temperature models appear

to fit the data well below 200 keV, but fall significantly short above 200 keV. Observations
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by the HEAO-3 experiment in 1979 and 1980 in the range 50 keV - 10 MeV showed a time
varying spectrum [87]. Over a period from September 1979 to May 1980 the 100 keV flux
increased and the MeV flux disappeared while the overall spectrum softened, pivoting at
around 400 keV. This is shown in fig. 1.10 where the solid line is the best fit for the earliest
observation, the dashed line is the best fit line for the second observation and the dashed-
dot line is for the third observation. Two possible reasons for the MeV component in the
first observation may be inverse Compton scattering of copious soft photons by relativis-
tic electrons, or from blueshifted positron annihilation radiation produced in a relativistic

electron-positron plasma.

1.4.5 The “Missing Link”

The discovery of the eclipsing millisecond pulsar PSR1957+20 by the Colombia group using
the Arecibo radio telescope [53] may identify the “missing link” in pulsar evolution, and
connect radio pulsars with low mass X ray binaries. The size of the eclipsing region of the
companion star combined with the size of its orbit around the central pulsar led to an appar-
ent paradox, since these dimensions should mean that the companion star is disintegrated
by the tidal field of the pulsar. The resolution of this problem was postulated before the
discovery of PSR1957+20, by Ruderman [123,124]. The suggestion is that energy released
by the gradual spin down of a millisecond pulsar is transferred to the companion in the form
of MeV photons, which gives rise to a strong wind from the companion. This wind blocks
the radio emission from the pulsar up to a distance many times the radius of the companion,
enabling the companion in this case to be compact enough not to be tidally disrupted. The

blocking of the pulsar radio emission by the wind causes the observed eclipses.

It is thought that within 10% years the companion will be completely evaporated, the pulsar

spin down will not be significant, and what will remain is an isolated millisecond pulsar.

1.4.6 Geminga-Like Objects

The gamma ray source Geminga discovered by the SAS-2 satellite [48] and confirmed and
studied in greater detail by COS-B [145] represents a special case amongst gamma ray
objects. It is the second brightest source in the sky after the Vela pulsar, and the one which

has the smallest COS-B error box, with a radius of approximately 0.4°. As such it has
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attracted many searches for counterparts at other wavelengths, and an identification has
recently been proposed which links it with a peculiar X ray source 1E0630+178 following
work done by Bignami et al. [18] using Einstein data. A series of searches for an optical
counterpart includes a blue optical identification by Halpern and Tytler [64] and observations
using the European Southern Observatory by Bignami et al. [21], who’s results agree well
with those of Halpern and Tytler but it is apparent that their three datapoints (for B,V
and R filters) cannot be fitted to either a blackbody or a nonthermal spectrum, fig. 1.11. It
is speculated in [21] that the optical emission could be a proton cyclotron line feature. The
value of Lx /Loy is very large, ~ 3,000, which combined with the distance to the object
points to a very underluminous optical counterpart, typically a neutron star. This would
also explain the 59 second periodicity in the soft X ray emission which was reported by

Bignami [19].

Radio observations by Sieber and Schlickeiser (137] using the MPI fiir Radioastronomie 100
m telescope failed to detect a counterpart at frequencies ranging from 1,666 to 10,700 MHz,

and so the implication is that Geminga is a neutron star in the non pulsar phase.

The fact that there are of the order of 10° undetected neutron stars in the Galactic interstellar
medium means that it is likely that many more “Geminga-like” objects exist. Future high
sensitivity gamma ray astronomy experiments should provide answers to the fundamental

questions of pulsar evolution.

1.4.7 Supernovae

The study of supernova remnants and supernova explosions is of fundamental importance
in astrophysics as a test of the theories of explosive nucleosynthesis of the elements. Of
particular importance in this context are gamma ray observations, where gamma ray line
emissions provide a direct means of determining the quantity of a specific isotope generated
in a supernova explosion. Furthermore the shapes of the gamma ray line profiles provide
information about the expansion velocity of the inner ejecta, whilst relative line intensi-
ties relate to the physical environment, for example density distributions, at the time of

production.

It was proposed by Clayton [33] that the exponential light curves of type I supernovae are
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powered by the delayed energy injection resulting from the 36Ni - 56Co - 56Fe decay chain:

¥Ni+e” — %Co
56Co - B%0Fe et + 7.

The %°Ni decay has a half life of 6.1 days whilst the 56Co decay, with its principal lines at
0.847 MeV (100%) and 1.238 MeV (68%), has a 77 day half life. However, the gamma rays,
which are generated near to the centre of the star, will not penetrate the envelope until the
ejecta is sufficiently transparent. This, coupled with the relatively short half lives of the
lines, means that the observed line flux will be low. Woosley et al. [162] have estimated that

the peak 0.847 MeV line flux from a type I supernova at a distance d Mpc will be
Fo.847 = 107%(d/10)~? photons ecm~2 s—! (1.21)

which means that the best sensitivity currently possible restricts 0.847 MeV line detection
to galaxies at d 220 Mpc. Nevertheless, this distance still encompasses the Virgo cluster

where type I supernovae are estimated to occur at least three times per vear [161].

A longer lived decay chain which in the future gives better prospects of nucleosynthesis line
observation within the Galaxy is the 14Ti - 44Sc - 44Ca chain with a half life of 48 years.
The excited state of **Sc, produced from the decaying #1Ti, cascades to its ground state
emitting lines at 78 and 68 keV. The 44Sc subsequently decays into the 1.156 MeV state
of #*Ca (with 3.9 hour half life). Ramaty and Lingenfelter [119] have calculated the 1.156

MeV flux from a 50 year old supernova remnant at a distance of 10 kpc as
F1.156 = 104 photons em=2 s-1 (1.22)

and they predict that this line should be clearly seen by the Oriented Scintillation Spec-

trometer Experiment (OSSE) on board the Gamma Ray Observatory (see section 2.3.1).

SN1987A

An exciting astrophysical event which occurred in 1987 was the observation of a supernova
explosion in the Large Magellanic Cloud leaving the now famous object SN1987A. The
occurrence of SN1987A provided the first opportunity to study the hard X ray and gamma
ray emission from a type II supernova. The first concrete proof of the synthesis of the
elements in supernovae came with the detection of gamma ray line emission by Matz et al.

who used data from the Gamma Ray Spectrometer on NASA’s Solar Maximum Mission [96].
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Matz reported observations of a significant (> 50) net line flux at 0.847 MeV, along with
evidence for a line at 1.238 MeV, see fig. 1.12. These are the two main lines from the
decay of 56Co, thus confirming the predictions of Clayton [33], amongst others. However
the lines appeared approximately six months earlier than expected, a phenomenon which
was explained by Pinto and Woosley [111] as being due to 36Co mixing. Previous models
assumed that there was no mixing in the supernova, but the observed light curve with its
early appearance of gamma rays implies that some >6Co lies at a smaller column depth than
earlier assumed. However the 56Co must have been made from 56Ni in the bottom most
layers ejected by the supernova, and so mixing of 8Co with the outer helium envelope must

have occurred during expansion.

As SN1987A ages its spectrum is observed to change as shown in fig. 1.13. Fig. 1.13 shows
the spectrum around the 0.847 MeV line at three different times. As the supernova ages the
lines become narrower and redder as radiation from deeper material having lower velocity

is able to escape due to the increasing transparency of the expanding envelope.

The first gamma ray imaging observations of SN1987A by Cook et al. confirmed that the
bulk of the gamma ray emission comes from the supernova and not from any other object

in the Large Magellanic Cloud [37] (see fig. 2.12).

1.4.8 Novae

Novae are accretion binary systems in which a dense white dwarf accretes hydrogen from a
cool companion. The hydrogen starts to burn, but since the white dwarf is degenerate the
increase in temperature does not change the pressure but instead yields a large increase in
burning. Therefore the nuclear reactions run out of control and a nova explosion results.
This thermonuclear “runaway” is expected to create significant amounts of 22Na and 26A1
which emit gamma ray lines at 1.275 MeV and 1.809 MeV respectively. The half lives of
these isotopes is 4 years for ??Na and 10° years for 26A1 and so the mean time between
successive Galactic novae of approximately 10 days means that many novae will contribute
to the observable line fluxes. The ?6Al gamma rays appear as a diffuse Galactic emission
(as discussed in section 1.4.2) whereas the ?Na emission will be dominated by ~ 100 recent

novae and hence will appear less diffuse.

Lack of knowledge about the physical conditions inside white dwarfs give uncertainties in
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the expected novae ??Na emission, but large variations are expected since production is
dependant on the extent of mixing within the white dwarf. Future sensitive gamma ray
instruments such as GRASP should be able to search for short lived isotopes since nova
explosions become transparent to gamma rays within about a day. This should offer detailed

insight into the mechanisms and environment of nova explosions and nova nucleosynthesis.

Also production of "Li is thought to occur in novae as a result of hydrogen burning sequences
at about 1.5x 108 K. 7Li is formed by electron capture of "Be emitting a line at 0.478 MeV,

the "Be being formed via reactions of 3He with “He.

1.4.9 Hydrostatic Nucleosynthesis Gamma Ray Lines

Apart from supernovae and novae nucleosynthesis can also occur in a non explosive manner.
For example 26Al production (1.809 MeV) by Wolf-Ravet stars has been proposed by Prant-
zos and Cassé [113]. In the most favourable case, they calculate a possible total mass of
?6A1 due to WR stars of 2.2Mp, and postulate that this could account for the total amount
of 28A1 in the Galaxy. However according to current evaluations the proposed sites cannot
account for the total of about 3Mg implied by the observations [58] and higher resolution

observations are required to resolve this problem.

Another gamma ray emitting radioactive isotope which is expected to be formed by nu-
cleosynthesis in stars is ®°Fe. ®OFe is produced by slow neutron capture during central or
shell He burning in massive stars and WR stars. Because %0Fe production in WR stars is
4-5 orders of magnitude lower than that of 26Al, then its 58.6 keV line is undetectable by
present gamma ray instruments. This is borne out in the results of a search for the °Fe line
by Mahoney et al. [93] using the HEAO-3 gamma ray spectroscopy experiment. The search

failed to detect any such emission.

1.4.10 Gamma Ray Bursts

Since the initial discovery of gamma ray bursts [76] the body of evidence on the spectral
behaviour of these events has steadily grown. In their early history, gamma ray burst
measurements came mostly from instruments designed for other purposes and were detected

serendipitously. The first measurements of gamma ray burst spectra were carried out by
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Cline and Desai [34] and have since been measured on a number of occasions by different
instruments. Mazets used the burst detector Konus on board the Soviet Venera 11 and
Venera 12 space probes to measure the spectrum of a burst which occurred on 22 June

1975 [98].

Gamma ray burst spectra are known to contain line features, and this can be seen in the
Konus results in fig. 1.14 where both an absorption feature and an emission feature are
evident. The absorption line is located at ~50-70 keV and is probably a cyclotron line
feature, whilst the emission line located at ~400 keV is possibly redshifted electron-positron

annihilation. Both of these phenomena are associated with dense neutron stars.

The Burst and Transient Source Experiment (BATSE) on board the Gamma Ray Observa-
tory is expected to continuously monitor the whole unocculted region of the sky for any burst
phenomena and may help to solve the problem of the exact origin of gamma ray bursts [51]

(see section 2.3.1).

1.5 Extragalactic Gamma Ray Astronomy

1.5.1 Active Galaxies

To date only a small number of active galactic nuclei (AGN) of different classes have been
detected at X and gamma ray wavelengths. The data so far obtained on AGNs exhibit a
number of similar characteristics, the most important of which for the gamma ray astronomer
being that the power output for all these objects appears to peak in the gamma ray spectral
region. This can be seen in fig. 1.15 where the spectra of some AGNs are shown [12]. This
property combined with the extreme penetrating power of gamma ray photons makes them
ideal for the study of the physical environment at the AGN nucleus. The measured gamma
ray variability is of the order of approximately 6 months indicating that the emission is from

a relatively compact region intimately related to the central power house.

Another feature of AGNs is that there appears to be a break in the spectrum at a few
MeV [17]. This is possibly due to high energy gamma rays suffering an absorption en route
by pair production, in photon-photon collisions with lower energy (X ray) photons present

in intergalactic and interstellar space, or within the sources themselves [71]. This can occur
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for two photons of energy Ey, E, provided that

ExE, > Amee’)?
1~ cosax

(1.23)

where o is the angle between the directions of motion of the two photons.

A few well known gamma ray emitting AGNs are now described.

The Seyfert Galaxies NGC4151 and MCG08-11-11

NGC4151 has been observed several times in the gamma ray region but at 1 MeV the results
prior to 1981 largely may only be represented by upper limits (see Dean and Ramsden [39]
for a review of observations). However, a gamma ray excess was measured by the MISO
telescope in the energy range 0.02 - 19 MeV. Assuming a distance to NGC4151 of 19 Mpc
(from redshift of 0.0032) gives a total luminosity in the range 0.5 - 5 MeV of 5x10%* erg
s=1 [11]. The spectrum is shown in fig. 1.16 along with previous measurements. Assuming
that the SAS-2 upper limits [17] and the MISO results are both valid then there must be a
break in the spectrum above 1 McV. In a previous MISO observation in 1977 the measured
flux was higher, and Bassani and Dean conclude that the gamma ray flux may be variable
with a timescale of less than 6 months [12]. Variability of NGC4151 has also been observed
at other wavelengths, including repeated X ray flaring reported by Lawrence from Ariel V

data, possibly due to accretion of matter onto a compact object [80].

More recent observations of NGC4151 were carried out by the HEAO-1 experiment [9]. The
best fit model for the results is a power law spectrum with an index o =1.6+0.1 in the 2
keV - 2 MeV spectral range. The same authors also plot the 100 keV flux versus the power
law spectral index « for a number of previous observations of NGC4151, see fig. 1.17. A
weak correlation was found but the small number of datapoints warrants caution in drawing

any definite conclusions about the hardening of the spectrum at increased luminosity.

The galaxy MCG08-11-11 was the first Seyfert galaxy to be discovered by means of its X
ray emission [154]. The galaxy was found inside the 0.093 square degrees error box of the X
ray source 2A0551+466 from the Ariel V catalogue of X ray sources [38] and its redshift of
0.0205 measured by Ward [154] places it at a distance of 123 Mpec. Ward also measured an X
ray flux variability on a timescale of less than a month, further demonstrated by the presence
of a compact radio source of 3 arcseconds angular diameter. A gamma ray measurement

by Perotti et al. [109] using the MISO telescope exhibits spectral characteristics of those
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observed from NGC4151, with a break in the power law spectrum somewhere between 2 and

4 MeV, as shown in fig. 1.18.

Centaurus A (NGC5128)

Centaurus A is one of the brightest radio sources and is the nearest active galaxy at a distance
of approximately 5 Mpc. It was one of the first extragalactic objects to be identified as an
X ray source. An early spectral gamma ray measurement by the Rice University balloon
experiment in 1974 yielded a power law spectrum in the range 0.033 - 12.25 MeV of index
a =1.9£0.1 [63]. The same observation also gave the first detection of gamma ray lines
from an extragalactic source, both 3.30 above the continuum, and at 1.6 MeV and 4.5 MeV.
Since the feature at 1.6 MeV is broad it was postulated by Hall [63] that this line is due
to either Doppler broadened de-excitation of 2°Ne (1.63 MeV), or from line multiplicity of
three de-excitations, namely 2*Mg* (1.37 MeV), 20Ne* (1.63 MeV), and 285i* (1.78 MeV).
Hall explains the 4.5 MeV line as probably a de-excitation of 12C* (4.43 MeV), since this is

the only abundant isotope which radiates near the observed line energy.

Further observations by the HEAO-1 instrument (2 keV - 2.3 MeV) and by the NASA
Goddard Space Flight Centre Low Energy Gamma Ray Spectrometer (LEGS, 70 keV - 8
MeV) also yielded spectral data. The HEAO-1 measurements [8] gave data which fitted a two
power law spectrum with a7 = 1.6040.03 and ay = 2.0+ 0.2 with a break at approximately
140 keV. Searches for line emission showed no significant excess above the continuum at
511 keV and 1.6 MeV. A six month interval between flux measurements showed a 50%
intensity variation but no significant variability occurred on timescales of about 10 days.
The NASA/GSFC LEGS data [54] fitted a power law with a = 1.59 + 0.30, but there was
no apparent spectral break nor any evidence of line emission, a significant decrease (a factor
of 8) below the Rice University 1974 results. The lack of observed 511 keV annihilation
radiation from Centaurus A limits the size of the emission region to be between 101! and

5% 1015 metres.

The most recent observation of Centaurus A was made by the balloon borne MPI Compton
telescope [153]. Above 700 keV the statistical significance of the source detection was 4.10
and the shape of the energy spectrum strongly suggests that the detected radiation is related
to Centaurus A. The spectrum extends well into the MeV range at least up to 8 MeV and

connects well to the previous power law spectral measurements as shown in fig. 1.19. If the

20









upper limits from SAS-2 and COS-B above 35 MeV and 50 MeV respectively were also valid
during the Compton telescope flight then the spectrum must break at around 10 MeV. No

line features were observed, thus giving a source radius lower limit of 2.5x10'? metres.

3C273

The quasar 3C273 has been studied and positively identified in all wavebands of the elec-
tromagnetic spectrum up to energies of 1 GeV. It is the brightest quasar as viewed from
the earth and one of the closest with a redshift Z =0.158. Like several other active galaxies

evidence for jets is apparent [52].

High energy gamma rays (50-500 MeV) from 3C273 were first reported in 1978 by Swanen-
burg [144] using COS-B data, and in the following year Primini published results of the first
hard X ray detection in the range 13 - 180 keV using data from the A4 detectors on board
HEAO-1 [114]. The X ray spectrum is well described, one observation example being given
by Worrall et al. [163], see fig. 1.20. The soft X ray emission is well fitted by a power law
photon index of 1.5 which shows a tendency to flatten to about 0.9 at photon energies of ~9
keV. Generally the hard X ray emission fits well to a power law of slope ~1.5, although the
AIT/MPI balloon experiment showed an enhancement in the luminosity of about a factor of
three greater than measurements made using the same instrument in 1978 [16]. In order for
the hard X ray measurements to be consistent with the COS-B results which fit a power law
of index 2.05, the maximum power output from the quasar must occur at photon energies

close to 1 MeV.

3C273 has been shown to be variable at all wavelengths from radio to hard X rays on
timescales ranging from less than one day to years. In particular the X ray emission has
been observed to vary by a factor of 2 within a timescale of half a day [95] indicating that
the X ray emission is derived from a compact zone (~103 m), possibly an accreting massive

black hole at the nucleus.

1.5.2 Normal Galaxies

In the near future gamma ray astronomy promises new means of examining normal galaxies

compared to the numerous previous observations at longer wavelengths. For the more distant
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galaxies the best hope of useful study lies in searching for those hosting a supernova, since
the rate of supernovae in our Galaxy is, on average, only two per century. The main priority
however, is study of the local group (<1 Mpc), and in particular M31 and the Large and
Small Magellanic Clouds (LMC, SMC). Although there are yet to be any definite results at
high energies on the diffuse radiation from the closest galaxies it is hoped that the Gamma
Ray Observatory [15], Gamma-1 [3] and GRASP will have the ability to detect the diffuse
gamma radiation from the closest galaxies and indicate the emission distribution. Such
measurements have the potential of revealing the presence of cosmic rays through their

interactions as well as their density and distribution within the galaxy.

Attempts to observe the local group galaxies have been carried out by SAS-2 [48] and COS-
B [112] but no emission from any galaxy was obtained and so only upper limits were available.
These results are not surprising in the light of calculations by Ozel and Fichtel [107] who
used theoretical cosmic ray distributions and magnetic field strengths to conclude that the

expected fluxes (E >100MeV) were below the SAS-2 and COS-B upper limits, see fig. 1.21.

Stellar and interstellar processes should be occurring in M31 and in the Magellanic clouds
producing diffuse gamma ray emission from both the 1.806 MeV 26A] line as well as contin-
uum processes resulting from the interactions of cosmic rays with the interstellar medium
as in our own Galaxy. The 26A] luminosity of our Galaxy is about 2x1037 erg s=1 from
the centre [152], which implies a flux from the LMC of 2x10~5 photons cm™2 s~1, which
should be clearly visible by GRASP and therefore giving clues on stellar nucleosynthesis in
this galaxy. Also of interest in the LMC is, of course, SN1987A discussed in section 1.4.7,
as well as the black hole candidate LMC X-3 and a possible gamma ray burst supernova

remnant N49.

1.5.3 Cosmic Diffuse Radiation

The existence of an intense cosmic diffuse background emission (CDB) extending from pho-
ton energies of a few keV to more than 100 MeV has been evident since the period of the
earliest observations. A variety of theories has been postulated to explain the emission, rang-
ing from those which attribute it to truly diffuse mechanisms of particle interactions [142],
to those which consider the emission to be derived from a large number of unresolved point

sources [17].
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The spectrum of the CDB is shown in fig. 1.22 and it is apparent that some structure is
present. So far all experimental measurements show a “bump” in the spectrum at about 1
MeV [132,148]. This bump in the CDB spectrum is reminiscent of the MeV excesses shown
by all AGNs, as is evident in fig. 1.15. Therefore the preferred model for the origin of the
CDB is contribution from AGNs above 50 keV. This theory is given further weight by the
discovery of a break in the CDB spectrum at MeV energies by a number of experiments.
The scale of the AGN contribution is still unknown and more gamma ray observations of

AGNs are required in order to answer this question.

One possibility of determining the absolute flux of the CDB by future gamma ray astro-
nomical telescopes is to use the moon to occult parts of the field of view. The intrinsic
background experienced by all gamma ray instruments makes absolute CDB measurements
very difficult. However since the moon is opaque to gamma radiation, and is itself not
a significant gamma ray source, then an imaging instrument such as GRASP will show a
“negative source” or hole in the background when the moon is viewed, enabling the CDB
to be accurately measured. The sun may also be used for the same purpose as it too is not

a significant gamma ray source during flare minimum.

1.5.4 Clusters of Galaxies

A number of clusters of galaxies have been observed by hard X ray telescopes and a pattern
has emerged in which the spectral emission up to about 100 keV may be described by a two
component model, i.e. a thermal emission with kT ~few keV, and a power law extending
to higher energies. A good example of this is the Virgo cluster observed by the HEAO-1
gamma ray detectors [81], the spectrum of which is shown in fig. 1.23 from 0.2-100 keV.
The excess over the thermal emission above photon energies of about 8 keV is clear. Below
8 keV the best fit thermal bremsstrahlung model is for kT =2.05 keV (dashed line), and
above 8 keV the spectrum is of a power law type, of index o =2.4 (dashed-dot line). It is
thought that the hard X ray excess is due to one or more AGNs associated with the cluster.
Strong and Bignami reported a similar gamma ray excess in the COS-B data of the Perseus
cluster, and interpreted this component as possibly synchrotron self Compton emission from

the nucleus of an AGN in the cluster [143].

Observations of radio haloes in some clusters suggest the presence of intergalactic high

energy electrons and so some of the hard X ray flux is expected to arise from the inverse
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Compton process. Thercfore, future measurements of this flux will set a lower limit to the

intergalactic magnetic field strength inside a cluster.
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Chapter 2

Gamma Ray Astronomical

Telescopes.

2.1 Introduction

The earth’s atmosphere is a strong attenuator of high energy photons, and so any photons
from celestial gamma ray sources will not reach the earth’s surface. Gamma ray telescopes,
therefore, must be operated above the earth’s atmosphere. The very low photon fluxes de-
tectable from celestial gamma ray sources compared to the high background dictates that
gamma ray astronomy must be performed in an environment of extremely low signal to
noise. Therefore shielding from unwanted background and charged particle events is essen-
tial. To complicate matters further, the penetrating power of gamma rays rules out image
formation by conventional imaging techniques such as with mirrors and lenses, necessitating
that new techniques have to be developed. These problems have proven to be formidable

and consequently astronomy using gamma rays has lagged behind other wavelengths.

The first high energy photon telescope was an X ray detector carried on a sounding rocket.
However the use of sounding rockets for astronomy is limited due to the severe weight
restrictions imposed by this vehicle and the short observation time available (of the order of
afew minutes). Balloons and satellites offer much better prospects for gamma ray astronomy.

Stratospheric balloons are capable of lifting payloads of 2000 kg up to 40 km altitude (where
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X ray transmission is approximately 78% at 50 keV) and so payload weight is not a limiting
problem. Observation times however, are still short, typically 24 hours. The best chance
of performing high sensitivity X and gamma ray astronomy is undoubtedly by the use
of satellites, as they do not suffer from atmospheric absorption and serious observation
time restrictions. With the advent more powerful vehicles such as the space shuttle, larger
systems can be placed into orbit thus providing the possibility to perform astronomy with

more sophisticated and sensitive instrumentation.

2.2 Gamma Ray Telescopes, Past and Present

2.2.1 Non Position Sensitive Instruments

Most of the non position sensitive gamma ray telescopes that have been built are based
on one basic design. The gamma ray detector itself is a single crystal scintillator which is
surrounded by an anticoincidence shield in order to enable the rejection of events produced by
charged particles. A typical example is given by Peterson (110}, who describes an instrument
which was used to measure the gamma ray emission from the earth’s upper atmosphere
in the photon energy range 200 keV - 10 MeV. The gamma ray detector was a cylinder
of sodium iodide doped with thallium (NaI(Tl)), of 7.6 cm diameter by 7.6 cm length,
mounted vertically with a 3 inch photomultiplier tube (PMT) on the bottom face (fig. 2.1).
Apart from this face the Nal crystal was surrounded by a 2 em thick plastic anticoincidence
scintillator. The plastic was transparent to photons in the energy range of interest, and
so the Nal detected photons from all directions. The instrument made five balloon flights
between 1964 and 1966 with observation times ranging from approximately 6 to 14 hours,

collecting gamma ray flux data from the earth’s atmosphere through a range of altitudes.

A similar instrument, the Apollo Gamma Ray Spectrometer (AGRS), was flown on the
Apollo 15 and 16 spacecrafts in 1971 and 1972 respectively [65]. The AGRS was successfully
used to observe both the lunar surface composition from the gamma ray emission of the
upper 30 cm of material, and cosmic gamma radiation. The detector was again a cylinder of
Nal(T1) of 7 cm diameter by 7 cm length optically coupled to a PMT, and the remaining sides
surrounded by a passive stainless steel casing (fig. 2.2). The steel casing was surrounded by
a 0.8 cm thick plastic anticoincidence shield which, like Peterson’s atmospheric experiment,

was transparent to gamma rays, thus enabling the Nal to collect photons from all directions.

26






The AGRS mapped 22% of the lunar surface and obtained cosmic gamma ray flux data over
an energy range of 65 keV to 27.5 MeV. The results from the AGRS experiment [147] have
been used to evaluate the background counting rate on the Southampton University gamma

ray telescope Zebra [164] due to the cosmic diffuse background.

2.2.2 Compton Telescopes

In order to conduct any really useful gamma ray astronomy, telescopes capable of resolving
sources to within at least half a degree are essential. One method of gamma ray astronomical
imaging is by the use of Compton telescopes, which all use the same principle as explained
by Schonfelder et al. [130]. A schematic drawing of the Compton telescope is shown in fig.
2.3. An incoming photon undergoes a Compton collision inside the upper plastic scintillator
block, depositing energy in the form of visible light, the pulse height of which is measured by
a PMT. The scattered photon undergoes a second collision in the lower scintillator, which
is at a known fixed distance below the upper scintillator, and the energy deposited is again
measured. The interaction sequence is measured, and only events which satisfy the time
of flight requirements from upper to lower detectors are accepted. This enables rejection
of a large proportion of the background events produced by neutrons since their velocity
is much lower than the velocity of light, whilst charged particle events are rejected by an

anticoincidence scintillator shield placed between the detectors.

Let the incoming photon of energy E. arrive at an angle 8 to the zenith, and deposit energy
E; in the upper scintillator. If the scattered photon has an energy E., a scatter angle of ¢,

and deposits energy E/ in the lower scintillator, then the following equations hold:

E, = Eé + Ef, (2.1)
mee?  myc?
B T E,

where m, is the electron rest mass. The energy ! is determined by the pulse height of the

cosgp=1- (2.2)

upper detector. The scattered photon energy E’ can be only approximately determined by
the energy deposit E7 in the lower detector, which in turn implies an uncertainty in the
scatter angle ¢. As a first approximation assume that all of the scattered photon energy is
deposited in the lower detector, and so E! = E!. Using this and 2.1 gives a modification
of 2.2 where the scatter angle becomes @, an estimate of ¢:

2 2
- m.cC mec
cosp=1-— E;’ + i E (2.3)
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If both of the detectors are subdivided into arrays of discrete pixels, each pixel with its
own PMT, then the track of the scattered photon can be easily traced from upper to lower
detector and so 2.3 can be immediately translated into an expression for § to give an ap-

proximation to the source position angle,

The method of data interpretation and analysis is given in [133] for the Max Planck Institut
(MPI) balloon borne Compton telescope. In this instrument the upper detector was com-
posed of 16 cells of low Z liquid scintillator so that Compton scattering would readily take
place. 1.2 metres below this there was an array of 32 blocks of high Z (NalI(Tl)) scintillator,
chosen so that the scattered gamma ray would be totally absorbed. Both detectors were
completely surrounded by 8 mm thick plastic anticoincidence shields. A balloon flight has
yielded an image of the Galactic anticentre from 1-10 MeV energy range (fig. 2.4) [133]. The
MPT telescope forms the basis of the COMPTEL Compton telescope on board the Gamma

Ray Observatory mission, see section 2.3.1.

Lockwood [88] describes another Compton telescope which used scintillators as the upper
detector and a Nal crystal as the lower detector. It was launched on a balloon in 1978 to
measure the atmospheric and diffuse cosmic gamma ray flux in the energy range 400 keV -

7 MeV. Other Compton telescopes are described elsewhere in the literature [69,168].

2.2.3 Coded Aperture Instruments

The idea of using coded apertures to carry out imaging of celestial X and gamma ray sources
has led to great technical advances in telescope design and thus rapidly increasing interest
in high energy astrophysics. The first astronomical high energy coded aperture imaging
experiment of any real note was a solar observation in 1972 by Blake [22]. The aperture
used was a square 61 x 61 element random array with the transparent element positions
iteratively improved to minimise the system point spread function side lobes, and it was
placed in front of a photographic film detector. The instrument was launched on a rocket
and it made one observation of the sun, which after image reconstruction, showed structure
to within one arcminute resolution, which agreed well with the general shape and intensity

of the calcium K-line region from Hale Observatories.

More recent coded aperture telescopes have been more sophisticated, using uniformly redun-

dant arrays (URA) rather than random arrays, so that no inherent noise is present in the
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deconvolution. The Directional Gamma Ray Telescope (DGT) designed at the University of
New Hampshire used such an array. The DGT is shown schematically in fig. 2.5 [42]. The
aperture used was a conventional 2 x 2 mosaic of a 5 x 7 twin prime URA, each element
being 5.6 x 5.6 cm and thickness 1.9 cm, positioned 84 ¢cm above the detector plane, giving
an angular resolution of 3.8° and a fully coded field of view of 15° x 33°. The detector
plane consisted of 35 BGO detectors, each being cylinders of 5.1 ¢cm diameter and 2.0 cm
long, with the whole plane being actively shielded from the sides and from below by 10 cm
of Nal(Tl). The main results obtained from the DGT are of the Crab nebula, as shown in

fig. 2.6, and the Cygnus region [99,106], and the Seyfert Galaxy NGC4151 (108].

The Birmingham University coded aperture X ray telescope (XRT) was flown on the Spacelab-
2 Shuttle mission in 1985 lasting 8 days. The instrument itself [160] consisted of a pair of
telescopes (fig. 2.7) both based on Hadamard URA patterns. The two apertures were placed
approximately 3 metres from the detectors, one based on a 31 x 33 pseudo noise (PN) se-
quence giving a 12 arcminute angular resolution, and the other based on a 127 x 129 twin
prime array giving a 3 arcminute angular resolution. The detectors used were gas propor-
tional counters, able to detect an X ray photon event to within 0.8 mm position resolution.
The fully coded field of view was 6.4° x 6.4° and the operational energy range was 2.5 - 30
keV. During the mission, observations were successfully made of some clusters of galaxies,
the Vela supernova remnant and the Galactic centre region. To date most of the results
are preliminary with observations of, for example, the Perseus cluster of galaxies (fig. 2.8),
and the Galactic centre [139]. However, a more detailed analysis of the Galactic centre data
has been presented by Skinner et al. [138], identifying at least three previously unreported

sources as well as some known ones, see fig. 2.9,

The first gamma ray telescope to make use of a hexagonal uniformly redundant array
(HURA) coded aperture was the Gamma Ray Imaging Payload (GRIP) designed at the
California Institute of Technology. The detector [36] was a 41 ¢cm diameter Nal Anger
camera viewed by 19 PMTs shielded by a plastic scintillator approximately 16 cm thick and
having an energy range of 30 keV to 5 MeV. It was situated 2.5 metres below a HURA coded
aperture of basic pattern 127 elements [4]. The aperture elements were made of lead, and
were hexagonal of dimension 2.5 em flat to flat and 2 cm thick giving a geometric angular
resolution of 0.6°. The aperture was able to rotate with respect to the detector, enabling
source ambiguities to be removed, and thus allowing extension of the field of view up to

20° by repeating the aperture pattern to give that shown in fig. 2.10. The true source is
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Fig. 2.8. The Perseus cluster of galazies in the range 2.5-25 ke V (from Skinner et al. [139]).
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Fig. 2.9. Contour plot of the Galactic centre region in the range 2.5-25 ke V' (from Skinner
et al. [158]).



Fig. 2.10. Coded aperture used on the GRIP telescope (from Althouse et al. [4]).



easily seen by aperture rotation, as shown in fig. 2.11. The original image gives a series
of periodic peaks (a), but aperture rotation blurs the ambiguous peaks into a series of low
rings (b), which can be removed to give a clean deconvolved image (c). The first balloon
flight of GRIP was in 1986 for 28 hours [5], in which time both the Crab and Cygnus regions
were observed. A particularly interesting flight of GRIP took place in 1987 to observe the
supernova SN1987A. Spectral and imaging observations of the supernova were made and
results were reported by Cook et al. [37]. Fig. 2.12 shows an image of the SN1987A region
along with a large cross indicating its expected position. Spectral data gives evidence for

possible line emission due to 56Co decay at 847 keV and 1.238 MeV (fig. 2.13).

The Zebra telescope is a Southampton University gamma ray astronomy project in collab-
oration with the Milano Istituto di Fisica Cosmica, the Bologna Istituto TESRE, and the
Frascati Istituto Astrofisica Spaziale. It is a balloon borne instrument working in the energy
range 0.2 - 10 MeV, having a fully coded field of view of 7° x 9° and angular resolution
of approximately 1° [151]. In fig. 2.14 a schematic view of the Zebra arrangement for the
first flight is shown. The aperture is a standard 2 x 2 repetition of 2 9 x 7 URA generated
from a PN sequence, with one row and one column removed to avoid ambiguities. The
opaque elements are made from tungsten and have dimension 6.7 x 7.0 cm and are 2.0 cm
thick. The basic 9 x 7 pattern has dimension 60.3 x 49.0 cm, the same as that of the
useful area of the detector. 3.5 metres from the aperture lies the detection plane consisting
of an array of nine position sensitive NalI(Tl) scintillation bars, each of dimension 55 x 5.8
X 5 cm thick, and each optically isolated from its neighbours [23]. The surface of each bar
has been treated so that scintillation light produced by a photon interaction is attenuated
exponentially along the length of the bar. This allows the reconstruction of both the photon
interaction positions and their energy by measuring attenuated light with PMTs at each end
of the bar [30]. The position sensitive bars are actively shielded below and at the side by 13
similar, but non position sensitive, bars and from above by a 6 mm thick plastic scintillator,
as shown in fig. 2.15. The position resolution along the bars has typically a 1o value of 10

mm at 1 MeV.

2.3 Future Gamma Ray Astronomy Projects

To date, gamma ray astronomical observations have been mainly carried out by balloon and

limited satellite experiments. Nevertheless the results are very interesting, showing that
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Fig. 2.12. Images of the SN19874 region using GRIP. The large cross indicates the
ezpected position of SN1987TA (from Cook et al. [37]).
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Fig. 2.13. Energy spectrum of SN19874 measured by GRIP (from Cook et al, [37]).



Fig. 2.14. Schematic drawing of the Zebra telescope (from Villa et ol. [151]).

Fig. 2.15. The Zebra detection plane (from Villa et al. [151]).



a wide variety of galactic and extragalactic objects are gamma ray emitters. Much more
will be known in the near future when new and more advanced gamma ray telescopes are

launched. The main ones are now described.

2.3.1 The Gamma Ray Observatory

The Gamma Ray Observatory (GRO) is a NASA mission which is to be launched on the
space shuttle. It consists of a support platform and four instruments covering the energy
range 50 keV - 3 x 10* MeV [15]. The two year GRO mission is expected to increase the
number of detected gamma ray sources by one or two orders of magnitude. The objectives

of the mission include:

(i) A study of compact gamma ray sources such as neutron stars and black holes.
(ii) A search for evidence of the build up of heavy elements by nucleosynthesis.
(iii) To study the structural and dynamical features of the Galaxy.

(iv) To study other galaxies, such as radio galaxies, Seyferts and quasars.

(v) To measure the diffuse cosmic gamma ray background.

(vi) To observe gamma ray bursts.

The four experiments on board the GRO are now described.

The Oriented Scintillation Spectrometer Experiment (OSSE)

The OSSE consists of four identical phoswich detector systems, each one designed to operate
in the energy range 50 keV - 10 MeV [78] (for a description and an explanation of phoswich
detectors see Heath et al. [68]). Each detector hasa 5° x 11° FWHM rectangular field of view
provided by a conventional passive tungsten collimator (fig. 2.16). The primary element of
each detector is a 13 inch diameter by 4 inch thick cylinder of Nal(T1) scintillator, behind
which is a CsI(Na) crystal of 3 inch thickness in the form of a phoswich assembly. The
CsI(Na) scintillator is viewed by 7 PMTs, with the position of an event being measured by
the relative photon fluxes from each tube. The whole detector system is actively shielded by

a 2.75 inch thick Csl anticoincidence shield. The OSSE is designed to make comprehensive
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observations of astrophysical sources from 50 keV - 10 MeV as well as gamma ray and

neutron measurements from 10-150 MeV from solar flares.

The Imaging Compton Telescope (COMPTEL)

A sketch of COMPTEL is shown in fig. 2.17 with the principal dimensions indicated [134].
The instrument consists of two detector planes separated by a distance of 1.5 metres and
surrounded by a system of anticoincidence shields. The observation energy range will be
in the region of 1 - 30 MeV. The method of photon event selection is based on Compton
kinematics and is explained in section 2.2.2, as well as by Schénfelder et al. [130]. The
expected FWHM angular resolution is about 2° and the field of view will be approximately
1 steradian. The main objectives of COMPTEL are to study point sources, the diffuse

Galactic emission and broadened line emission.

The Energetic Gamma Ray Experiment Telescope (EGRET)

EGRET is designed to study sources at the top end of the GRO energy range from 20 -
3x10% MeV. The position resolution is of the order of 5 - 10 arcminutes depending on the
strength of the source [70]. The operating principle of the instrument is shown in fig. 2.18.
An incoming gamma ray enters the top of the telescope and interacts in one of the 27 thin
tantalum sheets interleaved between the closely spaced spark chamber modules producing
an electron - positron pair. The tracks of the electrons are followed by a 3 dimensional
reconstruction of the spark positions. Re-tracing of the trajectories gives the original incident
direction and position of interaction of the photon. Further information on the progress of
the electrons is measured by 6 more widely spaced spark chambers lower down. Charged
particle rejection is provided by active shielding using an anticoincidence dome surrounding
the spark chamber system. EGRET will study faint point sources, as well as some stronger

ones, and the Galactic diffuse emission will also be observed.

Burst and Transient Source Experiment (BATSE)

BATSE is designed to monitor continuously the entire non occulted sky for a wide variety

of gamma ray burst and other transient events. Burst event location is important in order
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that optical and radio counterparts can be found and studied. BATSE is expected to be a
key element of a future interplanetary network of detectors each detecting gamma ray bursts
and calculating the burst locations by triangulation methods. The telescope [51] is an all
sky monitoring experiment operating in the energy range 20 keV - 10 MeV, and it consists of
8 uncollimated detector modules positioned around the GRO spacecraft. One such module
is shown in fig. 2.19. A high detector sensitivity is provided for weak bursts by a 50.8
cm diameter x 1.3 cm thick flat scintillator crystal of NalI(Tl). A spectroscopy scintillation
detector is also included in each detector module, optimised to give better spectral resolution

of bursts over a wider energy range than the flat detector.

2.3.2 Gamma-1

Gamma-1 is a co-operative gamma ray project between numerous Soviet and French or-
ganisations, and the instrument is expected to be flown on a SOYUZ spacecraft in the late
1980s observing sources between 50 and 5,000 MeV. Fig. 2.20 schematically illustrates the
design of the Gamma-1 telescope [3]. The basic detector is a 50 x 50 cm twelve gap spark
chamber (MLSC) having gaps of 3 cm. Gamma ray events are selected on the basis that
the photon converts into an electron-positron pair in the spark chamber and the electron is
subsequently registered in the plastic upper and lower counters (UC and LC) and the gas
Cerenkov counter (GCC) which define the event selection telescope. Time of flight analysis,
accurate to approximately 2 ms, is used to reject slow protons or upward moving particles,
whilst charged particle events are rejected by a set of anticoincidence counters surrounding
the system (OD, ED and LD;). Below the GCC lies a two-gap spark chamber (ASC) to track
electron-positron pairs not visible in the upper chambers. Below the ASC is an ionisation
calorimeter (Cal) consisting of four identical sections, each section consisting of six 60x60
cm lead plates 0.2 cm thick with 0.5 cm thick scintillation plates between. This calorimeter
is designed to measure the energies in the range mentioned above from the electron-photon
cascades produced inside it. An optional tungsten coded aperture (designated SKAT; a
Russian acronym) is also included in the system which, on command, can be incorporated
with the detector. Gamma-1 is expected to study and identify COS-B sources, observing
them with a FWHM angular resolution of 1.2° without the aperture, and approximately 20

arcminutes with the aperture.
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2.3.3 SIGMA

The SIGMA experiment (Systeme d’Imagerie Gamma & Masque Aléatoire, i.e. random
aperture gamma ray imaging device) is another French-Soviet mission which, it is expected,
will be launched in 1989 on board the Soviet spacecraft GRANAT. The operational energy
range will be 30 keV - 2 MeV. The telescope design [94] is based on a standard coded aperture
system (fig. 2.21). The aperture to be used is rectangular of 49x 53 elements generated from
a basic 29x31 twin prime URA, with opaque elements being made of tungsten and having
dimensions 9.4x9.4 mm x1.5 cm thick. 2.5 metres below is a position sensitive high energy
photon detector based on the Anger camera principle. The Anger camera is a block of
Nal(Tl) of total area 825 cm? and 1.25 cm thick, and is viewed by 61 hexagonal PMTs
glued to the crystal. Intensities measured by each PMT are weighted to determine the event
position location to within 5 mm FWHM at 122 keV. The detector is surrounded by an active
Csl anticoincidence shield limiting the field of view to about 1 steradian, whilst a 5 mm thick
plastic scintillator, covering the field of view, rejects incoming charged particles. The angular
resolution of SIGMA is approximately 7 arcminutes FWHM. The main objectives of SIGMA
are to map accurately the distribution of the 511 keV electron-positron annihilation line first
discovered in the Galactic centre by the HEAO-3 telescope [120], and to study AGNs and

quasars by determining their overall luminosities and spectral features.
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Chapter 3

Coded Aperture Imaging.

3.1 Introduction

The penetrating nature of hard X rays and gamma rays (E > 10 keV) renders the imag-
ing of astronomical objects in these wavebands impossible by conventional means. Novel
techniques must therefore be employed if high resolution images of gamma ray sources are
to be obtained. Attempts to image hard X rays have been made using grazing incidence
mirrors [55] which, unfortunately, tend to have unfavourable aperture to mass ratio if used
on a satellite. In the past, collimators, which have low resolving power or poor imaging
properties, have provided the basis for instrument designs. However, in recent years, there
has been a new approach to the imaging of high energy photon sources by a process based
on the use of coded apertures. This technique is now generally accepted as the best method
to create images at high photon energies. Systems based on this principle have already been

used successfully in X ray astronomy [22,115,37,138], as well as medical diagnosis [122].

A single pinhole in an otherwise opaque material will cast a perfect, albeit inverted, image
of the object onto a position sensitive detector with good angular resolution. However, this
small effective aperture leads to a very low sensitivity. The coded aperture imaging technique
increases the sensitivity by replacing this simple pinhole by many pinholes. Thus the main
advantage of coded aperture imaging is the ability to maintain high angular resolution, such
as would be given by a single pinhole camera, whilst keeping a wide field of view and a

reasonably short observation time.
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3.2 Basic Theory

Image formation using a coded aperture is a two stage process which relies on the rectilinear
optics of photons. The first stage is to use an aperture consisting of elements having varying
degrees of photon opacity to cast a shadow of a self luminous source onto a position sensitive
photon detector. This is referred to as the source convolution. The second stage involves the
decoding of the shadowgram detector image, by computational means, to give an estimated
reconstruction of the original source distribution. This process is called the deconvolution.
As already mentioned, a single pinhole in an otherwise opaque material will simply project
an inverted image of the source distribution onto the detector and no decoding is necessary.
However, the low signal to noise ratios experienced in gamma ray astronomy makes such a
system impractical due to the very long observation times which would be required to create

an acceptable image.

The coded aperture imaging process is shown schematically in fig. 3.1 and is explained

below.

3.2.1 Convolution

If w, u;, and u are vectors in the object plane, aperture plane and detector plane respectively,

then the convolution equation is given by
P(u) = O(w) + A(uy) (3.1)
where P(u) is the detector image intensity distribution, O(w) is the source distribution,

A(uy) is the aperture transmission function and * is the correlation operator.

If the system is quantized so that the detector bin (or pixel) size is equal to the aperture

element size, then the following mathematical expression for the convolution is obtained

P(i,j) =YY Oz, )Ali — 2,5 — y). (3:2)
z oy

However, as pointed out by Fenimore and Cannon [46], all imaging systems suffer from an
inherent noise which is not modulated by the aperture. Therefore, equation 3.1 needs to be

modified by including a detector noise term N(u), giving

P(u) = O(w) * A(w) + N(w). (3.3)
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3.2.2 Deconvolution

The recorded detector shadowgram normally bears no resemblance to the original source
distribution, and a decoding procedure is therefore necessary. If G(u,) is the decoding
function, called the deconvolution function, then the reconstructed source distribution O(Q)
is given by

O(w) = P(u) * G(uy). (3.4)

Combining 3.3 and 3.4 gives
O(w) = O(w) * A(w) * G(w) + N(x) * G(u). (3.5)

Therefore, if the aperture A(w,;) and the deconvolution function G(u;) are chosen such
that A(uy) * G(u,) is a delta function, then the deconvolved image O(w) will be a perfect
reconstruction of the original source distribution O(w), except for the presence of the noise

term.

A(uy ) * G(1y,) 1s referred to as the system point spread function, (SPSF) and for a quantized

two dimensional system is given by
SPSF(i,5) = Y D A(z,y)G(i — z,j — v) (3.6)
r oy
and for a continuous system by

SPSF(i, j) = //A(r,y)G(i~ z,j — y)dzr dy. (3.7)

3.3 Historical Development of Coded Aperture Imag-

ing

The development of coded aperture imaging has been concerned with choosing suitable
functions for the aperture A, and deconvolution function G, to give the best approximation
of the SPSF to a delta function. Sidelobes produced by imperfect SPSFs can cause problems
by obliterating weak sources or even being mistaken for true sources. These problems are
particularly serious in the gamma ray astronomical environment, where source fluxes are

generally low compared to ever present background noise.
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3.3.1 Fresnel Zone Plate

The idea of imaging by the use of a coded aperture was first conceived by Mertz and
Young [102] who used a Fresnel zone plate (FZP) as the aperture. A FZP is characterised

by the aperture function

A(r) = cos(r?) (3.8)
where r = (22 + y?)1/2.
The motivation behind the use of the FZP as the aperture lies firstly in the fact that its

relative aperture (i.e. the ratio of transparent area to total area) is 0.5 giving optimum

source modulation, and secondly in its autocorrelation function R,(j), which is given by

1 L
R.(j) = I}ergof/Lcos(rz)cos(jw r)2dr
_ 1 ifj=0 (3.9)
0 ifj#0

(c.f. equation 3.7). i.e. R,(j) is a perfect delta function. However, the continuous nature
of such an aperture function, A(r), makes construction of the FZP very difficult. Therefore,

in practice, the FZP is approximated by using the binary aperture transmission function

1 ifcos(r?) >0

A(r) =
0 ifcos(r?) <0

This gives a system of concentric rings of alternating transparent and opaque material, where

the radius of the nth ring is equal to r;4/n, r; being the radius of the innermost ring.

Two problems arise with this aperture. The first is that in practice the FZP and detector
can only be of a finite size (i.e. L # oo). Correlating the recorded image with an “infinite”
deconvolution array will give a SPSF which has a spike corresponding to the source position,
surrounded by a system of “ripples” which are intrinsic to the system. The second is due to
the binary approximation which further degrades the deconvolved images. These problems
can be partly overcome by using large apertures having many rings (apertures with £ 20
opaque rings tend to give an undesirable image [28]) and FZPs have been used successfully

in medical imaging {122].
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3.3.2 Modulation Collimators

The idea of the modulation collimator was introduced by Oda [104]. The modulation colli-
mator consists of several grids of alternating transparent and opaque material positioned in
front of a detector which need not be position sensitive. Scanning the sky gives a detector
“light curve” which enables source position to be uniquely determined within a periodic
redundancy. The basic idea is shown in fig. 3.2. Fig. 3.2 (a) shows a two grid collimator
and the transmission as a function of source angle. The source could have originated from
every other sky pixel and so the redundancy is high. However, redundancy can be halved
by placing another similar grid between the first two (3.2 (b)) so that the distance between

adjacent windows is doubled. Redundancy can be further reduced by using more grids. (3.2

(¢))-

An alternative method of achieving modulation is by the use of the rotation modulation
collimator (RMC), first proposed by Mertz [101] and developed by Schnopper [129]. The
RMC consists of a normal two grid modulation collimator, which rather than scanning the
sky, the grid system is rotated. This means that any off axis source in the object plane will
give a time varying response that can be analysed to obtain the source position accurately

to within as close as ten seconds of arc.

3.3.3 Random Pinhole Arrays

The random pinhole array was first proposed by Dicke [40]. Here the single pinhole is
replaced by an array of pinholes randomly placed in an otherwise opaque material, giving
an aperture transmission over the entire aperture of approximately 50%. The motivation
for using many pinholes is to improve the signal to noise ratio (SNR) in the reconstructed
object by increasing the open aperture area, whilst maintaining the angular resolution of the
single pinhole. The discrete nature of such an aperture has the advantage that it is easier
to construct than the continuous FZP. Defining transparent aperture elements to be equal
to one and opaque aperture elements to be zero, the autocorrelation function of an infinite
random array consists of a spike with flat sidelobes. However, in practice only finite sized
arrays are possible, and so statistical fluctuations in the random numbers used cause the
sidelobes to be imperfect. Therefore, although overcoming the problems of the FZP “ripple

effect”, spurious peaks in the sidelobes are present. Such fluctuations can be reduced by
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using smaller pinholes, but the detector positional resolution ultimately puts a lower limit

to their size.

In Dicke’s original system, the aperture is the same size as the detector and so the autocor-
relation function is a spike on top of a pyramid, as shown in fig. 3.3 (a) for a one dimensional
system. The sidelobes can be made to have approximately a constant value by making the
aperture larger than the detector and restricting the field of view so as not to include any
deconvolved sky pixel for which the detector is not wholly correlated with the aperture. The
mean side lobe value in this case is approximately half of the height of the central spike,
but spurious peaks are present. An example for a 300 element one dimensional aperture is

given in fig. 3.3 (b).

Each source in the field of view produces sidelobes of intensity proportional to the source
flux, and therefore may completely obliterate weaker sources. Another method of image
reconstruction which considerably reduces the sidelobes was first proposed by Brown [25].
This method uses a cross correlation technique rather than the autocorrelation. Here, the

deconvolution array, G(z, j) used is defined by

GG,j) = 1 if A(j)=1

. (3.10)
G(i, 5) ~1 if A(,j)=0

i

This cross correlation is known as balanced correlation [46]. The advantage of using balanced
correlation is that the build up of of the side lobes is prevented, whilst the central spike
retains the height of that produced by autocorrelation. Balanced correlation profiles for one
dimensional 300 element apertures similar to those used to generate the profiles in fig. 3.3
are shown in fig. 3.4. The mean side lobe value is now approximately zero, but there are

still statistical fluctuations which are inherent to the random aperture used.
Nevertheless, the random pinhole array has found application in the field of X ray astron-

omy [22].

3.3.4 Uniformly Redundant Arrays

The height and position of spurious peaks in a random pinhole camera image depend on
the random number sequence used for the construction of the aperture. It was therefore

natural to wonder if there was a set of “random” numbers giving an array with a perfect
g g p
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delta function SPSF.

If the condition of having an infinite size aperture is relaxed, then there is a class of array
having perfect SPSFs with flat sidelobes. Such arrays are called uniformly redundant arrays
(URA), and were proposed for use in 1976 by Gunson and Polychronopulos [60], and have

since been extensively studied by Fenimore and Cannon [28,45] amongst others.

The reason that the sidelobes of a URA are flat can be seen if all the separations between
all possible pairs of holes is measured (out to some maximum). Each separation occurs a

uniform number of times and thus the separations are uniformly redundant.

A URA is a two dimensional representation of the one dimensional class of array known as
the (v, k, A) difference set. A thorough discussion of difference sets is given in chapter 4,
though their definition is as follows. A (v, k, ) difference set is a collection of % residues,
modulo v, such that for any non zero residue d, the congruence a; — a; = d(modv) has

exactly A solution pairs (a;, a;) with a;, a; belonging to the difference set.

The important property of difference sets in connection with coded aperture imaging is the
autocorrelation function R,(j) given in equation 4.16. It can be seen that R,(j) consists of
a spike of height k at j = 0( mod v) with flat sidelobes of height A at j # 0( mod v), as shown
in fig. 3.5. Therefore the autocorrelation function of the incidence vector (see section 4.2.2)
of a cyclically repeated (v, k, ) difference set is periodic. Thus, cyclically repeating a URA

aperture pattern also gives a periodic autocorrelation function for the imaging system.

Balanced correlation of the incidence vector gives sidelobes of value 2X — k which, as will
be shown in chapter 4, are equal to zero if the complement of this difference set is of the
Hadamard type, i.e. v = 4n— 1,k = 2n— 1,A = n — 1. Such difference sets are also
referred to as pseudo noise (PN) sequences. Thus, Hadamard difference sets give rise to
perfect periodic delta function SPSFs when using balanced correlation. Therefore, for the
small price of restricting the field of view to include just one period, perfect imaging can be

achieved with no source ambiguities.

Although Gunson and Polychronopulos first postulated the use of difference sets (and hence
URAs) for coded aperture imaging in X ray astronomy, a special type of URA was previously
considered for use in 1974 by Klemperer [77] in the field of baseline interferometry. Antenna
arrays, such as the Very Large Array in New Mexico, employ the earth’s rotation to acquire

information from a large number of spatial frequencies, or baselines, so that over a period
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of about twelve hours, a complete map of a source can be built. However, rapidly varying
sources cannot be mapped this way, and so Klemperer’s idea was to dispense with the earth’s
rotation synthesis and sample all spatial frequencies simultaneously in a non redundant array
(NRA). A NRA is simply a URA where each spatial frequency is sampled only once, out to
some maximum. In the context of coded aperture imaging therefore, if k is the number of
transparent elements, then for the difference set corresponding to the NRA, A =1 (i.e. a

planar difference set).

Although suitable for baseline interferometry the NRA has such a low transparency (the
largest of Klemperer’s has twenty four holes with a relative aperture transparency of only
4%) that the observation time required for a reasonable gamma ray image would be too

long.

Hadamard difference sets, and hence PN sequences, can be constructed by various methods.
In the case of an aperture consisting of square elements, the method of shift registers is
normally used [91,66], the construction details being given in section 4.3.1. Here, it is usually
convenient to choose a PN sequence of order v = 27 — 1 which is not a prime number, so
that the basic pattern can be mosaiced onto an ny x nj; rectangular detector where ny and
ny are relatively prime (i.e. they have no common factors) and v = nyn;. When mosaicing
the aperture from the PN sequence, all v elements of the sequence must appear inside each
subset of the aperture which has the same size and shape of the detector. This is most
conveniently achieved by placing the first PN sequence element into the (0,0) position of
the detector array, the second element into the (1,1) position, and so on until the detector
array is filled [164]. Thus, the ith element is placed in position (i — 1,7 — 1) mod (ny, ny) of
the detector. The aperture is now simply a cyclic repetition of this basic pattern, constructed
as large as possible so as to not contain the same basic n; x n, subset more than once; i.e.
of size (2ny — 1) x (2ny — 1). This will give a fully coded field of view of ny x n, sky pixels.
The Zebra telescope designed at Southampton University is mosaiced in this fashion from a
PN sequence of v = 63 elements, onto a basic pattern of 9 x 7 elements, and full aperture of

17 x 13 elements [151].

3.3.5 Hexagonal Uniformly Redundant Arrays

To date, most of the studies of coded aperture imaging with URAs has been focussed on

apertures based on square and rectangular lattices. Recently however, much attention has
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been given to a new class of URA pattern based on a hexagonal lattice, which have par-
ticularly desirable properties for gamma ray astronomical imaging. These apertures, along
with their imaging properties, have been studied by Cook et al. [35], and by Finger and
Prince [50], and are constructed from a special type of Hadamard difference set; the skew

Hadamard difference set.

Skew Hadamard difference sets are difference sets of order v that have the property that one
of the residues a or v — a, but not both, appears in the set for 1 < a < v — 1. This property
makes possible the construction of URAs which are antisymmetric upon a 180° rotation by

the following procedure given by Finger and Prince {50].

1. Choose a prime number v of the form v = 4n — 1. This is the order of the difference

set, and hence is determined by the number of pixels on the detector.

2. Construct the skew Hadamard difference set, D, of order v by taking the quadratic

residues modulo v as follows:

D= {12,2?,..., (v;1>2}(modv).

The proof that this is a skew Hadamard difference set is given in section 4.3.2.

3. Define the hexagonal lattice vectors eq and e, at 60° to each other, and choose an
integer r such that the aperture element centred at [iey, je;] (square brackets indicating

a hexagonal co-ordinate system) is given the label I, where

I =i+ rj(modv).

4. Give all the aperture elements having ! € D (I belonging to the set D) a value of zero

(i.e. opaque elements), and the rest a value of one (transparent elements).

The URA constructed is periodic with the shape of each period being the same as the unit

pattern of order v, which in turn is determined by the shape of the detector.

The fact that the URA is antisymmetric on 180° can be seen if one considers labels Iy
at 0° and ligo at 180°. Since Iy = ip + rjo(modv), then ligg = i180 + j1so = —(io +
Jo)(modv). Thus, l1go = —Ip(modv). However, by the definition of a skew Hadamard
difference set, if lo € D, then —lp = ligg € D, and vice-versa. Thus, skew Hadamard URAs

are antisymmetric upon a 180° rotation, except for the central cell and its repetitions. This
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property is particularly useful in gamma ray astronomical imaging. Systematic variations
in the detector background, which may be larger than the detected source fluxes, can be
effectively removed by taking two images at 180° aperture rotation intervals, and subtracting

one detector image from the other prior to deconvolution.

Although this is a desirable property, the very large density of material required to absorb
high energy photons means that the aperture will be very massive and so there may be
mechanical problems in trying to rotate such an aperture through 180° (for example, the
relatively small aperture used on the Zebra telescope has a mass of approximately 200 kg).
There is, however, a subset of the skew Hadamard URAs which partly overcome this problem
by requiring only a 60° rotation in order to become antisymmetric, depending on the value
of the multiplier r chosen. These are referred to as hezagonal uniformly redundant arrays

(HURA).

Consider the following. An aperture element has a label I at 0°. Assume that there is an
integer m such that on a 60° rotation the element has a label mi(modv), on 120° a label
m?l( mod v), and so on, as shown in fig. 3.6. As has already been pointed out, there is a 180°
antisymmetry, and so using the Legendre symbol (a/v) for quadratic residues (i.e. (a/v) =1
if a is a quadratic residue (modv), (a/v) = —1 if a is a quadratic nonresidue (modv), and
(a/v) = 0if v divides a, see section 4.3.2), then if | is a quadratic residue, m3! is a quadratic

nonresidue and vice-versa. Therefore
(m31/v) = —(1/v). (3.11)

However, in number theory, Fermat’s theorem (corollary 4.8) states that m?~! = 1(mod v)

for prime v. Therefore (m?)(*=1)/2 = 1(mod v) which, multiplying by 1(*=1/2 gives
(MmN (=112 = [(v=D/2(modv)
which, by Euler’s criterion for quadratic residues (theorem 4.9) gives
(m2l/v) = (1/v). (3.12)
Now, combining 3.11 and 3.12 gives

(m31)v) = —(m*1/v). (3.13)

Theorem 4.11 shows that the Legendre symbol is multiplicative, and so equation 3.13 be-

comes

(m?/v)(ml/v) = —(m?/v)(I/v)
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Fig. 3.6. Hezagons in a hezagonal array which, when rotated through 60°, have their labels

changed by a factor of m (modv).



giving

(ml/v) = —(1/v). (3.14)
Therefore if an element labelled ! has the label mi(modv) on 60° rotation, then the URA
will be antisymmetric on 60° rotation, since the Legendre symbols of I and ml will be of

opposite sign as given by 3.14. How can a value of m be calculated ?

The hexagonal co-ordinates [y, j;] of an element at 0° become [iy, j2] on a 60° rotation,

where
19 = -3
: - (3.15)
J2 = u+n
Therefore the label at 0° is
=14 + rji(modv) (3.16)
and at 60° becomes
ml = iy + rjy = riy + (r — 1)1 (modv). (3.17)
Combining 3.16 and 3.17 gives
ml = mi; 4+ mrj; = riy + (r - 1)j;(modv). (3.18)
Comparing coefficients in 3.18 for 7; and j; gives
m = r (modv)
mr = r—1 (modv)
giving
r? = r — 1(modv). (3.19)

Therefore, if the multiplier r is chosen such that 3.19 holds, then the URA will be anti-
symmetric upon 60° rotation as well as 180°, except for the central cell (I = 0) and its

repetitions, and will thus be a HURA.

HURASs are a subset of the skew Hadamard URAs, since not all values of v give a solution
for r in 3.19. In fact, since the basic unit pattern is of a hexagonal symmetry, it must have a
multiple of six elements in total plus the central element, i.e. v = 61+1 (integer t). Also, since
v = 4n—1, then HURASs exist for any prime of the form v = 1254 7. This leaves , as possible
orders for HURAs, the set of primes v = 7,19, 31, 43, 67, 79, 103, 127,139, 163,199, .... The

first few are shown in fig. 3.7.

HURASs have already found application in real gamma ray astronomy on the Gamma Ray

Imaging Payload (GRIP) [4] to observe, for example, the supernova SN1987A [37].

45



v="T9

r HURAs.

32

Fig. 3.7. Basic patterns of the first



3.4 Signal to Noise Ratio Considerations

After an image of an object has been reconstructed, it is necessary to quantify the image
quality by measuring the significance of the increase of the source above the background level.
Considering the whole object as an array of point sources, Fenimore [44] has presented an
analysis of the signal to noise ratio (SNR) for a general case of a coded aperture having a

flat side lobe SPSF.

Assuming that there is no systematic variation in the number of detector counts, there are
two main contributions to the background noise. The first is the detector background which
1s not modulated by the aperture, and the second is due to the source photons which do
undergo aperture modulation. As defined by Fenimore [44], the SNR at a point (4, j) in the
reconstructed object is

(2(21)’1]/)2 = (012 +f,)2(2“i)032)1/2 (3.20)

where O(i, j) is the reconstructed object (above the mean background level), and o2 is the

SNR(i, j) =

total variance in O(i, J). The total variance is a combination of three separate variance
factors: 12 is the variance of the contribution of O(i, j) (the object flux at (4, 7)) to O(i, §),
022 is the variance of the contribution of all other sources in the field of view to O(i, j), and

037 is the variance of the contribution of the background to O(3, j).

Defining the source flux and the detector background in terms of a single detector pixel, and

assuming a perfectly efficient detector and perfectly opaque closed aperture elements gives
(v~ k)Si;
[(v—k)Sij + (v = k) DD Sim + vD]}/?
i m

SNR(i, j) = (3.21)
Here, v is the total number of aperture elements in the unit pattern, k is the number of
opaque aperture elements per unit pattern, S;; is the source flux per detector pixel from the
source positioned at the (7, j) point of the object, and D is the average background counts

per detector pixel.

In the case of a single point source positioned at (i, j), the value of ZZS’"‘ is zero,

I m
since there is no contribution from any other source in the field of view. Moreover the total
counts, S, over the detector from the source is equal to (v — k)S;;, and the total counts, B,

from the background is vD. Therefore 3.21 becomes

S

(3.22)
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This is the expected SNR of a point source in the presence of non varying statistical back-

ground noise, and in the absence of systematic effects.
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Chapter 4

Difference Sets. Their
Properties and Construction

Methods.

4.1 Introduction

Following work done by Mertz [100], the early days of coded aperture imaging saw X and
gamma ray observations being carried out by using a Fresnel zone plate as the aperture,
However, the difficulty in building such a system, which requires an aperture of continuously
varying transmission function in order to obtain a perfect image, meant that this “ideal”
aperture had to be replaced by one having binary transmission values, constructed in such
a way as to give the best possible approximation. This, of course, gave images containing
inherent noise which takes the form of a “ripple” effect of concentric rings centred around the
peak. The random pinhole camera first suggested by Dicke [40] overcomes this ripple prob-
lem but suffers from spurious peaks in the autocorrelation function arising from statistical

fluctuations.

The low photon fluxes which are experienced in gamma ray astronomical observations require
an imaging system which minimises such inherent noise so that weak sources can be seen.

In 1976 Gunson and Polychronopulos [60] introduced the use of arrays having no inherent
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noise and hence perfect delta function autocorrelations which are now extensively used
in gamma ray imaging. These one dimensional arrays are called difference sets, and the
optimum difference sets to use are the Hadamard difference sets (which give rise to uniformly
redundant arrays) which maximise the height of the delta function peak with respect to the

height of the side lobes.

Difference sets arise naturally from combinatorial configurations known as block designs, and
in order to fully understand difference sets, a knowledge of the properties of block designs is
essential. Therefore section 4.2.1 is devoted to a discussion of block designs. Section 4.2.2
discusses the difference sets themselves, along with their properties, with a view to choosing
the configuration most suitable for gamma ray imaging (i.e. the Hadamard configuration).
For more information on the subject matter in section 4.2 see for example [127] chapters 8
and 9, and in particular [62] chapters 10 and 11. For the definitive work on difference sets

see [13].

Section 4.3 deals with the two main Hadamard difference set construction methods. In
section 4.3.1 the properties of shift register sequences are discussed, the proof that they
lead to Hadamard difference sets, and the difference set construction method. For a more

thorough discussion see also [66] and [57].

Finally in section 4.3.2 the quadratic residue construction method is given. Firstly the
essential number theory is briefly described and then the properties of quadratic residues
followed by the actual Hadamard difference set construction method. Quadratic residues

are discussed in many books on number theory, but particularly good are {2] and [75].

A third commonly used construction method is the so called “twin prime” construction
which gives Hadamard difference sets of order p(p + 2) where both p and p + 2 are prime.
Construction methods can be found in [59,31,24,27] and in particular [141].

49



4.2 Combinatorial Configurations

4.2.1 Block Designs

General Discussion

A problem which often appears in combinatorial mathematics is that of arranging objects
into a specified number of sets so that the ith object appears r; times in all the sets taken
together, the jth set contains k; objects, and so that groups of objects such as pairs and
triplets occur a specified number of times. Such an arrangement may be called an incidence
system. An example of such a system is called a balanced incomplete block design, also

sometimes referred to more briefly as a block design.

A balanced incomplete block design is an arrangement of v objects (a;), into b sets, called

blocks, (B;) such that:

(i) each block contains exactly k distinct objects
(ii) each object occurs in exactly » different blocks,

(ii1) any pair of distinct objects occurs together in exactly A different blocks.

(The term “incomplete” refers to the fact that not every combination of the v objects taken
k at a time is considered as a block of the design. However, a portion of these combinations
is “balanced” so far as comparisons between pairs of objects are concerned). Therefore a
balanced incomplete block design has five parameters, and as a result is sometimes also

referred to as a (b, v,r, k, A) configuration.

It is possible to count the total number of incidences (i.e. the number of occurrences of one
object in a block) in two different ways. One way is to see that there are v objects each
occurring in r blocks giving vr incidences, and the other is to see that there are b blocks,

each containing k objects giving bk incidences. It therefore follows that
bk = vr (4.1)

Another relationship between the parameters can be derived by counting the occurrences of

pairs containing a particular object, a;. The object a; occurs in r blocks, and in each of
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these is a pair with the (k — 1) remaining objects, whilst on the other hand a; is paired A

times with each of the remaining (v — 1) objects. Therefore

r(k = 1) = Mo — 1) (4.2)

Equations 4.1 and 4.2 are the two elementary relations on the five parameters of a balanced

incomplete block design.

A block design is described by its incidence matriz, A = (ai;), where i = 1,...,v and
j=1,...,b. Ifay,...,q, are the objects and By,..., B, are the blocks, then
a;; =1 if a; € B;
ai; =0 ifa; ¢ B;

(4.3)

Therefore, the columns of A are effectively the blocks of the design, B; . The basic properties
of the block design imply
wy A = kwy (4.4)

AAT = B = (r = N\, + )J, (4.5)

where w, and w; are the vectors of v and b 1’s respectively, I, is the v x v unit matrix
and J, is the v x v matrix of all 1’s. Equation 4.4 expresses the fact that each column of
A contains k 1’s and therefore that each block contains k objects. The element b;; of the
matrix B in equation 4.5 is the inner product of the ith row of 4 with the jth row of A.
Therefore b;; is the number of 1’s in the ith row of A, equal to r. But if j # ¢ then both
the ith and jth rows have a 1 in column ¢ if ¢; and a; both belong to B;. Therefore, an off

diagonal element b;; of B counts the occurrences of the pair a;, a;, and is therefore A.

The determinant of the matrix B can be easily calculated by using the property that adding
or subtracting any row to any other row or any column to any other column of a matrix
does not alter its determinant. Therefore, to calculate det B, subtract the first column of
B from all the others and then add rows 2,...,v to the first row. This gives a matrix with
r+ (v — 1)A as the first entry on the main diagonal with the rest being r — A, whilst all

entries above the main diagonal are zero. The determinant is now simple to evaluate:

det B = det (AAT) = (r — A)*'"Yuwd —~ A +7) (4.6)

There are two very important inequalities relating to the parameters of a block design. The

first can be easily derived from the trivial inequality that, for an incomplete design, k < v.
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Using this and equation 4.2 gives us the result
AT (4.7)

The second, also known as Fisher’s inequality, makes use of equation 4.6. We know that 4
is if size v x b. Now assume that b < v, and adjoin v — b columns of zeros to A to obtain a

square matrix 4~ of order v such that
A* AT = AAT = (r = NI, + \J,.

This is identical to equation 4.5 since, by matrix algebra, M AM T is invariant under addition

of columns of zeros to the matrix M. Therefore, by equation 4.6
det(A* A*T) = det(A*)det(A*T) =0 = (r — A)*"Y(vd = XA +7)

which, by equation 4.7, means that A = r/(1 — v) giving a negative value for A which is

impossible. Therefore, the assumption “b < v” is false, which gives us Fisher’s inequality:

b> v, and hence r > k (4.8)

Symmetric Block Designs

Fisher’s inequality gives a lower bound for the number of blocks needed to construct a block
design for a fixed number of objects. If this bound is achieved and b = v (and k = r)
then the block design is said to be symmetric, and is referred to as a symmetric balanced
incomplete block design, or as it is sometimes called, a (v, k, A) configuration. Therefore,

by 4.2, symmetric block designs satisfy
Ek—1)=Xv-1) (4.9)
and the incidence matrix is a v X v square matrix satisfying
AAT = B=(k =\, + )\, (4.10)
obtained by substituting for » = k into 4.5. Two other relations for A are given by
JoA = kJ, (4.11)
ATy = kJ, (4.12)

The first says that every column of A contains k 1’s, this being the number k of objects in

each block. The second says that every row of A contains k 1’s, this being the number r = k
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of blocks containing each object. Combining 4.6, 4.7 and 4.9 for r = k gives the result that
det(AAT) = det?A # 0. Thus, A4 is non singular and therefore possesses an inverse, A~1.
This enables us to prove the following very important result due to Ryser [126]. If 4.10 is

multiplied by 4~1 this gives

AT

il

(k= NA~1 424717,

i

(k= M)A~ 4+ Ak-17,

using 4.12. Therefore
ATA = (k= NI, + \k~1J,A

which, by 4.11 gives
AT A= AAT = (k= NI, + M, (4.13)

Therefore the incidence matrix of a symmetric block design is normal (i.e. it commutes with
its transpose under multiplication). This property asserts the very important consequences

that:

(1) any two distinct blocks of the design have exactly A elements in common.

(ii) A7 is also the incidence matrix of a symmetric block design.

An example of a symmetric block design and its incidence matrix is given in appendix A. In
the example in appendix A, A = 1 and such designs are known in the terminology as finite
projective planes, where the objects are usually referred to as “points” and the blocks as

“lines”, satisfying the three following axioms:

(i) two distinct points are contained in a unique line.
(i1) two distinct lines contain a unique common point.

(iii) each line contains at least three points.

For a more complete explanation of finite projective geometry see [62], chapter 12.

Existence Criteria for Symmetric Block Designs

The existence question for symmetric block designs is, at present, unsolved. That is, for

a given parameter set v, k, A, it is, in general, impossible to decide (short of an exhaus-
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tive search) whether a symmetric block design with these parameters exists. Nevertheless

significant progress has been made.

The obvious existence test is to see if these parameters satisfy equation 4.9. However there
are many parameter sets which do satisfy 4.9 but for which it is known that no symmetric
block design exists. Therefore more stringent conditions are required. To date the strongest
known conditions on the existence of symmetric block designs is the following theorem,

called the Bruck-Ryser-Chowla Theorem.

Theorem 4.1 (Bruck-Ryser-Chowla Theorem) If a symmetric block design ezists with

parameters v, k, A then, writingn = k — \:

1. If v is even, n is a square

2. If v is odd, then the Diophantine equation
22 =n2? 4+ (_.1)(11-1)/2/\112

has a solution in integers z,y, z not all zero.

This Theorem was first proven for finite projective planes (i.e. A = 1) in 1949 by Bruck
and Ryser [26]. The following year, the theorem in its full form for general A was proven by

Chowla and Ryser [32].
Condition 1 is proven by using equation 4.6 for r = k and a square matrix A. This gives
det (AAT) =det?A = (k= M)~ ' (Mo — 1) + k)
which, using 4.9 and writing n = k — X gives
det’A = k?nv-1,

Both sides of this equation are squares of an integer. Therefore, if v is even then n = k— A
must be a square proving condition 1. The proof of condition 2 is very complicated but can

be found in [32] or in [13], chapter 2 amongst others.

Although the Bruck-Ryser-Chowla theorem is only a necessary condition for the existence of

symrmetric design, it should be noted that there is no parameter set v, k, X which satisfies this
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theorem and equation 4.9 for which it is known that no symmetric design exists. Therefore
it is conceivable that the Bruck-Ryser-Chowla conditions are even sufficient for the existence

of the design but this has not been proved.

Cyclic Block Designs

A special type of symmetric block design which often occurs is a cyclic symmetric block
design. This is a block design where if block B; contains the objects {a;}, then block B;,,
contains the objects {a;4,}, where s is an integer representing a phase shift, and i + s is
taken modulo v. This kind of phase shifting can be thought of as a mapping of objects
and blocks and such a mapping is called an automorphism of the block design. That is, if
all subscripts i of objects and blocks are replaced by i 4+ s modulo v, then the objects and
blocks of the design are simply permuted in a cycle of length v, and the incidence matrix
A remains the same. The block design in appendix A is an example of a cyclic symmetric

block design.

4.2.2 Difference sets

Definition and Relationship with Block Designs

A set of k residues D : {ay,...,a;} modulo v is called a difference set if for every residue
d # 0(modv) there are exactly X solution pairs (a;,a;) with a;,a; € D such that

a; —a; = d(modv).
An example of a difference set is the following:

D = {1,2,4}(mod7)

where v = 7, and k = 3. If every difference a; — a;(mod7) is taken from this set, then it

will be found that each non zero difference modulo 7 occurs once only. Therefore A = 1.

Difference sets and block designs are very closely interlinked as is shown by the following

theorem:

Theorem 4.2 A set of k residues D : {ay,...,ar} modulo v is a difference set if and only
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if the sets By : {ay+1i,...,ar+1} modulov, i =0,...,v—1, are a cyclic symmetric balanced

incomplete block design.

Proof. Suppose that D : {ai,...,ar} is a difference set and that B; : {a1 +1,...,ar + i}
are sets of residues modulo v with 7 = 0,...,v — 1. Now, let r and s be residues such that
r—s8 = d # 0(mod v). Then, by the definition of a difference set, there are exactly ) ordered
pairs a;,a; € D such that

r—s=a; — a; = d(moduv).

Define t such that r = a; + ¢ and s = a; + t and so r and s both belong to B, where t is
determined by t = r — a; = s — a;(modv). Since there are A ordered pairs (a;, a;) for each
non zero difference, d, then, to keep r and s constant, there are A values of . Therefore
there are A sets B, which contain the pair r and s. Therefore The sets B; form a cyclic
symmetric balanced incomplete block design or a cyclic (v, k, A) configuration, since each

pair (r, s) occur in X sets.

Because difference sets appear in this way from cyclic (v, k, A} configurations, they are
sometimes called cyclic difference sets or (v, k, A) difference sets, and the example of a
difference set given above is, in fact, block B; of the cyclic symmetric block design in

appendix A, with (v, k, A) = (7,3,1).

An immediate consequence of theorem 4.2 is that the parameters of a (v, k, A) difference set

satisfy equation 4.9 for symmetric block designs.

General Discussion and Properties of Difference Sets

Consider the two following difference sets:
D :{1,2,4} modulo 7
D~ :{0,3,5,6} modulo?7.
The set D+ D* is, therefore, a complete set of residues modulo 7. The sets D and D* are said

to be complementary difference sets. In general if D is any difference set with parameters

v, k, A, then its complement, D*, is also a difference set with parameters v*, k*, A* satisfying

*

=
k= vk (4.14)
A= v-—2k4+ A
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(the third equation being derived from the first two and equation 4.9). Recalling also that
n = k — X it can be seen that both v and n are invariant under complementation. For
most purposes it is sufficient to consider only one of a pair of complementary difference
sets. This is frequently done by insisting that k be less than v/2 (equation 4.9 shows that
k = v/2 cannot occur since A could then never be an integer). Thus of the four difference set
parameters (v,k, A, n), v and n are the most fundamental. For this reason it is sometimes

useful to express k and ) in terms of them. Using 4.9:
kk* = k(v —k) =n(v~1)

but, since k = v/2 cannot occur, kk* is maximised when k = (v — 1)/2 and therefore
k™ = (v + 1)/2. Therefore in general:

b — (v-1)(v+1)
kk* =n(v-1) < 5 3

giving
v2>4n — 1.
An upper limit for v can be found from 4.9 by observing that, for the lowest possible A for

non trivial difference sets A = 1, we get v = n? + n + 1 and k = n — 1. Therefore:
n?4+n4+1>v>4n—1. (4.15)

Therefore, for a given n, equation 4.15 gives the lower and upper limits for v. The two
extreme cases, v = 4n — 1 and v = n? 4 n+ 1, correspond to difference sets of the Hadamard
type and to the difference sets associated with finite projective planes (where A = 1) respec-
tively. When v = 4n —1 the difference set is said to be a Hadamard difference set, and when

v = n? + n + 1 the term planar difference set is sometimes used.

The existence question for difference sets remains open, but by theorem 4.2, a difference
set may be regarded as a special type of symmetric block design, and consequently the
Bruck-Ryser-Chowla theorem (theorem 4.1) holds for difference sets. However, theorem 4.1
together with the independent condition of equation 4.9 are not sufficient to ensure the
existence of at least one (v, k, A) difference set. For example no (49,16,5) difference set

exists although these parameters satisfy both theorem 4.1 and equation 4.9.

Incidence Vector and Autocorrelation Functions

Each difference set D is associated with a binary (1, 0) sequence {a;} (i = 0,...,v—~1) given

by a; = 1 if i € D and a; = 0 otherwise. This binary sequence is called the characteristic
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function or the incidence vector of the difference set D. It is exactly equivalent to one

column (or block) of the cyclic block design from which D originates.

One of the most important properties of difference sets and their incidence vector is the

autocorrelation function R,(j):

v--1

R,(j) = Zaiai+j (7 + j taken modulo v). (4.16)
1=0

R,(j) can be easily evaluated by using equation 4.10 for symmetric block designs. Therefore

k if j = 0(modv)

Ra(j) = .
A ifj# O(modv)

(4.17)

Often D is represented by a binary (—1, 1) sequence {b;}, where b; = 2a; — 1 replacing zeros

by minus ones. The autocorrelation function R;(j) of this sequence is

vl v if j = 0(modv)
Ry(j) =) bibiy; = o . (4.18)
i=0 v—4n if j # 0(modv)

(i 4+ j taken modulo v). As can be seen these difference set autocorrelation functions are
two valued and hence have extensive applications in digital space communications [56], and

in coded aperture imaging.

A third possible correlation function, a cross correlation, can be achieved by correlating the
vectors {a;} and {b;} to give a correlation function R.(j) given by:

v-1

R.(j) = Za;b;H (i + j) taken modulo v) (4.19)
i=0

which has two values:

RG) k if j = 0(modv) (4.20)
) = . .
22—k if j £ 0(modv)

Since the detector flux incident on a photon detector in a coded aperture system cannot be
negative then the two correlations applicable to coded aperture imaging are equations 4.16
and 4.19. The important quantity to consider is the “peak minus the mean background”

(or the peak minus the plateau), P,, that is the quantity:
Py, = Ry(0) — Ry(5), j % 0(modv)
where R, is the correlation function of type g. Therefore by 4.17 and 4.20:

Po=Ra0)~Ry(j)=k~A=n (4.21)
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P.=R.(0) - R.(j) =k~ (2) ~ k) =2n. (4.22)
Therefore, since n is always positive the cross correlation R, gives a peak minus mean
background which is twice that of the straight forward autocorrelation R,, and a better
coded aperture deconvolved image is obtained. Also, since P, = 2n, then the best image is
achieved when n is a2 maximum for a given v (i.e. for a given detector size). However by the
inequality given in 4.15, n < (v+1)/4 and so n = {(v+1)/4 represents the maximum value of
n, and hence the best image. Therefore v = 4n — 1 and so the best kind of difference set to
use in coded aperture imaging is a Hadamard type. Substituting for n = (v + 1)/4 into 4.9
and noting that n = k — X gives, for a Hadamard difference set, k = (v 4= 1)/2, which for
k <v/2givesk = (v—1)/2. Applying this and maximising the coded aperture transparency
(to give the maximum flux incident on the detector) means that the residues which belong
to the difference set correspond to opaque aperture elements. Note that if the value of 1 is
taken for open aperture elements and 0 for closed aperture elements (i.e. the complement
of the difference set is taken) then the off-axis cross correlation R.(j) = 2A* — k*, is in fact
equal to zero in the case of a Hadamard difference set (as can be shown by 4.14 and 4.23
below). Therefore the cross correlation R.() is a perfect delta function with zero sidelobes

for Hadamard difference sets.

Hadamard Difference Sets

As already mentioned, difference sets of the form v = 4n — 1, where n = k — A is an
integer, are called Hadamard difference sets. Using this and equation 4.9 gives the following
difference set parameters:

v= 4n-1

k= 2n-1 =(v-1)/2 (4.23)

A= n-1 =(v-3)/4

and any difference set with these parameters for any n > 2 is a Hadamard difference set.

These difference sets have been extensively studied for several reasons, the main ones being
(1) their relative abundance, (ii) the fact that they represent the lower limit for v in equa-
tion 4.15 (and hence extreme value of X) and (iii) the minimal cross correlation function of

their incidence vectors, see above.

Any symmetric block design (not necessarily cyclic) with parameters (v, k, A) = (dn—1,2n—

1,n—1) is called a Hadamard design which, if the design is cyclic, gives rise to the Hadamard
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difference set, which is a block of the design. If the 0’s of the incidence matrix of this cyclic
design are replaced by —1’s then the resultant matrix is such that the inner product of any
two rows is —1, as can be seen by equation 4.18. Therefore by adding a row and column of
+1’s to this matrix, a new (v + 1) by (v+ 1) matrix H of +1’s and —1’s is constructed such
that

HHT = (v + DIy41. (4.24)
Any matrix which satisfies 4.24 is called a Hadamard matriz (since it achieves the upper
bound for the determinant as given by Hadamard's determinant theorem, i.e. abs. val.

det H = (4n)?" [157]) and the inner product of any two distinct rows is zero.

The known Hadamard difference sets can be classified according to the form of v. The three

most important ones are:

(a) v = 27 — 1, j > 2. Such sets correspond to pseudo noise sequences which are discussed

in section 4.3.1.

(b) v = 4n — 1 is prime. These difference sets can be constructed from quadratic residues

(section 4.3.2).

(¢) v = p(p+ 2) where p and p + 2 are twin primes.

Other types of Hadamard difference sets have been studied and can be found in the literature.

See for example [157,108,158,141] and [156].

A special type of Hadamard difference set is the skew Hadamard difference set. This is
a Hadamard difference set which contains one and only one of the residues a;,v ~ a; for
1 € a; £ v — 1. Therefore the incidence matrix 4 of the corresponding cyclic block design
obeys the following:

A+AT =7, -1, (4.25)
This “skew symmetry” of these sets is very important in coded aperture imaging. It enables

removal of systematic detector background by using a simple 180° rotation of the mask

pattern with respect to the detection plane [50].

Skew Hadamard difference sets can be constructed by the quadratic residue method, method
(b) above (see section 4.3.2 and [108]). Johnsen [72] has shown that this construction gives
the complete set of skew Hadamard difference sets, as well as proving many other of their

properties.
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In what follows the above difference set construction methods (a) and (b) are described.

4.3 Constructions of Hadamard Difference Sets

4.3.1 Shift Register Sequences

General Discussion

A shift register is an arrangement of r little boxes or “tubes” each containing a number,
with the contents of each tube moving to the next tube at regular intervals, or pulses. A
shift register sequence is the sequence of numbers appearing in any one of the r tubes. After
the first pulse the first tube will be empty, as eventually will all the other tubes after r
pulses, at which time the shift register sequence will stop. The shift register can be kept
going, however, by feeding the contents of some of the tubes back into the first tube. Such
an arrangement is called a feedback shift register. An example of a feedback shift register is
given in fig. 4.1, where the contents of each tube is cither a 0 (“off”) or a 1 (“on™) and the
contents of some of the tubes are fed through a mod2 adder and inserted back into the first
tube (addition mod2 is defined by 1+ 1=04+0=0,14+0=0+1 = 1). It can easily be
reasoned that such a binary shift register sequence is periodic, since each state of the shift
register is determined by its previous state. Therefore, any two states which are the same
will have identical following states and, since there are only a finite number of states for
an r tube shift register, then periodicity will be established. For an r tube shift register of
0’s and 1’s there are 2" possible states. However if the state “all 0’s” ever occurs then all
subsequent states will remain this way and the period, p will be equal to 1. Therefore, for
a “long” period shift register this “all 0’s” state cannot occur, which means that the period
p is given by

p<2 —1 (4.26)

Recurrence Relation

If we focus our attention on the first tube of the shift register and assume that its succession
of states is given by the binary (0, 1) sequence {a,} = {ao,a1,as,...}. The nth state of the

first tube, a,, is determined by the contents of some of the other tubes at the (n — 1)th
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Tube: 1st 2nd 3rd 4th 5th

mod?2

Fig. 4.1. An ezample of a § tube shift register. Each term is shifted one place to the right
in time with a clock pulse, with the new value of the first tube being the mod2 sum of the

contents of tubes 2, 8, and 5 at the preceeding state.



state, or alternatively by the contents of the first tube itself at some of the previous r states.
That is, a, is given by

Ay = CiQp-y +Colp.o0 + -+ Crlp_pr
or

-
a, = Zcian_,‘ (4.27)
i=]

where the coefficients ¢; are all 1’s and 0’s and are independent of n. Equation 4.27 is called
the linear recurrence relation of the shift register sequence. An example of a shift register

sequence and its recurrence relation is given later in fig. 4.2.

Generating Function and Characteristic Polynomial

Consider the shift register sequence {a,} = {ag,ai,az,...} which describes the succession
of states of the first tube. Then we may associate this sequence with its generating funciion

G(z), given by
[ee]
G(z) =Y anz". (4.28)
n=0
Let the initial conditions of the shift register be
A1, A2y oo oy Qap. (429)

Therefore, by 4.27 and 4.28:

G(z) = Z Z ¢itp—iz"

n=0i=1
r o0

= E cirtfaet 4+ a2 + E apz™]
i=1 n=0

which, by 4.28, gives

.
Zc,'x‘(a_;x‘i + - a2t
i=1

G(z) = (4.30)

T

1-— Zc,-:v"

i=1

expressing G(z) in terms of the initial conditions 4.29 and the feedback coeflicients ¢; only.

Expressing 4.30 in another way:
(=) (
4.31)
(2)
where

fly=1-3 ez’ (4.32)
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f(z) is a very important quantity in generating shift register sequences, and is called the
characteristic polynomial of the shift register sequence {a,}, and is independent of the initial
conditions. Note that f(z) = 1 -3 27 where the sum is taken over the values of j for which

the jth tube feeds back into the mod2 adder.

Period

The numerator in 4.30, which is g(z), does depend on the initial conditions. By 4.30 and 4.31:
r
g(z) = Zc;x‘(a_ix"' +ooidanyzh). (4.33)
=1

This equation, along with 4.31 and 4.32 is very important in determining exactly the period
of the shift register sequence, an upper bound to which was given in 4.26. This is shown in

the following theorem.

Theorem 4.3 If the characteristic polynomial f(z) of an r tube shift register sequence {an}
has no factors in common with g(z), then the period is the smallest positive integer p for

which f(z) divides 1 — zP.

Proof. The fact that shift register sequences are periodic has already been established

with 4.26 giving an upper limit to p. Now, by 4.28 and 4.31:

G(z) = ;Ei; = Z anz"

= (a0 + a1z + -+ ap_1zP~7)
4+  xP(ag+ a1z + -+ ap_1zPt)
+ z%(ag+ayz + -+ ap_12P71)
+
=(ao+ a1z +- - +ap1zP )1+ 2P + 27 +.-)

_ao+ajz+ - +a, P!
1 —xp

which gives

f(z)(ao + a1z + -+ + ap_12P7 1) = g(2)(1 = zP).

Therefore if f(z) has no factors in common with g(z) then f(z) divides 1 — z”.
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One method of assuring that f(z) and g(z) have no common factors is to assume the initial
conditions a1 = a-y = ... = a1, = 0, a_, = 1, whereby g(z) = 1 (since ¢, must equal
1 if the shift register is making use of the fact that it has r tubes) and no common factors
exist. Another very important case is when f(z) is irreducible (i.e. it can not be factored) in
which case it can have no factors in common with g(z) (unless g(z) = 0 which corresponds
to the initial condition “all 0°s”). In this case the period p does not depend on the initial

conditions (excepting only the initial condition “all 0s”).

Maximal Length Shift Registers

Equation 4.26 gives an upper bound for the period of an r tube shift register sequence. If
this upper bound actually occurs and p = 2" — 1 then the sequence {a,} is said to be of
mazimum length, and the shift register which produced it is called a mazimal length shift
register. Such sequences are also known as pseudo noise sequences (PN sequences) due to

the similarity of the properties of these sequences with binary (0, 1) random sequences.

A necessary condition for a shift register sequence to be of maximum length is that its

characteristic polynomial f(z) must be irreducible as is shown by the following theorem.

Theorem 4.4 If a shift register sequence has mazimum length then its characteristic poly-

nomial f(x) i3 irreductble.

Proof. Let A = {a,} be the maximal length shift register sequence. Then A runs through
all 2" — 1 non zero terms before repeating, and so any of these terms can be taken as
the initial conditions. Therefore taking the initial conditions to be a_; = a_y = ... =
aj-r = 0,a_, = 1 gives g(z) = 1 and G(z) = 1/f(z) which has periodic coefficients a,
with period p. Now, assume that f(z) is factorable: f(z) = s(z)t(z) where s(z) and t(z)
have degrees in & of r; > 0 and r; > 0 respectively, where r; + r;, = r. By partial fractions,
1/f(z) = a(z)/s(z)+B(z)/t(z). a(z)/s(z) is now a power series having periodic coefficients
with period p, < 2" — 1, and 3(z)/t(z) is also a power series having periodic coefficients
of period p; < 2™ — 1. Therefore 1/f(z) = a(2)/s(z) + B(z)/t(x) represents a power series

with coefficients having period p at most the least common multiple of p, and p; which in
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turn cannot exceed p,p,. Therefore

p<psp < (20 -1)(2"—-1)
= oretre _9re _ 9T 41
= 2T —27s 2"t 4 ]
< 2r -3

giving

p=2—1<2 —3.
This is, of course, impossible and the resulting contradiction shows that the original assump-
tion that f(z) is factorable was a false one. Therefore f(z) must be irreducible if maximum

length is to be achieved.

However, irreducible characteristic polynomials do not necessarily lead to maximum length
sequences. For example f(z) = 1+ z + 22 + 23 + % is irreducible, but since it divides
1 — z® then it has a period p = 5 due to theorem 4.3, rather than 2 — 1 = 15. Therefore
the irreducible characteristic polynomial is shown to be a necessary condition for maximum

length by theorem 4.4, but is an insufficient one.

An r tube shift register sequence can be thought of as a binary r—digit number ranging from
1to 2" — 1 (if the “all 0’s” case is not included). In the “units digit” of this binary number,
1 corresponds to an odd number and 0 to an even number. From 1 to 2" — 1 there are 271
odd numbers and 27~! — 1 even numbers. Therefore in any maximum length sequence there

are 2771 I’sand 27-1 — 1 0’s.

Autocorrelation of Maximum Length Sequences

The most important quantity which is associated with maximal length shift register or
pseudo noise sequences is their autocorrelation function. In order to evaluate the autocorre-
lation function however, it must first be observed that two pseudo noise sequences, with the
same period and recurrence relation, when added together term by term modulo 2, give the
same sequence but with a simple phase shift. This is seen as follows. If A = {ag, a1, as,.. 3
and B = {bo, b1, bs,...} are two pseudo noise sequences of the same period and recurrence

relation then by 4.27:

r
Gn = E Cily i
i=1
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.
b, = E Cibn_i
i=1

which are the two recurrence relations, but both having the same cocfficients ¢;. Therefore,

adding the two terms:

r r
a, +b, = Zcian——i + Zcibn—i
i=1 i=1
r

= Zci(an_; + b —;){(mod2)
i=1
and so the recurrence relation still holds for A 4+ B as well as just for A and B. If the
initial conditions of 4 and B are {a_;,a_z,...,a_,} and {b_1,b_2,...,b_,} respectively
then the initial conditions of A+ B are {a_;+b_1,a_2+b_y,...,a_,+ b_,} (mod2). Now,
whatever these r terms are, they are the same as the » terms of exactly one of the 2" — 1 non
zero sequences of length 7, which is equivalent to simply using different initial conditions
for the shift register than for those used to generate A and B. This, combined with the
same recurrence relation, gives the same pseudo noise sequence but with a phase shift. We

can now prove the following very important theorem about pseudo noise sequences, which

is done via the autocorrelation function.

Theorem 4.5 Every pseudo noise sequence is the complement of a Hadamard difference

set,

Proof. Let {a;} be a pseudo noise sequence with period p. Then {a; + a;4,}(mod2) is a
pseudo noise sequence containing 2"~! = (p+1)/2 I’s and 2"~ — 1 = (p—1)/2 0’s in every
period, where 7 is a phase shift and j 4 7 is taken modulo p. Now, assume that a; + Qjpr
occurs z times in the form 14 1 = 0. Then the other 27=1 — 1 — z 0’s from {a; + aj 4, }
must occur as 0+ 0 = 0. There are now 27! — z 1’s in the first term which must occur as
1+0 =1 and likewise 2"~! — z 1’s in the second term occurring as 0 + 1 = 1. Altogether

there are p = 2" — 1 terms in the sequence {a; + a;4,}. Therefore
p=2"=1=(2)+ (2 ~1-2)+ (2 =2)+ (277" —2)

which gives £ = 2772, Therefore the number of 1-1 pairs in {a;} and {aj4,} is z = 272,
which is a constant, independent of 7 for 7 # 0. Also, if 7 = 0 then the number of 1-1 pairs
is the same as the number of 1’s in the sequence, i.e. 271, Therefore the autocorrelation

function R,(7) is two valued, as in 4.17 for difference sets:

i 2r=1 = k* if r = 0(modp)
R,(7) = Zajaj+, =

‘ (4.34)
=1 27=2 = X* if r # O(modp)
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(j + r taken modulo p). Thercfore, comparing with 4.17, psendo noise sequences are in fact
(v*, k*, X*) difference sets, where v* = p = 2" — 1, k* = 21 = (v* + 1)/2, \* = 272 =
(v* +1)/4. Now, if the complement of this difference set is taken, a (v, k, X) difference set is
obtained with parameters v = v*, k = (v — 1)/2, A = (v — 3)/4, which are the parameters
of a Hadamard difference set (equation 4.23). Thus a pseudo noise sequence, or a maximal

length shift register sequence, is the complement of a Hadamard difference set.

Construction of Hadamard Difference Sets of the Form v =27 -1

The construction of Hadamard difference sets of the form v = 2" — 1 from shift register
sequences follows immediately from theorem 4.4, which is a theorem on maximum length
sequences stating that maximum length is achieved by the use of an irreducible polynomial.
Examples of irreducible polynomials can be found in {66,91] and [140], and much higher

order polynomials can be found in {166] and {167].

The basic method can be seen by following the example below which generates the maximum
length sequence with r = 3 and period p = 2% — 1 = 7. The corresponding irreducible
polynomialis f(2) = 14+z+2z3 (note that by 4.32 f(z) should be written as f(z) = 1~z —z3,
but since all mathematical operations on the sequences are modulo 2, it is possible to change
all the minus signs to plus signs since 1 — h(z) = 1 + h(z) (mod2)). The recurrence relation
coefficients ¢; for this f(z) are, by 4.32, ¢; = ¢3 = 1, ¢g = 0, giving the recurrence relation
(by 4.27 modulo 2) of

Up = Ap-1 + Gp-3.

Therefore the shift register required is the one in fig. 4.2 (a), with the first and third tubes
feeding into the mod?2 adder before being inserted back into the first tube. Because f(z) is
irreducible the initial conditions chosen do not effect the period (so long as the condition
{0, 0,0} is not chosen). For the initial condition {1, 1, 1} the succession of states for the shift
register is that shown in fig. 4.2 (b). The eighth state is the same as the first state giving
a period p = 7. Every non zero binary 3-digit number from 1 to 7 is given in the succession
of states. The succession of states of the first tube {ag,ay,...,a6} is the pseudo noise
sequence {0,1,0,0,1, 1,1} which, taking its complement, gives the Hadamard difference set
{1,0,1,1,0,0,0} having parameters v = p = 7,k = (v —1)/2 = 3, A = (v = 3)/4 = L.
Note that this is the same as one block of the symmetric (7, 3, 1) block design in appendix

A (with a phase shift). Constructions of maximal length shift register sequences are also



(a)
Recurrence relation: a, = an-1 + dn-3 (mod2)

Tube: 1 2 3

a.q a_g a_s

State

-1 111
0 011
1 101
2 010
3 001
4 100
5 110
6 111

Fig. 4.2. (a) Shift register corresponding to the characteristic polynomial f(z) = 1+z+z3.
(b) Succession of states of the shift register.



shown in [66] and [91].

4.3.2 Quadratic Residue Construction of Hadamard Difference

Sets

Congruence

Let a and b be integers, and m an integer greater than zero. If m divides a — b (written
m | @ — b) then a and b are said to be congruent modulo m. This is written a = b(modm).

The integer m is called the modulus.

The arithmetic of congruence is as follows:

1. If a = b{modm) and ¢ = d(modm) then a + ¢ = b+ d(modm).
2. If a = b(modm) and k is an integer then ka = kb(modm).
3. If a = b(modm) and ¢ = d(modm) then ac = bd(modm).

4. If ka = kb(modm) and the greatest common divisor of k and m is 1 (written (k, m) =

1) then a = b(modm).
If M,, is the set of the multiples of m (e.g. M7 = {0,7,14,21,...}). then the sets

My +{r}={gm+r: q=0,£1,%2,.. .}

are called the residue classes mod m. The elements of these sets are called the residues
modm. If an integer a belongs to the set Af,, + {r}, where 0 < r < m — 1, then r is the

least non negative residue congruent to a(modm).

Complete and Reduced Residue Systems

A set of m integers that consists of exactly one integer from each of the residue classes mod m
is called a complete residue system modm. The set {0,1,2,...,m-1} is the least non negative
residue system modm. A reduced residue system modm is a set of integers consisting of
exactly one integer from each residue class modm whose elements are relatively prime to

m, i.e. they have no factors in common except for 1, i.e. (a,m) = 1. For example if
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m = 12, then there are four residue classes mod 12 which consist of integers relatively prime
to 12, e.g. {1,5,7,11} and {5, 25, 35,55} are reduced residue systems mod 12. The number
of elements in a reduced residue system mod m is designated by ¢(m), a quantity known
as Euler’s ¢-function. ¢(m) is therefore also equal to the number of integers in the set
{1,2,3,...,m ~ 1,m} that are relatively prime to m. In the above example therefore,
#(12) = 4. If mis a prime number m = p, then (a, p) = 1 for every a whichhas 1 < a < p—1,
and so

é(p)=p-1 (4.35)

The Euler Fermat Theorem

A very important theorem in number theory is the Euler Fermat Theorem which is proved

below. However, the following theorem on reduced residue systems is first required.

Theorem 4.6 If {ri,72,...,7¢(m)} ¢ a reduced residue system modm and a is an integer
such that (a,m) = 1, then the set of integers {ary, ary, . -, ATy(m)} 18 also a reduced residue

system modm.

Proof. If a and r; are relatively prime to m, then so must be ar;. Also, ifar; = ar;{ mod m)
then, since (@, m) = 1, r; = r;(mod m) by the arithmetic of congruence. Therefore, if r; and
r; are distinct then so must be ar; and ar;. Thus the set {ary,ars,..., ar¢(m)} consists of
¢(m) integers from distinct residue classes, each of which are relatively prime to m. Thus

the set {ary,ary,.. ., argm)} constitutes a reduced residue system modm.

The Euler Fermat theorem can now be proved.

Theorem 4.7 (The Euler Fermat Theorem) Let a be an integer such that (a,m) = 1.
Then:

a®™ = 1(modm)

Proof. Let § = {rl,rg,...,rd,(m)} be a reduced residue system modm. Then the set
T = {ary,arq,. ..,ar¢(m)} is also a reduced residue system modm by theorem 4.6 since

(a,m) = 1. This means that each element of S is congruent to an element of T(modm),

69



and each element of T is is congruent to an element of S(modm). Therefore
ary.ara..... arg(m) = r1r2 .- Te(m)(modm)

i.e.

a¢(m)(rlr2 . .r¢,(m)) = (7’17‘2 Ve 7’¢(m))(mod7n)

which, by the division algorithm (algorithm 4) of the arithmetic of congruence for (r;, m) = 1

gives the Euler Fermat Theorem:

a®™) = 1(modm). (4.36)

A corollary to this theorem is Fermat’s theorem:

Corollary 4.8 (Fermat’s Theorem) If m = p is a prime and a any integer then:
a? = a{modp)

or:

a?~! = 1(modp). (4.37)

This is easily proven by theorem 4.7 and equation 4.35.

The necessary mathematics is now complete for the study of quadratic residues with a view

to the construction of Hadamard difference sets and Hadamard matrices.

Quadratic Residues. Definition and Legendre Symbol

If the congruence

z? = a(modm)

has a solution for integer z then a is said to be a quadratic residue modulo m. If there is
no solution for z to this congruence then a is said to be a quadratic non residue modulo m.
A very useful notational device used in studying quadratic residues is the Legendre symbol,

(a/p), where p is an odd prime, defined by:

(a/p) = 1 if a is a quadratic residue modp.
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(a/p) = ~1 if a is a quadratic non residue modp.

(a/p) = 0 if a is a multiple of p.

It is possible to evaluate (a/p) for any integer a and prime modulus p as follows. By Fermat’s

theorem ( 4.8) for p [ ¢ (i.e. p not dividing a):
g
a?~! — 1 = 0(modp)
which factorising gives
(alP=D/2 _ 1)(aP=V/? 1 1) = 0(modp)
giving two solutions for a(P=1/2;
a'?=D/? = 1(modp) (4.38)

or:

aP= /2 = _1(modp). (4.39)
Now, assume that a is a quadratic residue modp, then (a/p) = 1 and

2? = a(modp)

has a solution. Raising both sides to the power (p — 1)/2 (which is possible since 2 | p— 1

for any odd prime p) gives

a?=1/2 = ¢P=1(modp)
which by Fermat’s theorem gives
a?=1/? = 1(modp)

which is 4.38. Therefore 4.38 holds for (a/p) = 1. It can also be shown that 4.39 holds if a
is a quadratic non residue modp, i.e. (a/p) = —1 ( [75] chapter 25). Therefore we have the

following theorem known as Euler’s criterion for the Legendre symbol.

Theorem 4.9 (Euler’s Criterion)

(a/p) = aP~V/2(modp).
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Note that Euler’s criterion holds also if p | @ and (a/p) = 0.

Considering the Legendre symbol for a = —1 gives an important corollary to Euler’s crite-
rion:

(=1/p) = (-1)*1*(modp)

and so:

Corollary 4.10 —1 is ¢ quadratic residue of primes of the form p = 4n — 3 (n being an

integer) and —1 is a quadratic non residue of primes of the form p=4n — 1.

An immediately obvious property of the Legendre symbol is that if a = b(modp) then
(a/p) = (b/p). This is obvious since a and b are from the same residue class modp. The

Legendre symbol is multiplicative, as is shown by using Euler’s criterion:
Theorem 4.11

(a/p)(b/p) = (ab/p)

Proof. By Euler’s criterion
(a/p)(b/p) = alr=/2p(r=1)/2(modp)
= (ab)P~D/2(modp)
(ab/p).

In other words theorem 4.11 states that the product of two guadratic residues or of two

i

quadratic non residues is a quadratic residue, and the product of a quadratic residue and a

quadratic non residue is a quadratic nonresidue.

Autocorrelation of Quadratic Residues

To find the quadratic residues modp it is enough to consider the squares of the numbers

from 1 to p — 1. In fact since (p — a)? = (—a)? = a?(modp) it is enough to consider the

squares
p—1 :
12,22,..., <T) .



These are all distinct, for if 2 = j?( mod p) with 1 < i < (p~1)/2and 1 < j < (p—1)/2, then
p divides (i+7)(i — j) which is only possible if i = j. Therefore there are (p—1)/2 quadratic
residues modp. The (p — 1)/2 remaining non zero residues modp are the quadratic non
residues. Zero is neither a quadratic residue nor a quadratic non residue, and (0/p) = 0.

Using these facts and Euler’s criterion gives

p—-1

> (a/p) =o. (4.40)

a=0

The autocorrelation function Ry (b) for quadratic residues is as follows:

p-1
R,(b) = > (a/p)(a+b/p)
a=0

where b # 0(modp), which by Euler’s criterion gives

p-1
R,(b) = Za(””l)/z(a+b)(p”“/2(modp)
a=0
p—-1 p-1
= Z a'?~Y(modp) + Z(ab)(”‘l)”(modp).
a=0 a=0

Now, using Fermat’s theorem (corollary 4.8), a?~! = 1(modp) for all @ # 0(modp), means
that the first term on the right hand side is equal to p — 1. The second term is simply a
summation of the Legendre symbols of all of the elements of a reduced residue system mod p,
as shown by theorem 4.6. Therefore 3021 (ab)(P=1)/2 = TP~ 4(p=1)/2 = 57~ 1(a/p)(mod

p). Thus:
p—1
R,(b) = [p — 1+ Z(a/p)] (modp)
a=0

which by 4.40 gives
R,(b) = —1(modp). (4.41)

Now, R,(b) is a summation over p terms, two of which are zero (corresponding to when
(a/p) = 0 and when (a + b/p) = 0), whilst the rest have a magnitude of 1. Therefore the
magnitude of R,(b) cannot exceed p — 2. This, along with 4.41 gives R,(b) = —1 when
b # 0(modp). Note also that when b = 0(modp), R,(0) = Z:Z;(])(a/p)2 = p — 1. Therefore

= ~1 ifb=0(mod
R,(b) = (a/p)(a+b/p) = p__i ifb;ﬁgzodi; . (4.42)

This two valued autocorrelation function is similar to that of difference sets (see section 4.2.2,
equation 4.18), and is therefore of value in coded aperture imaging via the construction of

Hadamard matrices, which follows.



Quadratic Residue Construction of Hadamard Matrices

The following construction, due to Paley [108], gives Hadamard matrices of any order N =
p+1 = 4n (where p is an odd prime and n an integer) and therefore of Hadamard difference
sets of the form v = p = 4n — 1. It is known as the Paley construction, and can be found

in [108] and also in [92] chapter 2.

First choose a prime p of the form p = 4n — 1 and construct the p x p matrix Q = (gi;) with
rows and columns labelled 0, 1,..., p—1. Denote (a/p) by v(a) and then let ¢i; = x(j—17). For
example, see fig. 4.3 for p = 7. Since p is of the form 4n—1 then —1 is a quadratic non residue

modulo p (corollary 4.10), and hence by theorem 4.11, y(j —1) = x(=x(i—j) = —x(i—j),

which means that Q is skew symmetric, i.e. QT = —Q. Now, consider the following:
P=(p;j)=QQ"
where:
p-1
pi=) gh=p-1 (4.43)
k=0
and for i # j:
p=1
pbij = Zqikqjk
k=0

p-1
= > x(k=ix(k—j).
k=0

Now, writing a = k — ¢ and b = i — j we have

p-1
pij = »_ x(a)x(a+1b)
a=0
which, by the quadratic residue autocorrelation function (equation 4.42) gives
pi; =—1fori#j. (4.44)
Therefore, by 4.43 and 4.44:
P=QQT =pI, — J,. (4.45)

Another (obvious) relationship for Q is

QlL,=J,Q=0 (4.46)
since each row and column of Q contains (p—1)/2 +1’s and (p—1)/2 —1’s, (see equation 4.40).
Now, let

(4.47)



o
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where w, is the vector of p 1’s. Thus

HHT - 1 wyp 1 uy,
wZ Q-1 w;JT QT — I,
1 z

P
Z,? Jp +(Q - Ip)(QT - I)
where z, is the vector of p 0’s. Thus by 4.45
HHT = (p+ 1)L 41. (4.48)

Thus, the matrix H given in equation 4.47 is a Hadamard matrix of order p+ 1 = 4n.

The corresponding difference set is called a skew Hadamard difference set and is simply
either the set of quadratic residues or quadratic non residues modulo a prime p of the form
p = 4n — 1. For more information about this kind of difference set see Johnsen [72]. Such

skew symmetry is useful for detector background subtraction in coded aperture imaging.



Chapter 5

Imaging Using a 19 Element
HURA Coded Aperture with

Discrete Pixel Detector Arrays.

5.1 Gamma Ray Telescope Design. Problems to Over-

come

In order to carry out gamima ray astronomical observations, great difficulties must be over-
come. Firstly the interaction process of gamma ray photons with detector material is mostly
by the Compton process. Not all of the photon’s original energy is measured by the detec-
tor system and so many corrections are required in order to obtain a deconvolved photon
spectrum from the photon energy loss spectrum. Secondly there is great difficulty in de-
signing detectors which are well shielded from the high background noise due to particle
fluxes experienced in the space environment in which a gamma ray telescope must function.
Thirdly the position of the photon interaction has to be accurately determined in order to
provide a high source angular resolution, a particularly important requirement when ob-
serving crowded source regions such as the Galactic centre. Finally the expected photon
fluxes from celestial sources are very low compared to the background. This is an important

consideration in view of an effective limit to the detector area imposed by weight constraints
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of satellite and balloon vehicles.

The minimum source flux ¢(E) that can be detected by a gammaray telescope to a statistical

significance of n standard deviations is given by

1/2
$(E) = 6(7;:) (%%> photons em~2 s~1 keV~1 (5.1)

where €(E) is the detector efficiency, B(F) is the observed detector background level (counts
em=? §71 keV=1), A is the uscful detector area (cm?), T is the observation time (s), and
AE is the bandwidth of the detector (keV). Therefore, from a hardware point of view
the minimum source flux that can be detected depends on three main parameters: a) the
detector efficiency, b) the sensitive detector area, and c¢) the level of the background noise

in the detector.

The main considerations when designing a telescope, therefore, are to optimise these three
parameters to give the best sensitivity to weak sources; i.e. to maximise a) and b) and to
keep c) as low as possible. In particular the elimination of any spatially varying systematic
detector background noise is of great importance, one method being to make use of HURAs
which are antisymmetric upon 60° rotation. This possibility has been studied by Cook
et al. [35]. There are three main sources of background in gamma ray telescopes. These
are photon induced background, neutron induced background and background from cosmic
rays. The photon induced background hias two main components. The first is the diffuse
cosmic background which has been measured by the Apollo 16 and 17 missions [148] and by

Schonfelder et al. {131], who calculates an energy spectrum of

dN

5 = 11 E~%3 photons cm™? s™! steradian=! McV~1! (5.2)

derived from emission in the earth’s atmosphere. The second component, which is dominant
in high altitude balloon flights, originates from the decay of neutral pi mesons (above 50
MeV) or from the bremsstrahlung of relativistic electrons. The energy spectrum calculated
is

dN 1.65

—_— =21 E~
dE

[132]. The neutron induced background arises from neutrons which, after being produced

photons cm™?2 s steradian™! keV—1 (5.3)

by the interaction of cosmic rays with atmospheric nuclei, go on to interact with nuclei
in the detector material producing gamma rays or charged particles. These particles then
interact with the detector to register an event count contributing to the background. Possible

intensity values have been calculated by Archer [6].
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Finally the cosmic ray induced background is produced by high energy cosmic ray protons
interacting with the nuclei of the detector material which subsequently undergo radioactive
decay. The decaying nuclides emit high energy photons which, if detected in another region
of the detector, are registered as background events. Such reactions have been described by

Rudstam [125] and possible background have been estimated by Baker et al. [10].

The design of a gamma ray telescope must take into account the above sources of back-
ground noise which, in the past, have proven to be formidable obstacles for the gamma ray
astronomer to overcome. Although all of these problems have been considered in the case
of the GRASP telescope design (see [58]), the introduction of further sources of noise which
may occur in the form of an “intrinsic noise” as a result of the complex GRASP detector
plane will be most unwelcome. Therefore a crucial aspect of the development of GRASP is
the need to investigate the imaging performance of HURA coded apertures and discrete pixel

detector arrays, and this is the subject matter which comprises this and the next chapter.

5.2 Imaging Using a 19 Element HURA Coded Aper-

ture with Discrete Pixel Detector Arrays

The GRASP gamma ray astronomy telescope is intended to be an instrument capable of
performing both imaging and spectroscopy measurements. Consequently the detector plane

is to be constructed using two main types of detector:

(i) An array of germanium spectrometers situated at the centre of the detector

having low event position resolution.

(ii) Caesium iodide (Csl) imager bars, having fine event position resolution, placed

around the germanium spectrometers.

The fact that the two detector types are different and need to be coupled together for image
deconvolution, plus the fact that the Csl detectors will be arranged as an array of bars, means
that it is necessary to study the imaging properties of a discrete pixel detector. Also, for
satellite gamma ray imaging experiments, HURA coded apertures are particularly suitable,
one reason for this being that their basic patterns, and hence the detector plane, are almost

circular. This arrangement is compatible with the cylindrical geometries of rocket systems.
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Another reason is their antisymmetry on 60° rotation enabling subtraction of systematic

detector background noise and improving image quality [35].

The design of the GRASP telescope, therefore, required a study of the imaging performance

of HURA coded apertures with discrete pixel detector arrays.

5.3 Imaging Requirements

5.3.1 Imaging System Configurations and Parameters

Monte Carlo simulation programs have been developed and used to study the basic imaging
performance of an ideal coded aperture system consisting of a HURA aperture, or mask, and
a perfect discrete pixel detector plane. The mask used is shown in fig. 5.1. It has a basic
pattern of v = 19 elements and it has 217 elements in total. The mask elements have been
placed on a hexagonal lattice with unit vectors e, and ¢; at 60° to each other, constructed
as given in section 3.3.5, and is antisymmetric upon a 60° rotation. This mask is able to
rotate with respect to the detector and has been used in conjunction with both a square

pixel detector array (SPD) and a hexagonal pixel detector array (HPD).

The detectors are circular with the useful region having the same size and orientation as
the shadow of the basic mask pattern cast on it from the source radiation. The detector

efficiency and the closed mask element opacity have both been assumed to be 100%.

Mask rotation has been simulated in steps with the mask orientation angle « being the angle
of orientation of the mask with respect to the detector plane. In the SPD case, a is the
angle of the e, axis of the hexagonal mask grid with respect to the z axis of the SPD grid
as shown in fig. 5.2, so that when « = 0° these two axes are coincident. In the HPD case,
special detector configurations have been chosen such that two mask orientation angles give
a near perfect binning of the mask element shadows by the detector pixels (fig. 5.3). One
of these angles is chosen as @ = 0° and all other mask orientations are measured from this
starting point. Because of the difference in the geometry of the two detectors, there is no

relationship between the value of & of one detector and that of the other.

Both stationary mask and rotating mask observations have been made. A stationary mask

image is simply an image of a source taken with the mask at a constant orientation. A
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Fig. 5.1. Mask pattern used in the simulations. The basic patlern has 19 elements, and

there are 217 elements in total.
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rotating mask image consists of the sum of six separate stationary mask images at 10° to

each other.

The detector resolution is defined by the relative area A,. A, is the area of the projection of
one mask element onto the detector by the source, divided by the area of one detector pixel.
The simulations in this section have been carried out having the mask element projection
size (flat to flat) equal to N times the detector pixel size for the SPD (where N is an integer),
and equal to \/%(AI +1)(3[M + 1] — 1) — 1 times the detector pixel size (flat to flat) for the

HPD (where M is an odd integer). Typical values used in the simulations were N = M = 5,
giving slightly different relative areas in the two detector plane cases (A, = 21.7 for the SPD
as in fig. 5.2, and A, = 19 for the HPD as in fig. 5.3).

5.3.2 Convolution

The convolution of the radiation by the mask has been simulated by calculating the area of
each detector pixel which was obscured by the mask in a given system configuration. This
was done by splitting the detector pixels into smaller “virtual pixels” and considering those
virtual pixels whose centre lay in the shadow region of the mask projection to be totally
obscured. The square detector pixels were simply split into smaller squares whilst the
hexagonal detector pixels were split into smaller hexagons by using the same configuration
as that of the mask element and detector pixels for the perfect overlap situation as mentioned
above (fig. 5.3). This convolution method gave an estimate of the mask shadow pattern on
the detector to a sufficient level of approximation in an acceptable computing time. Each
square detector pixel was split into 7 x 7 square virtual pixels, and each hexagonal detector

pixel was split into 91 hexagonal virtual pixels.

5.3.3 Deconvolution

Deconvolution has been performed by using the finely sampled balanced correlation tech-
nique [46,47], where each detector pixel flux is projected back to each source bin and either
added or subtracted depending on whether the mask clement is open or closed, see sec-
tion 3.2.2. Each detector pixel is correlated with the mask element in which its centre is
projected back. Because of the non perfect overlap of the mask element shadows with the

detector pixels, this standard deconvolution technique is expected to produce some system-
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atic noise in the form of a coding errornoise, which is inherent in the imaging system. This is
not the case for an optimum system using, for example, square mask elements and a square

pixel detector, where the overlap is perfect and no coding noise is present [60].

The stationary mask deconvolved images exhibit a peak with a broad base (similar to a
cone) corresponding to the source position, and repetitions of this source periodically spaced
throughout the image with hexagonal periodicity. One such image is shown in fig. 5.4 (a)
for the SPD with A, = 21.7. The rotated mask images enable the true source peak to be
easily identified because the repetitions are blurred out into a low ring centred on the source

peak [35]. A rotated mask image for the SPD with A, = 21.7 is shown in fig. 5.4 (b).

5.3.4 Signal to Noise Ratio

The image quality has been quantified by using the standard expression for the signal to

noise ratio (SNR) defined by
P - Bp

oB

SNR = (5.4)

where P is the deconvolved source peak pixel flux value, Bp is the mean background noise
per deconvolved pixel and op is the standard deviation in the deconvolved background. For
a statistical point source in the presence of background noise, the expected SNR, SNR¢yp,
of a deconvolved image taken using an optimum coded system is, as given in equation 3.22

in section 3.4:

S
(5+ B2

where S is the total detector source counts and B is the total detector background counts.

SNRerp = (5.5)

When a systematic effect, such as coding error, produces a noise comparable to or higher
than statistical noise, the SNR becomes lower than SNR.p.

Because of the nature of the deconvolved images the SNR has been calculated using the area
of the image lying just outside the base of the source peak and inside a circle stretching out

as far as possible without including any part of any of the source repetitions.
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5.4 Computer Simulations and Comparison of the SPD
with the HPD

The computer simulations have been divided into three sections:

1. System point spread function.
2. Statistical source and background.

3. Case of nearly perfect overlap for the HPD.

The system point spread function (SPSF) of an imaging system is the response of the system
when observing a non statistical point source in the fully coded field of view in the absence
of background noise. This is an alternative, but equivalent, definition to that given in
section 3.2.2. Therefore, for a perfect imaging system the SPSF is a delta function and
the SNR if infinite. For an imperfect system the coding error noise varies with different
observational situations and this noise has been studied and quantified neglecting statistical
variations and background noise. For the SPSF the imaging quality has been studied under
conditions of varying mask orientation angle, different source position, and varying detector
position resolution. Simulations have also been carried out of ohservations of a statistical
point source in the presence of background noise for both stationary and rotating mask
images. Finally the case of nearly perfect mask element binning by the HPD has been
studied to see the possible reduction in coding error noise using this special geometry. In

all cases the simulations assumed that a source lay at the very centre of a sky pixel.

5.4.1 System Point Spread Function
Mask Orientation

The SNR of the SPSF has been calculated for a randomly positioned point source in the fully
coded field of view at different mask orientations o between 0° and 60° using both detector
geometries. The relative areas used were 4, = 21.7 for the SPD (fig. 5.2) and A, = 19 for
the HPD (fig. 5.3). The results are shown in figs. 5.5 and 5.6 where fig. 5.5 is the graph of
SNR vs. « produced by the SPD and fig. 5.6 is the corresponding graph for the HPD. In

both cases the SNR varies irregularly and rapidly with no apparent periodicity within the
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60° range studied. The SNR fluctuates up to 40° from the mid SNR (i.e. the value mid
way between the highest and lowest SNR values). For a perfect system the SNR is infinite.
However the SNR here is not infinite due to the non perfect overlap of detector pixels with
the mask element shadows, producing coding error noise. The source of the coding error
noise is illustrated qualitatively in fig. 5.7. Fig. 5.7 (a) and (b) show the mask oriented at
0° and 10° respectively whilst (c) and (d) show their corresponding deconvolution arrays for
the SPD when A, = 21.7. Because of the need to have the deconvolution array in the same
geometry as the detector array, the hexagonal mask patterns shown in {a) and (b) have been
approximated to those shown in (¢) and (d) respectively. It is clear that this approximation
will produce coding noise in the deconvolution process and keep the SNR finite. The two
deconvolution arrays for o = 0° and 10° can be seen to have markedly different shapes. Thus
the coding error is different for the two different situations and hence the SNR fluctuates
with «, giving the profile in fig. 5.5. For a fixed source position significant changes in
geometrical correlation between detector pixels and mask element shadows is expected to
occur for changes in the mask orientation of Aa > half pixel width/mask radius, which is
about 1° in this case, which correlates well with the results where high variations in the

SNR are observed on angular scales of > 1°.

In the HPD case, however, the SNR approaches infinity at the two mask orientation angles
a = 0° and a = 13.2°. These are the two angles for which the detector pixels are well
matched by the mask element shadows, as shown in fig. 5.3, indicating that the coding error

noise is effectively absent in these cases.

Source Position

The SNR has been studied for different source positions around the centre of the field of
view, and for larger displacements in a straight line across the whole field of view. Source
movements inside an area of approximately one mask element gave only a small SNR range
in each case, of value < 7%. Higher variations have been observed for larger displacements.
For example fig. 5.8 shows the variations in SNR when moving the source across the field
of view in the case of the HPD for three different mask orientations (¢ = 35°,45°,55°).
Changes of up to 20% from the mid SNR are observed, but the fact that the three different
curves don’t cross each other at any point shows that the mean noise is clearly determined

by the mask orientation than by the source position. The SPD gives very similar results.
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Relative Area

A point source in the centre of the field of view has been observed using different position
resolutions for both a stationary and a rotated mask for both detector geometries. The
graphs of SNR versus relative area A, using stationary masks at a fixed orientation are
shown in figs. 5.9 and 5.10 for the SPD and HPD respectively. As would be expected,
the image quality generally increases with increasing detector positional resolution due to
a better approximation to the “ideal” coding system being achieved at higher resolution.
However, at any given mask orientation geometrical artifacts due to the coding error may
occur leading to unexpected trends. For example there is a decrease in SNR for the SPD
from A, = 7.8 to A, = 13.9 when « = 43°. Neglecting such artifacts, the general trend
seems to be approximately linear. This is evidently the case also for rotating mask images
where, in addition, the geometrical artifacts are averaged by the rotation, as can be seen
from the results shown graphically in fig. 5.11 for both detector geometries. A linear fit to
each dataset is also shown, the fit being particularly good for the HPD where a regression
analysis has a very high correlation coefficient (= 0.98). The gradients of the lines are 5.0

for the SPD and 6.2 for the HPD.

The values of SNR for rotated mask images at 4, = 21.7 for the SPD and A, = 19 for
the HPD are 125.2 and 118.0 respectively. Therefore for rotating mask images with low
background level the SNR of the SPD is expected to be about 10% higher than for the HPD
at these A, values. This is an important consideration when comparing the two detector

geometries, and is referred to in the following section.

5.4.2 Statistical Source and Background

The same imaging systems have been used to simulate observations of a non central point
source in the presence of varying levels of background noise for both a stationary and a
rotating mask. The relative areas were A, = 21.7 for the SPD and A, = 19 for the
HPD. In all simulations the mean source flux was 100 photons per fully illuminated square
pixel of the SPD, and the background levels were 0.0, 0.1, 0.5, 1.0, 3.0, 5.0, and 10.0
times the mean source flux. The corresponding fluxes used for the HPD were normalised
to those of the the SPD so that the total detector counts were kept constant for each

geometry. Mask orientations were a = 3°,13°,23°,33°,43° and 53° for the SPD, and « =
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0°,5°,15°,25°,35°,45° and 55° for the HPD.

The graphs of SNR vs « for six of the seven background levels are shown in fig. 5.12 for the
SPD and fig. 5.13 for the HPD. Also indicated are the expected SNR values, SNR.zp, for a
perfect system as given by equation 5.5. Because of the presence of coding error noise the
observed SNR is always less than SNR.,, for both detectors. The observed decrease ranges
from ~50% at low background up to ~90% at higher background. The exceptions to this
are at the two angles of near perfect overlap for the HPD, the results of which are discussed

in the following section.

Figs. 5.12 and 5.13 show that the SNR decreases with increasing background noise, as would
be expected, but the profiles vs. a have the same general trend as those of the SPSFs (for
example peaks at o = 23° for the SPD and at « = 35° for the HPD). This shows that the
noise due to the coding error is always overwhelmingly dominant over statistical noise, even
in the case of high background noise. Moreover the background noise level seems to heavily

magnify the coding error noise,

For the rotated mask five trials of observations of a point source away from the centre of
the field of view have been simulated for each background level, and the results, which are
shown along with errors in table 5.1, have been plotted on a logarithmic scale graph, shown
in fig. 5.14. The results for both detectors are plotted, along with the expected SNR values
for the rotated mask images. As expected the SNR decreases with increasing background
noise for both detectors, and in all cases is less than SNR.»p. This shows that the coding
error noise is also present in rotated mask images and therefore reduces the image quality.
Table 5.1 also shows the ratio of SNR to SN R.rp for each simulation and it can be seen that
this ratio decreases with increasing background noise. This implies that the background

level magnifies the coding error noise in the deconvolved images.

The SNR is further reduced by an effective loss of source photons. These are photons
which originate from the source but are incident on detector pixels which are correlated
with opaque mask elements when deconvolving the sky pixel in which the source lies. The
proportion of these “lost” photons is 5% for the SPD at A, = 21.7, with a similar value for
the HPD. Thus, by equation 5.5 for SNR.sp, the SNR is expected to fall by 5%. This is
a negligible decrease, however, compared to that produced by the coding error noise, with

values of 50% to 90% as mentioned above.
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Fig. 5.12. SNIR versus « for siz background levels using the SPD. Also indicated are the
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Bkg flux SPD HPD
(source
flux units) | SNR.,, SNR SNR/SNR.., SNR SNR/SNR..,

0.0 362 132.3 £ 6.2 0.37 118.6 + 3.7 0.33
0.1 330 127.7 £ 3.7 0.39 108.2 £+ 5.8 0.36
0.5 256 91.8 £+ 8.0 0.36 74.6 + 3.6 0.29
1.0 210 63.8 £ 2.6 0.30 53.9 + 1.3 0.26
3.0 139 31.7 £ 0.6 0.23 248 £ 1.2 0.18
5.0 111 20.0 £ 0.4 0.18 15.5 £ 0.5 0.14
10.0 80 10.2 £ 0.3 0.13 8.1 4+ 0.2 0.10

Table 5.1. SNI of rotated mask images for the SPD at A, = 21.7 and the HPD at A, = 19

at 7 different background levels. Also given are the SNR.zp values at each level and the

quantity SNR/SNR.zp .




log(SNR)

2.8
o)
2.4 O
o)
o}
X
2+ ©
X
+ v O
+
1.6 |
X
+
X
1.2 + +
X
+
0.8 ! ' : : :
-1.2 -0.8 -0.4 0 0.4 0.8 1.2

log(bkg flux/source flux)

Fig. 5.14. Logarithmic scale plot of SNR wersus Background fluz/Source fluz for a non
central point source using the SPD (4, = 21.7, crosses) and the HPD (A, = 19, pluses).

Also shown are the SNR,rp values in the absence of coding error noise (circles).



The observed SNR values for the SPD are between 10% and 20% higher than those of the
HPD for rotated mask images. This is probably due to A, being higher for the SPD giving
a finer positional resolution. As was pointed out in the previous section such differences in

resolution can lead to the changes observed.

5.4.3 Case of Near Perfect Overlap for the HPD

Five observation trials of the same non central point source were simulated for the HPD
with A, = 19, using the mask orientations of near perfect overlap @ = 0° and a = 13.17°
(fig. 5.3). The same background levels as before were used. The results, with errors, for
a = 13.17° are given in table 5.2. The expected SNR for each background level lies inside
the estimated errors calculated from the five trials at each level. This indicates that with
the HPD and a stationary mask oriented at either of the two angles of near perfect overlap
the coding error noise is not in evidence. Although there is no coding error noise, there is
still an effective loss of source photons at these angles because the overlap is still not perfect
which should give a SNR less than SNR,,. This reduction is again very small, less than 5%,
and therefore not apparent in the results given in table 5.2, since statistical fluctuations are
of the order of 10%. Other simulations of the SPSF of this configuration have shown that

the SNR tends to infinity, and does not change with source position nor detector resolution.

A rotating mask incorporating these optimum angles was also used to observe a central
point source, and the results are shown in table 5.3. A clear improvement (up to ~ 40%) is
seen only when using both of the optimum angles to build a rotating mask image. However
when incorporating only one of these angles inconsistent results were obtained, depending

on which other orientation angles were used.

5.5 Discussion and Conclusions

When a point source is observed using a HURA mask and a discrete pixel detector, a
coding error noise is observed to be present in the deconvolved image. This is due to the
non perfect overlap of detector pixels with the mask element shadows. Such a mismatch
causes the recorded image of the mask shadow to be asymmetrically distorted by the finite

resolution and discrete nature of the detector. It must be emphasised that this blurring is
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Bkg flux (source flux units) | SNR.,, SNR
0.0 148 167 £+ 19
0.1 135 142 £ 17
0.5 104 112 £ 17
1.0 86 83 £ 11
3.0 5T 57T+ 9
5.0 45 46 + 5
10.0 32 34 £+ 4

Table 5.2 SNR of stationary mask images for the HPD at o = 13.17° and A, = 19 for
different background levels, along with SNR.,, values.



Bkg levels SNR SNRezp

A B C D E
0.0 126.4 | 121.8 | 145.3 | 170.0 | 118.6 &+ 3.7 362
0.1 123.8 | 105.7 | 133.4 | 150.1 | 108.2 £ 5.8 330
0.5 89.2 | 69.4 | 103.7 | 102.0 | 74.6 + 3.6 256
1.0 63.9 | 53.9| 799 ]| 784 | 53.9+ 1.3 210
3.0 31.2 | 241 374 375 2484+ 1.2 139
5.0 184 15.1 ] 239 23.2| 155+ 0.5 111
10.0 10.5 8.1] 12,9 124 8.1 &£ 0.2 80

Table 5.3. SNR of rotated mask images for the HPD at A, = 19 incorporating the special

angles of perfect overlap, along with SNR,.,, ot different background levels:

A:0°, 10°, 20°, 30°, 40°, 50°.
B:5°, 13.2°, 25°, 35°, 45°, 55°.
C:0°, 5°, 15°, 25°, 35°, 45°.
D:0°, 13.2°, 25°, 35°, 45°, 55°,

E:5° 15°, 25°, 35°, 45°, 559,



completely different from that which occurs when a source lies on the border of two sky
pixels in the field of view of an optimum coded system (also sometimes referred to as a
phasing error, as in [47]). In this case the blurring is symmetricalin the sense that it occurs
in the same way for any mask element shadow, so that the only effect is a blurring of the
source peak and no coding error noise is generated in the deconvolved images. Moreover,
in a simple cross correlation deconvolution, the deconvolution array has the same geometry
as the detector array and therefore it is only an approximation of the real hexagonal mask
pattern (fig. 5.7 (c)). The sky pixels are reconstructed by correlating the detector array
with different parts of this deconvolution array. Because of the discrete subdivision of the
mask, some photons which should be correlated with an open mask element instead become
correlated with a closed one and vice versa, and an error is introduced in the reconstruction
of the source counts for off source sky positions. Because different sky pixels correspond to
different subsets of the deconvolution array, the number of closed cells varies from subset to
subset. Thus, different proportions of the background will be subtracted for different sky
pixels giving a coding error for the background, the magnitude of which depends on the

background level, and being dominant for higher background counting rates.

As expected the higher the detector resolution the better is the geometrical correlation
between detector pixels and mask element shadows, and thercfore the lower the coding
error noise. The noise was found to decrease linearly with the number of pixels per mask
element, with gradients of SNR vs. A, of 5.0 for the SPD and 6.2 for the HPD in the case
of the rotated mask, both curves passing close to the origin (fig. 5.11). For both detector
geometries the coding error noise also depends on the mask orientation and, to a lesser
extent, on the source position, and is highly magnified by the background level. In the
case of a detector with about 20 pixels per mask element, the SNR of the SPSF fluctuates
irregularly with the mask orientation (up to 50% from the mid SNR, figs. 5.5 an 5.6), and
with the source position (up to 20%, fig. 5.8). For both a stationary and a rotating mask the
reduction of the SNR with respect to the expected SNR. for statistical noise only (SNR.sp)
ranges from 60% at low background levels up to 90% for input signal to noise ratios of 0.1.
Therefore the sensitivity of a telescope using this coded system can be drastically reduced,
particularly if it works in the energy range of gamma ray astronomy where the input signal

to noise ratios are typically of the order of 10-3 — 10~2,

In the case of a rotating mask, the problem cannot be avoided by using a particular detec-

tor geometry, and more sophisticated deconvolution techniques must be applied. Though
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other deconvolution techniques (such as the use of a Wiener filter, or the maximum entropy
method [159]) may give better results, one can improve the correlation by reducing the error
due to the decoding array both for the source and for the background counts, as will be
shown in the following chapter. For a stationary mask however, it has been found that for a
detector array of hexagonal pixels with a special ratio of detector pixel size to mask element
size, the mask can be oriented in such a way that the overlap between mask elements and

detector pixels is nearly perfect and hence the coding error noise is completely absent.
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Chapter 6

Experimental Imaging Tests

Using a 19 Element HURA
Coded Aperture.

6.1 Introduction

In order to investigate further the theories developed in the previous chapter a series of
experimental tests was carried out using a HURA of basic pattern v = 19 and a gamma
ray photon detector to view a radioactive gamma ray point source. These tests, along with

correlated computer simulations are now described.

6.2 Experimental Set Up

The experimental tests were carried out using a HURA mask, an Anger camera detector
and a radioactive source. The mask used was the same pattern as that shown in fig. 5.1, but
slightly smaller, having 127 elements in total. The opaque mask elements consisted of 2 mm
thick hexagons of lead which were 30 mm flat to flat. These elements were glued to a 53 cm

diameter circular perspex disk support, which in turn was placed on a metallic structure.
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The structure was constructed in such a way that the mask could be rotated about the very
centre of the central mask element, and with a graded angular scale thus allowing the mask
to be oriented at the desired angles. The mask was placed at half distance between the
source and the detector so that the dimension of the projected shadows of the elements was
approximately 60 mm flat to flat, and the basic pattern was occupying most of the sensitive

detector area.

The detector was a circular Anger type gamma camera [136] at the Southampton General
Hospital. It has a circular sensitive region of 37 ¢m diameter, an effective energy range
of 80-500 keV, and a positional resolution of 6 mm FWHM. Data of any observation were
recorded and digitised in maps of 128 x 128 square pixels (2.9 mm each) and stored on

magnetic tapes to be subsequently analysed.

6.3 Laboratory Tests

To simulate a celestial source a 5.14 pCi 37Co source was used. The 122 keV emission line is
99.9% absorbed by the 2 mm of lead, whilst the perspex support is effectively transparent.
This source was placed approximately at the centre of the ficld of view at a distance of 1 metre
from the detector, and was imaged 12 times for 12 different mask orientation angles from
0° to 110° separated by 10° intervals. At any mask orientation the source was viewed for 2
min 45 sec with a total of approximately 6.3 x 104 photons collected over the useful detector
area (i.e. the area of the detector corresponding to the basic 19 element mask pattern). It
was calculated that about 18% of the detected events were not modulated by the mask, and
hence represent a residual background. This is probably due to several different effects, such
as scattered radiation, mask transparency and environmental background. Nevertheless with
these values of source and background the value of SNR.., for a stationary mask image due
to statistical noise only would be approximately 200, and because any coding error effect
limits the SNR to well under 100-150 (see figs. 5.5 and 5.6) this ensures that the effect being

studied will not be hidden by the statistical noise.
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6.4 Data Analysis

6.4.1 Rebinning in Square Detector Pixels

The recorded gamma camera data consists of maps of the counts detected in each observation
in each of the 128 x 128 square gamma camera pixels. Before deconvolution the pixels
were rebinned to simulate the response of a discrete pixel detector of the desired positional
resolution. The rebinning was firstly carried out with square detector pixels, grouping
squares of 7 x 7, 4 x 4 and 3 x 3 camera pixels (higher resolutions would be comparable
to, or greater than, the actual camera position resolution of 6 mm). These gave detector
resolutions having relative areas 4, =7.8, 23.9 and 42.4. These rebinned detector images are
deconvolved by cross correlating them with the corresponding deconvolution array to get a
final deconvolved image. Fig. 6.1 shows the steps of the deconvolution process. Fig. 6.1 (a)
shows the mask pattern (v = 19), (b) shows the deconvolution array (o = 0°) {c) shows the
recorded gamma camera image (128 x 128 pixels), (d) shows the rebinned detector image
ready for deconvolution (e.g. for 4 x 4 camera pixels per detector pixel, A, = 23.9), and the
final deconvolved image is shown in (e). Rotating mask images are obtained by summing
deconvolved images for six different mask orientation angles between 0° and 50°, or between

60° and 110°. A rotated mask image is shown in fig. 6.1 (f).

6.4.2 Rebinning in Hexagonal Detector Pixels

As pointed out in section 5.4.1, there are special configurations for which no coding error is
present when using a HURA mask in conjunction with a HPD. In order to verify this result
the data has been deconvolved after rebinning the gamma camera pixels into hexagonal
detector pixels according to this optimum geometrical configuration. Therefore one angle
of perfect overlap was taken as & = 0° with other angles being measured relative to this
starting point. Theoretically there is another angle (< 60°) at which this situation again
occurs (section 5.4.3) but the 10° rotation step of the mask meant that perfect overlap
occurred again only after 60°. At all other angles the mismatch problem arises and there is

coding error noise.

Because the square gamma camera pixels cannot be rebinned perfectly into hexagons, the

required HPD configuration is well approximated only if the hexagonal pixels contain a
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Fig. 6.1. Steps of the deconvolution process for the SPD: (a) mask pattern (v = 19),
(b) deconvolution array (c) recorded gu,'mma camera image (128 x 128 pizels), (d) rebinned
detector image ready for deconvolution (4 x 4 camera pizels per detector pizel; A, = 23.9),

(¢) final deconvolved image (stationary mask), (f) rotating mask image (summation of siz

stationary mask images at o = 0°, 10°, 20°, 30°, 40°, 50°).



large number of camera pixels. This, and the geometrical constraints of the configuration
which exists only for 4, = 1,7,19,..., 3n(n—1)+1(n=1,2,...) limit the rebinning to be

satisfactory only for small values of A, (A, =7 and A, = 19).

6.5 Correlated Simulations

The laboratory images have also been compared to Monte Carlo simulation results. In each
case five simulation trials have been carried out and the mean value of the SNR and the
errors have been calculated. To obtain the correct input parameters for the simulations
the detector images have been analysed and the exact source position and flux, and the
mean background level was determined. To determine source flux and background values
the numerical matrix corresponding to fig 6.1 (d) was obtained, where each pixel flux is
given in number of counts. This matrix is shown in fig. 6.2 for the SPD with A, = 23.9 and
a = 0°. From this matrix, the pixel fluxes for the 9 closed areas and the 10 open areas of the
19 element basic pattern were found and the mean source flux and background values were
obtained. Although this is quite an accurate method of determining the required fluxes
for the simulations, systematic effects intrinsic to the gamma camera and environmental
background may well be present in the collected data, changing with time and hence with
the mask orientation. This sometimes makes it difficult to make a direct comparison with the
simulations and to estimate the effect of coding error under different observing conditions.
In order to clean the images of this noise, the antimask procedure of Cook et al. [35] has
also been used. Here the systematic detector noise due to the background can be almost
completely removed by taking a detector image at mask orientation a, and subtracting
from it the detector image at o 4+ 60° before deconvolution. This is possible because of
the property that HURA masks are antisymmetric upon 60° rotation; i.e. open elements
substitute closed elements and vice versa. Here the deconvolution array assumnes the value
zero for the central mask element and its repetitions. Antimask images are very effective
in reducing systematic effects due to the background, and this procedure has enabled the

coding error noise to be studied under more preferable conditions.

Two points must be kept in mind when comparing antimask images to normal images.
Firstly, although the observation time is double when the antimask image is used, the noise
due to the coding error is generally overwhelmingly dominant over the statistical noise and

so the higher statistics can be neglected for most of the analysis. Secondly however, the
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use of antimask also reduces the coding error in precisely the same way as does the plateau

removal technique described in section 6.7.1 (step (a)).

All simulations assumed, as before, a detector efficiency and opaque mask element opacity
of 100%, and no systematically varying background. Also the source was always considered

to lie at the centre of a sky pixel.

6.6 Results

6.6.1 Square Pixel Detector

For the SPD the gamma camera pixels were rebinned into three different position resolutions.
From the analysis of the recorded data a source contribution of 221 photons/pixel and a
residual background of 27 photons/pixel were calculated for A, = 23.9. These values,
properly scaled for different values of A, have been used for the correlated simulations and

to calculate the expected SNR values.

Table 6.1 shows the complete results for a source in the centre of the field of view imaged
with a stationary mask at 12 different mask orientation angles and with a rotating mask.
Here the SNR values are shown vs. o for three different values of A, (4, = 7.8,23.9 and
42.4), along with the SNR for the rotating mask. Also shown are SNR values, with standard
deviations, for the simulations. The main features of the results are more evident in the
graphs of figs. 6.3, 6.4 and 6.5 where the SNR vs. « is plotted for the three different position
resolutions. The trend of SNR vs. a obtained from the experimental data is consistent with
that of the simulations for all three cases. The SNR varies with a by as much as 50%
from the average value, and is well below the expected value of SNR.rp=206. Because the
source is at the centre of the field of view an approximate periodicity of 30° is observed.
Different behaviour is observed if the data is analysed assuming a different source position
(i.e. using data from a different part of the detector). The reduction of the SNR with
respect to SNRezp is mainly due, for low resolution, to the coding error noise. However, for
higher resolutions, a strong contribution of some systematic effects inherent in the gamma
camera become evident, as the SNR does not increase as much as for the simulations (fig.
6.5). This is particularly well illustrated in fig. 6.6 showing the SNR of rotated mask images

versus A,. The graph shows clearly that no increase in SNR from A, = 23.9 to A, = 42.4
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Mask SNR stationary mask (SNR.,,=206)
orien- A, =178 A, =239 A, =424
-tation || Experim. Simul. Experim. Simul. Experim. Simul.
0° 13.5 16.0 + 0.3 34.3 40.8 £ 1.2 27.0 45.0 £ 1.7
10° 25.5 30.5 £ 0.3 25.7 34.7T £ 0.6 36.7 87.1 + 14.6
20° 22.1 29.3 £ 0.8 23.3 35.2 + 0.6 34.4 75.6 + 4.1
30° 15.0 17.8 £ 0.3 30.6 40.3 £ 1.1 28.4 48.1 £+ 2.8
40° 25.3 30.8 + 0.2 26.6 34.5 £ 0.8 42.2 84.1 + 7.8
50° 24.0 29.0 £ 0.5 25.0 36.0 £ 0.9 34.9 70.1 4+ 8.7
60° 14.9 18.0 + 0.2 28.1 43.6 £ 1.7 27.6 50.3 £ 1.9
70° 22.8 31.0+ 0.8 23.9 33.8 £ 0.7 30.4 83.4 + 4.6
80° 26.5 29.5 £ 0.8 24.6 34.7T £ 1.0 36.2 73.6 £ 1.5
90° 14.7 177+ 0.3 35.3 41.6 £ 1.7 29.6 51.9 + 3.1
100° 26.2 309 £ 1.1 26.5 34.2 + 0.8 37.9 86.9 + 4.3
110° 23.8 29.3+£ 1.0 25.4 354+ 1.1 38.2 74.6 £+ 3.0
a Rotating mask (SNR.,,=505)
0°-50° 46.4 61.4 &+ 1.9 57.3 96.9 + 1.6 58.9 145.0 £ 7.7
60°-110° 44.0 62.0 £ 0.7 53.7 99.0 £ 1.0 56.0 150.2 + 8.4

Table 6.1 SNR of the SPD for 8 different values of A, at 12 different values of « for both

simulated and ezperimental data using normal deconvolution. Results for both stationary

and rotating mask are shown.
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Fig. 6.3. SNI versus a for the SPD for A, = 7.8. Ezperimental and simulated results are
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is observed, and the difference between SNR for experimental images and for simulations
increases with 4,. However, using antimask images (fig. 6.7) reduces the systematic effect
and the experimental data results approximate better to the simulation results, and the SNR
increases linearly with A,. The use of antimask does not correct the systematic effects in the
source photons and this may explain the residual difference observed between experimental

and simulated images.

6.6.2 Hexagonal Pixel Detector

When the configuration of a HPD with 4, = 19 was used to rebin the gamma camera pixels
before deconvolution as described in section 6.4.2, approximately 268 photons/pixel were
found to be the source contribution and 32 photons/pixel were found to be the background
contribution. The resulting SNR values obtained both for stationary mask observations
and for mask and antimask observations are shown in table 6.2, along with simulations and

corresponding errors. Also shown are values using a rotating mask.

Large differences between the experimental and the simulation values are observed, partic-
ularly for @ = 0° and 60°. At these angles, because of the absence of coding error noise
the SNR of the simulated images approaches the value expected in the absence of any sys-
tematic noise (SNR,;,=206). Although at a = 0° the observed SNR reaches a maximum
there is no clear evidence in the experimental data that at this angle coding error is absent.
Moreover at 60°, where another peak is expected, the SNR is not as high as that at 0°. The
reason for these discrepancies is the systematic detector noise which lowers the value of SNR
below that of SNR.;,. However when the antimask procedure is applied (last two columns
of table 6.2) the large increase in the SNR at @ = 0° becomes visible due to the reduction
of systematic noise intrinsic in the gamma camera when there is no coding error. Fig. 6.8
shows the trend of the experimental SNR vs. o compared to the simulation values when
antimask is used. All the points at @ # 0° are almost consistent with the simulations. At
these angles the coding error is the main source of noise and it affects both the experimental
and simulated images in the same way. At o = 0° the coding error is not present and also
the systematic detector background noise is reduced by antimask. The difference observed
here between the experimental and the simulated images can be attributed to the residual

systematic noise in the detector source photons which the use of antimask cannot reduce.
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Mask SNR
orientation Mask only Mask and antimask
« (SNR.,,=205) (SNR.,p,=290)
Experimental | Simulations || Experimental | Simulations
0° 49.1 186.5 £ 31.7 116.7 287.7 + 18.5
10° 30.9 42.9 + 0.6 47.4 52.0 £ 1.8
20° 25.5 44.0 £ 1.2 45.0 54.8 £ 1.0
30° 43.2 49.5 £ 1.3 74.3 86.4 £+ 3.5
40° 38.8 36.8 £ 2.0 77.8 84.5 + 1.1
50° 40.1 54.1 £ 3.0 64.4 714 4+ 2.1
60° 38.4 190.3 £ 13.2
T0° 28.0 43.0 £ 1.6
80° 26.2 43.4 + 2.2
90° 46.7 51.6 + 2.0
100° 45.5 39.0 £ 1.7
110° 42.9 54.4 + 1.6
Rotating
mask
0°-50° 72.2 126.8 £ 5.2 131.1 200.9 £ 6.6
60°-110° 76.0 128.9 £ 3.7

Table 6.2 SNR of the HPD at A, = 19 both with and without the use of antimask. Ezperi-

mental and simulated data are given both for stationary and rotating mask.
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6.7 Improving Image Quality

The noise due to coding error presents a serious problem when the mask element shadows
are not perfectly binned by the detector pixels, particularly so when low source fluxes are
experienced. What follows is an attempt to improve the image quality by a two step process:
(a) plateau removal, and (b) weighted deconvolution. The ideas behind the use of these two

steps are now explained.

6.7.1 Step (a). Plateau Removal

One of the main conclusions drawn from the analysis of imaging a point source at different
background levels (see section 5.4.2) was that the coding error noise is highly magnified
by the background level. Therefore, by this reasoning, it should be possible to remove a
constant background level, i.e. perform a plateau remouval, from every detector pixel prior to
deconvolution in order to get an improved SNR. This has in fact been shown to be the case.
Note that for an optimum coded system (i.e. perfect binning of mask element shadows by
the detector pixels), a uniform noise level does not require such a plateau removal because
the only effect is the addition of a corresponding dc level in the deconvolved image. However
in the case where there is coding error, any background dc level increases this error and thus

decreases the SNR.

The optimum value of removal of a plateau can be generalised, and it depends on the values
of the source and background fluxes per detector pixel. Figs. 6.9 and 6.10 show the SNR
vs. plateau removal values for two non statistical point sources in different non statistical
background levels using the SPD. The absence of statistics in this analysis is used to show
the optimum plateau removal values. In both cases the source flux was 100 photons/pixel
and A, = 21.7. Fig. 6.9 (a) is for &« = 0° and a background flux of 50 photons/pixel, whilst
fig. 6.10 (a) is for & = 10° and a background flux of 100 photons/pixel. Graphs in figs.
6.9 (b) and 6.10 (b) show corresponding fine structure about the approximate peak SNRs.
Although there is a slight fluctuation depending on the configuration it is clear that the

optimum value to subtract from each pixel is approximately R, where

D
R,=Dp+ —2i (6.1)

and Dp is the mean background photons/pixel on the detector, and Dgs is the mean source

photons/illuminated pixel on the detector. In a practical situation however, the values of
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Dp and Dg are not known. Therefore it is a sufficiently good approximation for most
purposes if If, takes on the value of the mean detector pixel count level. The detector plane
image before deconvolution therefore takes the form of fig. 6.11, where the detector plane
is represented in one dimension. Note that this procedure reduces the coding error in the

same way as the use of antimask when there is no systematic noise (see section 6.5).

6.7.2 Step (b). Weighted Deconvolution

The coding error noise depends both on the recorded detector image and on the deconvo-
lution array. The deconvolution array G is determined by the system configuration, i.e. by
the relative area A, and the mask orientation angle o. Fig. 5.7, shows clearly that by using
the previous definition for the deconvolution array, the resulting array is only an approxi-
mation to the real hexagonal mask pattern. In particular different opaque or transparent
areas do not have the same shape and this introduces errors in the deconvolution. However
it is possible to build an array G which takes into account that some pixels, when pro-
jected back in the cross correlation, might fall between two or even three mask elements and
that they should be weighted before being added or subtracted. The balanced correlation

deconvolution array G of this weighted deconvolution algorithm is therefore given by:
G(i,j) = +(Fo(i, j) ~ F.(i,5)) (6.2)

where F,(i,j) is the fraction of the (i, ) pixel area which is projected onto an open mask
element, and F.(4, j) is the fraction projected onto a closed one. This can be thought of as
an extension of the standard cross correlation because when the hexagonal mask elements
are completely binned by the pixels G(i,j) assumes only the values of +1 or -1. When
the antimask images are used the fraction of detector pixel area projected on the central

element, or one of its repetitions, does not contribute to the value of G (i.e. this fraction is

taken as zero).

6.7.3 Results

Both of the above steps have been applied to the data in order to reduce the effect of
the coding error. The results were very similar for both the SPD and the HPD, with the
main principles being illustrated well by the HPD results. The results obtained both for

the experimental and the simulated images in the case of the hexagonal pixel rebinning
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with 4, = 19 are shown in table 6.3. The values in the 2nd and 3rd columns {plateau
removal, step (a)) of table 6.3 are the SNRs of the images obtained using plateau removal
(step(a)) only, whilst the next two columns show the results using both plateau removal and
weighted deconvolution (steps (a) and (b)). The final two columns show results obtained

using antimask and weighted deconvolution.

Comparing the values of simulated antimask images of table 6.2 and the values of the
simulations using plateau removal (3rd column of table 6.3) shows that the effect of the
use of antimask on the coding error is equivalent to the use of plateau removal before
deconvolution. The graph in fig. 6.12 shows the HPD experimental results for three cases:
normal deconvolution, step (a) only, and steps (a) and (b). The graph shows how the SNR
increases when applying the steps of the deconvolution for different mask orientations. From
fig. 6.12 it can be seen that at & = 0° and & = 60° no increase in SNR is achieved using
step (a) or steps (a) and (b), and this confirms that no coding error is present at these
angles and the SNR is limited only by the systematic gamma camera background noise.
The systematic noise is also responsible for the fact that the increase in SNR is much lower
than the corresponding increase observed in the simulated images. The graph in fig. 6.13 is
the SNR vs. o using antimask images for the HPD. The curves shown are for experimental
images both with and without the use of steps {a) and (b), and for the simulations using
steps (a) and (b). The graph shows that by using antimask, and therefore reducing external
systematic effects, the coding error is highly reduced in the laboratory images, with the
exception of when o = 0° where there is no coding error. The difference in experimental
and simulated values is explained by the fact that here the main source of noise for the
experimental images is no longer the coding error, but the residual systematic effects of the
gamma camera from the source photons which antimask cannot reduce. At = 0° no coding
error is present and the simulated image SNR is close to the expected value for statistical
noise only (SNR.:,=290), while the experimental value is not improved by the use of steps

(a) and (b) and is limited to ~ 120 by systematic effects.

Use of steps (a) and (b) for rotated mask images is even more effective. Again the ex-
perimental results are limited by external systematic effects but the simulation values (see
table 6.3) show that the SPSF reaches a very high SNR (~ 300) because the coding error is

smoothed by the mask rotation.

Plateau removal and weighted deconvolution have been applied to the experimental data

images and simulated images assuming a SPD. When the difference in positional resolution

97



Mask SNR

orient- Mask only Mask and antimask

-ation Step (a) Steps (a) and (b) Weighted deconv.
« Experim. Simul. Experim. Simul. Experim. Simul.
0° 49.1 197.9 £ 24.4 48.5 198.9 £+ 15.3 117.5 264.6 = 15.8
10° 38.7 53.5 + 1.5 42.1 102.8 £ 6.1 66.0 110.3 £+ 3.9
20° 31.0 55.5 + 1.6 35.6 127.5 £+ 10.7 76.4 156.5 = 19.1
30° 45.0 78.8 + 5.9 50.4 130.3 + 14.9 117.3 169.1 £+ 16.0
40° 43.6 80.4 £+ 3.1 47.3 129.0 &+ 7.8 105.6 143.4 £+ 16.7
50° 39.8 68.9 + 2.6 42.9 137.1 £ 8.7 94.4 143.2 £ 12.5
60° 38.4 194.2 £ 37.3 38.0 188.4 4 41.7
T0° 33.7 51.4 + 1.0 35.5 100.2 £+ 2.0
80° 31.7 55.1 &£ 1.0 38.9 132.0 4+ 18.9
90° 49.0 87.0 + 5.4 59.3 143.0 £ 8.8

100° 47.5 82.6 + 3.7 53.1 119.9 4+ 12.7

110° 43.1 64.6 £+ 2.9 48.1 135.0 £ 9.6

Rotating
mask
0°-50° 70.0 194.7 £ 13.7 72.0 306.4 + 20.3 180.0 364.6 & 48.9
60°-110° 74.6 192.8 £ 6.6 76.5 319.2 4+ 20.3

Table 6.3. SNR of the HPD for A, = 19 using plateau removal only (step (o)), and
both plateau removal and weighted deconvolution (steps (a) and (b)) on the simulated and

experimental data. Stationary and rotated mask results are given.
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is taken into account the results agree well with those of the HPD.

6.8 Discussion and Conclusions

When antimask images are used to reduce the systematic effects due to the experimental
conditions the laboratory tests of a coded aperture system consisting of a HURA mask and
a discrete pixel detector confirm the results obtained by correlated computer simulations.
Moreover, these results also confirm the analysis of the SPSF in chapter 5. The coding error
due to the mismatch between mask element shadows and detector pixels introduces a coding
error noise which highly reduces the quality of the SPSF. The noise has been found to vary
rapidly and irregularly with the mask orientation, and, to a lesser extent, with the source
position, and is found to decrease when the positional resolution is increased. The observed
variations are as predicted by the computer simulations and no large differences have been
observed between square and hexagonal pixel detectors for general mask orientations or for
a rotating mask. However with a HPD it is possible to find a configuration for which at a
certain mask orientation the mask elements are nearly perfectly binned by the hexagonal
detector pixels, and when the standard cross correlation deconvolution is applied, no coding
error is present. It has been found that rebinning the camera pixels into hexagonal pixels for
this configuration raises the SNR of the experimental images to large values, but does not
reach the expected SNR value for just statistical noise only because of external systematic
effects which cannot be completely reduced by the antimask procedure. The experimental
data seems to confirm that this configuration gives an optimum coded system. For rotating
masks however, or when a proper design of the coded system is not feasible, the simple cross
correlation deconvolution must be replaced by a more suitable algorithm in order to give a
higher image quality. Several advanced techniques for the deconvolution and restoration of
images obtained with non optimum coded systems have already been developed [159] but
they involve the use of time consuming algorithms and usually requir;lérwge quantities of
computing power. The algorithm that has been developed here is to perform a subtraction
of the mean count level per detector pixel, and then a cross correlation of the detector image
with a weighted deconvolution array which depends on the mask orientation. The use of this
technique in deconvolving the experimental images has been shown to be very effective in

reducing the coding error and therefore in improving the quality of the deconvolved image.

For stationary masks, the optimum choice for a coded aperture system consisting of a HURA
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mask and a discrete pixel detector is a system with a configuration of hexagonal pixels and
a properly oriented mask as explained in section 5.4.3, for which no coding error is present
and the SPSF is a perfect triangular function. This configuration has been adopted for
the coded aperture system of the GRASP telescope, in which a stationary HURA mask
(of basic pattern v = 79) is coupled to a circular composite detector plane consisting of
caesium iodide hexagonal bars and circular germanium spectrometers (see chapter 7). For
rotating masks the use of plateau removal and weighted deconvolution, and the effect of the
rotation combine to reduce almost completely the effect due to the coding error, and the
pixel geometry of the detector plane (for equivalent positional resolutions) is no longer of

importance for the performance of the system.
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Chapter 7

Gamma Ray Astronomy with

Spectroscopy and Positioning.

The GRASP Telescope.

7.1 Introduction

Gamma ray astronomy is just beginning to emerge from the exploratory phase and is now
being established as an observational science. Telescopes such as the balloon borne Gamma
Ray Imaging Payload (GRIP) designed at the California Institute of Technology [4] and the
New Hampshire Directional Gamma Ray Telescope (DGT) [42] have led to advances in the
knowledge of the high energy photon emission from celestial objects. However there is still

a need for a gamma ray astronomy mission devoted both to imaging and spectroscopy.

Imaging at the sub-MeV energy level is to be performed with moderate spectral resolution
using the SIGMA telescope [94]. At higher energies the Gamma-1 mission [3], although ad-
vancing the study of COS-B sources, will probably suffer from orbit and lifetime limitations.
The Gamma Ray Observatory (GRO) [15] will have excellent sensitivity in the gamma ray
region both in the low energy (COMPTEL) and high energy (EGRET) ranges, but will

carry telescopes having a limited angular resolution in each waveband.
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The GRASP gamma ray astronomy project [20,58] hopes to provide both imaging and
spectral data from a wide range of objects in order to advance further the understanding
of the astrophysics of those objects which have already been detected, and to discover new
objects in the high energy domain. The energy range of GRASP will be from 4 keV to 2100
MeV, with an expected energy resolution of E/AE ~ 500 at 1 MeV. It is expected that the

instrument will locate celestial point sources to within 1 arcminute resolution inside a field

of view of 50 square degrees.

7.2 Scientific Objectives

The scientific objectives of the GRASP mission can be split into three main sections: solar

observations, Galactic observations and extragalactic observations.

7.2.1 Solar Observations

The GRASP solar observations will mainly be of phenomena related to solar flares. To
date high resolution gamma ray line spectroscopy has never been applied to radiation from
solar flares. It is hoped that the GRASP germanium spectrometer will provide for spectral
observations of flares, hence giving detailed information about the energy released by accel-
erated particles such as protons in 12C by the isospin zero (4.438 MeV line) and one (15.1
MeV line) levels. Also, GRASP will study the earth’s albedo from the interaction of solar

particles with the earth’s atmosphere.

7.2.2 Galactic Observations

GRASP is expected to make a large number of observations of objects within the Galaxy. Of
particular importance is the Galactic centre where there are very strong radio and infrared
sources known to exist, but in the gamma ray region the situation is unclear. The origin of
the continuum emission from the Galactic centre is only known to within 10° but GRASP
should give more accurate position locations of the sources causing the emission. GRASP
also hopes to map the Galactic centre line emission from the 511 keV electron-positron

annihilation, and the 1.809 MeV 26Al line observed by the Max Planck Institut Compton
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telescope [152].

Gamma ray emission from the interstellar medium will be observed by GRASP. Such emis-
sion has three components. The first is a continuum component from interactions of high
energy cosmic rays with interstellar matter, the second is a line emission from interactions
of low energy cosmic ray nuclei with interstellar matter, and the third is also a line emission,
from radioactive nuclei produced during various nucleosynthesis processes in certain celestial

objects which then diffuse into interstellar space.

The study of compact objects emitting gamma rays will be carried out using GRASP. The
main underlying theme is the study of the physics of neutron stars, since they appear in a
range of compact objects such as radio pulsars, X ray binaries, possibly gamma ray bursters,
and “Geminga-like” objects. Fine spectroscopy of nuclear lines (in particular the 511 keV
annihilation line) from neutron stars, which will be possible using GRASP, enables the
measurement of the surface gravity by means of redshift, putting significant constraints on

the allowable types of neutron star equation of state [85].

The search for radioactive nuclei represents a test for the theories of heavy element pro-
duction by explosive nucleosynthesis in novae and supernovae. GRASP hopes to carry out
observations of known supernova remnants and also to discover recent (<100 years) super-
nova remnants which are, as yet, undetected. Such observations will provide answers to the
question of explosive nucleosynthesis by studying the line emission from the 56Ni - 56Co -
5Fe decay chain at 0.847 MeV (probably from other galaxies, as 56Co has the relatively
short half life of 77 days), and from the *Ti - 44Sc - #'Ca decay chain at 0.068 MeV,
0.078 MeV and 1.156 MeV. Of particular interest will be repeated observations of the recent
nearby supernova SN1987A observed in the Large Magellanic Cloud. So far a number of
balloon borne gamma ray observations have been made of SN1987A, detecting 56Co at 0.847
MeV, 1.238 MeV and 2.599 MeV. The emission of such gamma ray lines is encouraging for
the observation of future supernovae by GRASP. Hydrogen burning at high temperatures
in nova explosions is expected to produce significant amounts of both 22Na and ?6Al whose
subsequent decay in the interstellar medium provides line emission at 1.275 MeV and 1.809
MeV respectively. Observations of these lines by GRASP will provide important information

guiding theoretical studies of nova events.
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7.2.3 Extragalactic Observations

The observations of extragalactic objects by GRASP will include active galaxies and, in
particular, active galactic nuclei (AGN). So far only a small number of AGNs have been
detected because extragalactic gamma ray astronomy is still in its infancy. GRASP will
observe known active galaxies and quasars, and also may detect new AGNs in the large field
of view whilst observing other objects of interest. The penetrating nature of the high energy
photons (~ 1 MeV) make them very useful for studying the region close to the centre of the

galaxy and therefore essential if the physical processes inside AGNs are to be understood.

As well as AGNs, normal galaxies, like our own, will be a GRASP target. Supernovae in
nearby galaxies will be searched for to study explosive nucleosynthesis processes. Individual
bright sources inside galaxies in the local group (<1Mpc) are hoped to be observed, the
three main candidates being M31 and the Large and Small Magellanic Clouds. It should be
possible to detect inside all three of these galaxies both the diffuse 1.809 MeV 26Al emission
line, and the continuum emission resulting from cosmic ray interactions with the interstellar
medium. Einstein data has shown the presence of many bright X ray sources near the central
region of M31, whilst the Magellanic clouds have their own targets of interest, such as the

bright X ray binary LMC X-1 and the black hole candidate LMC X-3, as well as SN1987A.

A number of clusters of galaxies (e.g. Virgo, Perseus, Coma, 3C129, A2142) have been
observed by hard X ray telescopes and the preferred two component model consistent with
the data suggests the presence of one or more AGNs in the cluster [81] (see also section 1.5.4).
The imaging capability of GRASP will enable location of any such AGNs thus explaining
the hard X ray flux. Also, measurement of the power law flux by GRASP may be used to

set a lower limit to any magnetic fields associated with a cluster.

With GRASP it should be possible to study cosmology by using the 511 keV electron-
positron annihilation line. The presence of a massive black hole and its associated accretion
disk in AGNs could be a source of intense positron production. Therefore the annihilation
line may well be detectable by GRASP, whose energy resolution allows measurement of any
redshift of this line for AGNs with Z > 0.01. This covers the majority of X ray emitting
Seyferts, BL-Lacs and quasars. For example 3C273 has a redshift Z = 0.158 which will
produce an annihilation line at ~ 430 keV if the redshift is entirely cosmological. Comparison
of GRASP high energy data with existing optical data may prove whether the redshift is

purely cosmological, or whether there is a non-cosmological component in the redshift.
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The measurement of the absolute flux of the cosmic diffuse background has always proven
difficult because of contamination from intrinsic background associated with the detector
and the environment. However, it is intended to use GRASP to measure the cosmic diffuse
background by lunar occultation of parts of the field of view, as explained in section 1.5.3.
It is expected that the germanium detectors on board GRASP will measure the background
in the energy range 4-200 keV. It is possible that the sun may also be used for the same

purpose during flare minimum.

7.3 The GRASP Telescope Configuration

The way in which the GRASP telescope will differ from any other gamma ray astronomical
instrument to date will be its ability to perform both fine spectral analysis and high angular
resolution observations whilst maintaining a wide field of view. In order for such a device
to function in this manner with current technology available, it is necessary to use two
detector types, one for spectroscopy and one for imaging. The GRASP spectrometer will
be an array of germanium detectors, which are surrounded by an annulus of imaging bars
made of caesium iodide. These two components constitute the useful detector plane which is
shielded from unwanted events, such as charged particle events, by an active anticoincidence
scintillator, or veto system. Four metres above the detector plane is the tungsten coded

aperture for source modulation {58].

A schematic view of the GRASP telescope is shown in fig. 7.1, with performance parameters

of each detector system given in table 7.1, and the main components described below.

7.3.1 Germanium Spectrometer

A significant problem to overcome in designing the germanium spectrometer is to minimise
as much as possible the background noise. For the case of a well shielded germanium system,
and over the spectral range 200 keV to a few MeV, the major contribution to the background
noise is due to beta decays derived from particle activation of the germanium crystals. The
path length of beta decay electrons within the germanium is very short (~ few mm) and
may be considered as single site events (fig. 7.2). In contrast, above 200 keV, the gamma ray

photons are absorbed in germanium by multiple spatially separated interactions, consisting
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Performance Parameter

Ge Array

T Csl Array

Energy Range
Detection Area

Spectral Resolution

({E/AE) at 1 MeV)
Field of View

fully coded
partially (50%) coded

Typical Point Source Lo-
cation Capability (5o source)

Temporal Resolution
Line Detection Sensitivity

30 in 105 s
30 in 10% s

Continuum Sensitivity
30in 10% s
30 in 10% s

20 keV — 10 MeV

400 em?

~ 500

6° FWHM
14° FWHM

15’
100 ps

{at 1 MeV, narrow line)
(line width ~ 2 keV)
210°% phem=? 5!

6 107% phem=?% g™}

{at 100 keV, AE = 100 keV)
5.6 10-7 phem™2 5~ keV~1
1.71077 phem~=2 57! keV—!

300 keV —> 100 MeV

2400 cm?

~ 10

60
14°

57
100 us

{at 1 MeV, broad line)
(line width ~ 20 keV)
31075 ph em~? 5!
107% phem™? s~}

{at 10 MeV, AE = 10 MeV)
“107Y phem=2? g7 keV-!
3107 phem™25~1 kev-!

Performance Parameter

Optical Transient Camera

X-Ray Monitor

Wavelength/Energy Range

Detection area

Field of View

Typical Point Source Lo-
cation Capability

Temporal Resolution

Sensitivity

450 nm — 750 nm

CCD: 385 x 288 pixels
(8.5 mm x 6.5 mm)

16° x 12°

2.5
ls

12™ for 1s

4 keV — 25 keV

250 cm?

6° FWHM

57
05s

< 1 mCrab (10° s)

Table 7.1. The ezpected performance parameters of the GRASP telescope.
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of one or more Compton scatters followed by a photoelectric absorption. These are called
multiple site interactions. If the single site and multiple site events can be distinguished
then the major background contribution will be reduced. There are three techniques which
can be used to achieve this: coaxial detector segmentation, pulse shape discrimination, and

using a stack of planar germanium detectors.

A single coaxial germanium detector can be electrostatically separated into horizontal seg-
ments, and events can be resolved spatially by measuring the charge output from the de-
tector. Single site events will only be measured in one segment and can easily be rejected.
The second method, pulse shape discrimination, is possible because of the detector’s finite
charge drift velocity which results in a sharp charge pulse for single events and a broad pulse

for multiple events.

The third technique of using a stack of planar germanium detectors has been chosen for use
as the GRASP germanium spectrometer. The principle is the same as the use of a segmented
coaxial detector, except that the separation between layers is physical (by, for example, some
substance or vacuum) rather than electrical. Each germanium stack, or module, for GRASP
consists of four hyperplane germanium detectors with an ultrathin boron implanted outer
contact on the front and sides, and a lithium diffused spot on the near face. Each planar
detector is 54 mm total diameter with a useful diameter of 52 mm and 15 mm thick, and
the separation between the planars varies between 2 mm and 4 mm. The whole module is
enclosed in a sealed vacuum container and kept cool at 85 K by a cryogenic cooler. The

spectral resolution of the germanium E/AE is expected to be ~500 at 1 MeV.

The whole GRASP germanium spectrometer consists of 19 such modules arranged in a
hexagonal pattern (see fig. 7.3) such that the module spacing is exactly equal to the mask
element spacing of the coded aperture, thus giving the best possibility to view celestial

sources at infinity.

7.3.2 Caesium lodide Imager

The caesium iodide position sensitive detector plane is constructed from a three dimen-
sional array of gamma ray detector elements in the form of bars of caesium iodide which has
been doped with thallium. Each bar is capable of both locating and measuring the energy

deposited by particle interactions throughout the entire detector volume. The three dimen-
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sional position sensitivity is very useful. It enables finer imaging pixels to be constructed,
the separation of multiple site events from single site beta decay background events, and
event tracking from Compton kinematics, in turn enabling the initial interaction position to
be accurately determined. The caesium iodide imager is 15 cm deep ensuring almost 100%

detection efficiency in the range 300 keV - 100 MeV.

Each bar is 15 cm long, of hexagonal cross section 1.6 ¢m flat to flat. These dimensions
have been chosen so that when the bars are stacked vertically into a hexagonal array, there
is a match with both the germanium spectrometer array and the coded aperture, with 19

hexagonal bars to each hexagonal mask element (A, = 19. See fig. 7.7).

The position of a photon interaction inside a bar is calculated from the relative pulse heights
measured by two photodiodes, one placed at each end of the bar. The event position
resolution, as measured experimentally for a bar of square cross section, has been estimated

as typically 10 mm FWHM, see fig. 7.4 [58,61].

The caesium iodide detector plane construction is modular in form with six identical modules
each containing approximately 200 position sensitive bars, each bar being optically isolated
from its neighbour {20]. The modules are arranged around the outside of the germanium
array as shown in fig. 7.3 and thus provide a 15 cm thick active shield for the germanium

spectrometer. The total sensitive area of the caesium iodide imager plane is 2,400 cm?.

7.3.3 Veto System

The GRASP veto system is an important element of the instrument, since it has to reduce
the detector background by orders of magnitude. The GRASP detector configuration is
shown schematically in fig. 7.5, and the six main parts of the veto system are indicated.
Of these six parts only the front plastic shield rejects mainly charged particles. All the
other parts of the veto system reject photons with high efficiency. The basic elements are

as follows:

1. Front plastic shield. This is a large dome with a thickness of about 0.5-1.0 cm, viewed

by 8 photomultiplier tubes (PMT).

2. Upper lateral shield. Made of CsI(Tl), thickness 3 cm, 8 segments with 2 PMTs per

segment.
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3. Lower lateral shield. Made of CsI(Tl), thickness 12 cm, 8 segments with 2 PMTs per

segment.

4. Bottom shield. Made of CsI(Tl), thickness 12 cm, 6 segments + 1 or 2 central parts,

2 PMTs per segment.

5. Active collimator. Made of drilled CsI(Tl) crystal or separate elements of CsI(Tl) or
bismuth germenate (BGO), field of view about 25° FWHM, minimum wall thickness
about 1 cm, height about 12 ¢m, viewed by 25 PMTs.

6. Passive collimator. Consists of 19 separate units mounted in the holes of the active
collimator, hexagonal cells, from tungsten or tantalum with 0.01 cm thickness, cell size

1.2 cm, field of view about 6° FWHM, height about 12 cm.

The segmentation of the shields is necessary to reduce the dead time of the veto system

after the passage of a charged particle with high energy loss.

7.3.4 Coded Aperture

Coded apertures have already been used to perform useful gamma ray astronomy (see sec-
tion 2.2.3) and will be used in the forthcoming SIGMA mission [94]. Using a coded aperture
enables instruments to be designed which have a large sensitive area, a high angular resolu-
tion whilst being able to maintain a wide field of view, and the ability to measure both the
source and the detector background simultaneously. A wide variety of mask pattern types
and sizes are available. In the case of the GRASP experiment, the mask pattern has been
chosen to match the complex detector configuration shown in fig. 7.3, which uses detector
elements of different sizes. The mask pattern chosen is a hexagonal uniformly redundant
array (HURA), a type discovered by Finger and Prince [50] and discussed in section 3.3.5.
The mask has 79 elements in its basic pattern and 211 elements in total, as shown in fig. 7.6.
The hexagonal element size corresponds to the dimensions of the germanium detector array
whilst the cell size for the caesiumn iodide imager is such that 19 caesium iodide elements fit
into one mask element as shown in fig. 7.7. This configuration preserves the properties of
the mask pattern, and was shown in chapter 5 that it results in an optimum coded system

in the sense that it is free from coding errors.

The point source location error for a distance of 4 metres between the mask and the detector

is typically 5 arcminutes for weak (50) sources, whilst the mask diameter of 110 cm gives a
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Fig. 7.6. The GRASP coded aperture (v =79, 211 elements in total, from [58]).
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6° fully coded field of view. However, the point source sensitivity for the germanium array
will vary significantly according to whether the source is well centred in the mask shadow
elements or located near the hexagon borderlines. In this respect the caesium iodide imager
will perform better due to the small pixel size, and therefore detection and localisation of

serendipitous sources are most likely to result from data from the caesium iodide imager.

The opaque mask elements are made of 1.5 cm thick tungsten alloy which achieves 70%
mask opacity even in the difficult band between 2 and 3 MeV. These tungsten elements are
supported on both sides by carbon fibre reinforced plastic honeycomb panels on the top and

bottom face.
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Appendix A

Block Designs.

In this appendix is given an example of a cyclic symmetric balanced incomplete block design

and the associated difference set, as explained in section 4.2.

The block design has parameters b = v = 7, r = k = 3, A = 1. The objects a; = i are the
integers from 1 to 7 (= 0 since the design is cyclic of period 7) and the blocks B; are defined

as follows:
B1 : {1,2,4}

B, :{2,3,5}
B3 :{3,4,6}
By : {4,5,0}
Bs : {5,6,1}
Bg : {6,0,2}
Br = By : {0,1,3)
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The incidence matrix A = {a;;} obeying the condition 4.3 is given by

B] B2 B3 B4 B5 Bﬁ B7 = Bo

ay 1 o o o0 1 o0 1
ay 1 1 0 0 0 1 0
az 0 1 1 0o o0 o 1
A= a4 1 0 1 1 0 0 0
as 0 1 o0 1 1 0 o
ae 0o 0o 1 o0 1 1 0
ar = ag o o0 o0 1 0 1 1]

Note that equations 4.2 and 4.9 hold for this design. and that
B=AAT =21 + 1
which, as can be seen, agrees both with 4.5 and with 4.10.

The associated difference set is one of the blocks of the design (section 4.2.2, theorem 4.2),

say block B;. The incidence vector of this difference set By is
By : {1,1,0,1,0,0,0}
which has a two valued autocorrelation function R,{(j) given by:

3 if j = 0(modT7)
1 if j # 0(mod?7)

Ro(j) =

obeying 4.17.
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